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Abstract

Objective—Dopaminergic neuronal death in Parkinson’s disease (PD) is accompanied by

oxidative stress and preceded by glutathione depletion. The development of disease-modifying

therapies for PD has been hindered by a paucity of animal models that mimic these features and

demonstrate an age-related progression. The EAAC1−/− mouse may be useful in this regard,

because EAAC1−/− mouse neurons have impaired neuronal cysteine uptake, resulting in reduced

neuronal glutathione content and chronic oxidative stress. Here we aimed to (1) characterize the

age-related changes in nigral dopaminergic neurons in the EAAC1−/− mouse, and (2) use the

EAAC1−/− mouse to evaluate N-acetylcysteine, a membrane-permeable cysteine pro-drug, as a

potential disease-modifying intervention for PD.

Methods—Wild-type mice, EAAC1−/− mice, and EAAC1−/− mice chronically treated with N-

acetylcysteine were evaluated at serial time points for evidence of oxidative stress, dopaminergic

cell death, and motor abnormalities.

Results—EAAC1−/− mice showed age-dependent loss of dopaminergic neurons in the substantia

nigra pars compacta, with more than 40% of these neurons lost by age 12 months. This neuronal

loss was accompanied by increased nitrotyrosine formation, nitrosylated α-synuclein, and

microglial activation. These changes were substantially reduced in mice that received N-

acetylcysteine.

Interpretation—These findings suggest that the EAAC1−/− mouse may be a useful model of the

chronic neuronal oxidative stress that occurs in PD. The salutary effects of N-acetylcysteine in this

mouse model provide an impetus for clinical evaluation of glutathione repletion in PD.

Parkinson’s disease (PD) leads to cell death in several neuronal populations, particularly the

dopaminergic neurons of the substantia nigra pars compacta (SNc). Between 5% and 10% of
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PD can now be attributed to heritable genetic mutations, but the cause of the more common,

sporadic PD remains elusive. Several lines of evidence suggest that oxidative stress and

depletion of glutathione, a major endogenous antioxidant, contributes to neuronal death in

both hereditary and sporadic PD. Oxidative stress and dopaminergic neuronal death are

produced by chemical agents epidemiologically associated with PD, such as paraquat and

rotenone.1,2 Postmortem studies of PD patients show increased lipid and protein oxidation

products in the SNc and markedly reduced levels of glutathione.3,4 Moreover, the

glutathione depletion precedes dopaminergic neuronal death in PD5 and does not occur in

other neurodegenerative disorders affecting the SNc,6 thus suggesting a specific and causal

role for glutathione depletion in PD pathogenesis.

Development of interventions to slow or prevent neuronal death in PD has been hindered by

a paucity of animal models of the chronic, sustained neuronal oxidative stress observed in

human PD.7,8 6-Hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), and other toxins used to generate animal models of PD produce

massive, acute oxidative stress in the targeted neuronal populations, leading to rapid cell

death and motor abnormalities. These models generate a phenotype resembling human PD,

but they do not recapitulate the chronic oxidative stress and slow neurodegeneration that

occurs over decades in human PD. The EAAC1−/− mouse may be a more useful model in

this respect because this mouse strain exhibits chronic, neuron-specific oxidative stress9.

EAAC1 (also termed EAAT3 and SLC1A1) is an excitatory amino acid transporter

expressed selectively by eurons in the central nervous system (CNS).10,11 It is the primary

route for neuronal uptake of cysteine,9,12,13 the rate-limiting substrate in glutathione

synthesis.14 Mice lacking EAAC1 have decreased neuronal glutathione content, increased

markers of neuronal oxidative stress, and a slow, age-dependent reduction in overall brain

size9 ; however, the effect of EAAC1 deficiency on SNc dopaminergic neurons has not

previously been reported.

The striking depletion of glutathione in dopaminergic neurons in PD, coupled with the

importance of glutathione for neuronal survival, has led several authors to suggest that

preventing this glutathione depletion may be neuroprotective in PD.15,16 Glutathione is

involved in the elimination of peroxides and nitrosylated proteins in both the cytosol and

mitochondria. N-acetylcysteine (NAC) is a cell membrane–permeable form of cysteine that

can cross the blood-brain barrier and replete neuroal glutathione content.9,17,18 NAC is well-

tolerated and currently in clinical use for other indications. Here, using the EAAC1−/− mouse

as a model of chronic neuronal oxidative stress, we show an age-dependent loss of SNc

dopaminergic neurons in the EAAC1−/− mouse, and further show that this neuronal loss is

reduced by oral administration of NAC. These results provide a rationale for evaluating

glutathione repletion as a disease-modifying therapy for PD.

Subjects and Methods

Animal and human studies were performed in accordance with protocols approved by

institutional review committees at the San Francisco Veterans Affairs Medical Center.

Reagents were obtained from Sigma-Aldrich except where noted.
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EAAC1−/− Mice

The EAAC1−/− mice have exon 1 of the EAAC1 gene disrupted by a neomycin resistance

(NEO) cassette.20 EAAC1−/− mice were obtained from Miltenyi Biotec GmbH (Bergisch

Gladbach, Germany) and subsequently outbred to wild-type (WT) CD-1 mice for more than

10 generations, as described previously.9 WT mice were maintained using the offspring

from the latter outcrosses. Breeding stock from the WT and EAAC1−/− mice were

subsequently intercrossed at least once every 8 generations to prevent genetic drift, in

accordance with the Banbury Conference recommendations.21 Genotypes were confirmed

by polymerase chain reaction (PCR) of tail DNA, using 3 primers that together amplify

sequences unique to the WT and allele and to the inserted NEO cassette of the disrupted

allele. The forward primer (5’-ACGAGCTCGG GATGTGACT-3’) was common to both

sequences. The WT reverse primer (5’-CAGGGTGGAGAGCA-GCAG-3’) produces a 63-

bp PCR product, and the NEO reverse primer (5’-GCTCTTCGTCCAGATCATCC-3’)

produces a 1,295-bp PCR product (Supporting Information Fig S1). Genotyping gels were

run on 3% agarose gels using a 100-bp ladder (Promega) for size determinations.

Administration of N-Acetylcysteine

One cohort of mice was fed NAC in the drinking water beginning 1 week after weaning. The

water contained 4mg/ml NAC for the first 6 months, then 2mg/ml for the remainder of the

study. The NAC solution was pH-adjusted to 6.0 to match the pH of the water normally

given to the animals in the animal facility, and the solution was replaced twice weekly to

limit autoxidation. For studies of NAC’s effect on neuronal glutathione content, 4-month-old

EAAC1−/− mice were given 2mg/ml NAC in drinking water for 7 days.

Immunohistochemistry and Confocal Imaging

Mice were perfusion-fixed with 4% formaldehyde. The brains were postfixed in 4%

formaldehyde at 4°C, followed by cryoprotection in 20% sucrose and freezing. The frozen

brains were coronally sectioned and immunostained using the following antibodies: rabbit

anti-EAAC1 (1:200, gift from Dr. J Rothstein, Johns Hopkins University); sheep anti-

tyrosine hydroxylase (1:400, Chemicon, AB1542); mouse anti-NeuN (1:250, Chemicon,

MAB377); rabbit anti-nitrotyrosine (anti-nTyr; Chemicon, 1:100, AB5411); and rabbit anti–

ionized calcium binding adaptor molecule 1 (Iba1; 1:400, Wako, 019–19741). Antibody

binding was detected using fluorescent donkey anti-rabbit, anti-mouse, and anti-sheep

immunoglobulin G (IgG) (all 1:250; Invitrogen) as previously described.9,22 Confocal

images were captured using a Zeiss LSM 510 Meta confocal microscope using sequential

scans for double-stained and triple-stained samples. Control sections prepared with no

primary or no secondary antibodies showed no detectable signal. Controls also established

that signal attributed to each of the fluorophores was completely absent when omitted from

the staining procedure.

Neuronal Cell Counts

Quantification of SNc dopaminergic neurons was performed using a stereological

approach.23 Sequential 30-µm cryostat sections were obtained spanning the rostral-caudal

extent of the SNc. Cell counts were performed on 4 evenly-spaced sections from each brain,
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with the most caudal section analyzed at Bregma −3.60 mm, and the most rostral section at

Bregma −3.00 mm24. The sections were stained for tyrosine hydroxylase (TH) and

photographed with a confocal microscope using an optical width of 12.4 µm and a z-step of

6.1 µm. The SNc was identified by TH staining and standard landmarks. 24 Cell counting

was performed on an optical z-section 18–19 lm from the upper surface of each physical

section to prevent bias due to cell loss from the cut surfaces. Cells were counted throughout

the entire SNc on the optical sections, rather than on random samples of the sections, to

avoid estimation errors introduced by sampling. TH-positive neurons were counted only if

the nucleus was fully contained in the optical section, as evidenced by a circumscribed

lacune in TH staining of the cell soma. This served to exclude any bias in cell counts that

could otherwise result from changes in neuronal soma size. Counts from each section were

summed for each animal and expressed as the mean number of cells per bilateral midbrain

section. Cell counts were performed twice, by 2 individuals blinded to the mouse treatment

group, and the independently obtained cell counts were averaged to produce a single value

for each animal. The cell counts obtained by the different observers were within 9.1 ± 7.4%

(mean ± SD) of one another.

Quantification of nTyr and Reactive Thiols

Evaluations were performed on a coronal section from each mouse corresponding to Bregma

− 3.4 mm.24 sections were immunostained together to minimize differences introduced by

the staining procedure. nTyr staining of dopaminergic neurons was measured by first using

the TH staining to define regions of interest on confocal photomicrographs of each section,

and then measuring nTyr staining intensity selectively in these regions of interest. The

intensity of nTyr staining over all TH-positive SNc neurons was averaged to generate a

single value for each brain.

Reactive thiols in TH-positive neurons were analyzed by a similar method.9 Fixed sections

were first incubated for 24 hours at 4°C in a serum-free solution of 2.5 µM Alexa Fluor 488

C5-maleimide (Invitrogen). C5-maleimide binds to reactive thiols, of which glutathione is

the dominant species. The sections were subsequently immunostained for TH to identify

dopaminergic neurons. The TH staining was used to define regions of interest on confocal

photomicrographs of each section, and then the intensity of C5-maleimide staining was

measured within these regions of interest. The intensity of C5-maleimide staining over all

TH-positive SNc neurons was averaged on 4 evenly spaced sections spanning the SNc to

generate a single value for each brain.

Measurements of Biogenic Amines

Analyses were performed on striata isolated from WT and EAAC1−/− mice age 9–11 months.

The striata were isolated on a chilled glass plate and homogenized in 0.1 M perchloric acid.

Dopamine and related metabolites were measured by the CMN/KC Neurochemistry Core

Lab at Vanderbilt University, using high-performance liquid chromatography with internal

standards and electrochemical detection. Results were normalized to protein content.
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Microglial Activation

Evaluations were performed on the coronal section from each mouse corresponding to

Bregma −3.20mm, which is near the rostral-caudal midpoint of the SNc.24 Sections from

each brain were immunostained simultaneously for TH and Iba1. To optimize imaging of

microglial processes, a z-stack of 20 overlapping 2-µm-thick confocal images was acquired

through each section and then compressed to generate a single image. Microglia morphology

was evaluated as described previously,22,25 using the criteria described and illustrated in

Supporting Information Figure S2.

Western Blots

Western blots were performed as described previously.9,22 In brief, whole-brain lysates were

homogenized in ice-cold radioimmuno-precipitation assay buffer and centrifuged at 5,000

rpm. The supernatant was added to sample buffer containing β-mercaptoethanol (final

concentration 7.5%), electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gel

electrophoresis gels, transferred to polyvinylidene fluoride membranes, and incubated with

antibody to nitrated α-synuclein (nSyn14; Chemicon, 1:5,000). After membrane stripping,

the membranes were reprobed with antibody to EAAC1 (Alpha Diagnostics, 1:1,000) to

confirm the genotype. Comparable loading was confirmed by staining for β-actin (Sigma,

1:6,000). Antibody binding was visualized with the chemiluminescence detection (ECL

Plus, GE Healthcare).

Behavioral Testing

Studies of motor function were conducted in a quiet, dimly-lit room. The open field test of

spontaneous locomotor activity26 was performed by placing mice in a Plexiglas enclosure

equipped with 2 rows of infrared photocell panels interfaced with a computer. The lower

row detected horizontal motion, and the higher row detected vertical motion (rearing). On

each of 3 consecutive days, open field activity was recorded for 10 minutes after an initial 1-

minute adaptation period. Rotarod testing26,27 was performed by placing mice onto a

rotating dowel, with the speed of rotation increasing at a constant rate over the course of the

trial. The time each animal was able to stay on the dowel was measured on 3 trials per day

for 3 consecutive days. Mice were allowed a minimum of 1 minute recovery between each

trial. For the pole test of agility26,28 mice were placed facing upward near the top of a cloth-

covered vertical pole, 30cm high and 1.5cm in diameter. The time required for the animals

to turn around and climb to the bottom was recorded. Tests were performed twice in

succession on 3 consecutive days, and the mean time recorded after discard of the furthest

outlying time point. Trials in which the animal was unable to successfully turn around and

reach the bottom were terminated at 3 minutes.

Human Tissues

Formalin-fixed, paraffin-embedded human midbrain samples from 4 PD brains and 4 control

brains were acquired from the Harvard Brain Tissue Resource Center. All samples were

from individuals ranging in age from 72 to 79 years old, and were obtained after postmortem

intervals of 15–28 hours. The PD brains all showed Lewy bodies and moderate to severe cell

loss in the SNc. Sections (5lm) through the SNc and the red nucleus were prepared on a
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sliding microtome. Paraffin was removed by xylene immersion, and rehydration was

performed in a graded ethanol wash series. The samples were then boiled for 10 minutes in

citrate buffer to achieve heat-induced epitope retrieval29. Immunostaining for TH and

EAAC1 were performed as described for the mouse tissues.

Statistical Analysis

Microglial activation data were analyzed with a Student t test. Cell counts, biogenic amine,

C5-maleimide staining, nTyr, and behavioral data were analyzed by one-way analysis of

variance (ANOVA) followed by the Bonferroni post-hoc test for comparisons between

multiple groups. Where cell count and nTyr data are displayed in more than 1 figure,

statistical analyses accounted for all multiple comparisons.

Results

Progressive Loss of SNc Dopaminergic Neurons in EAAC1−/− Mice

The number of dopaminergic neurons in the SNc was evaluated in WT and EAAC1−/− mice

at 3, 9, and 12 months of age (Fig 1). No differences were found at 3 months, but a

significant, 41 ± 10% decrease in the EAAC1−/− brains was apparent by age 12 months (see

Fig 1). Microglia assume an activated morphology in the presence of injured and dying

neurons, and activated microglia are present in the SNc in PD.30 To complement the studies

of neuronal loss, brain sections were stained for the microglia marker, Iba1, to assess

microglial morphology in 12-month old EAAC1−/− and WT mice. The EAAC1−/− mice

showed increased Iba1 im-munoreactivity and activated morphology in the SNc and

surrounding area (Fig 2).

Despite these changes in the SNc, measurements of dopamine and related biogenic amines

in the striatum showed only nonsignificant reductions in the EAAC1−/−mice (Supporting

Information Fig S3). Immunostaining for tyrosine hydroxylase in the striatum similarly

showed no significant reduction (not shown), presumably because of the compensatory

sprouting from surviving SNc dopaminergic neurons that occurs with chronic lesions 31,32.

Increased Oxidative Stress in EAAC1−/− SNc Dopaminergic Neurons

Glutathione is important for metabolism of peroxides, nitric oxide, and other oxidant

species. EAAC1−/− mice have reduced neuronal glutathione content due to the lack of

EAAC1-mediated neuronal cysteine uptake.9,13,33,34 To assess the level of oxidative stress

in EAAC1−/− midbrain dopaminergic neurons, brain sections were immuno-stained for the

presence of nTyr-modified proteins.35 SNc dopaminergic neurons in the EAAC1−/− mice

showed an increase in nTyr immunoreactivity (Fig 3A, B). As a second measure of

oxidative stress, nitrosylated α-synuclein was measured in WT and EAAC1−/− brains.

Aggregated α-synuclein fibrils are the primary component of Lewy bodies found in PD, and

the formation of these aggregates is accelerated by nitrosylation.36 Nitration and oxidation

of α-synuclein produce cross-linked a-synuclein oligomers that are stable to sodium dodecyl

sulfate.37 Western blots of brain tissue from WT and EAAC1−/− mice confirmed a striking

increase in nitrosylated α-synuclein, primarily as dimers and higher-order aggregates, in the

aged EAAC1−/− mice (Fig 3C).
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EAAC1 Expression in Mouse and Human SNc Dopaminergic Neurons

The distribution of EAAC1 expression in the mouse midbrain was evaluated by

immunostaining, with neuronal nuclei identified by NeuN expression and dopaminergic

neurons identified by tyrosine hydroxylase (TH) expression. EAAC1 was diffusely

distributed in the midbrain, consistent with its ubiquitous expression over neuronal cell

bodies and processes.10,11 However, there was higher EAAC1 expression over

dopaminergic (TH-positive) neurons (Fig 4A), in agreement with previous reports.11,33

Human postmortem midbrain sections were similarly stained for EAAC1 and TH, but for

technical reasons the anti-NeuN antibody could not be used with the postmortem tissue. As

in the mouse brain, normal human brain showed increased EAAC1 expression in

dopaminergic (TH-positive) neurons (see Fig 4B). The EAAC1 signal in the surviving

dopaminergic neurons of the PD brain sections was at least as great as in the normal brain

sections, but variability in the immunostaining quality in the postmortem tissue precluded a

quantifiable comparison.

Oral NAC Restores Reactive Thiol Content in EAAC1−/− SNc Dopaminergic Neurons

NAC is a membrane-permeable form of cysteine that has previously been shown to facilitate

neuronal glutathione synthesis in neuron cultures and in mouse hippocampal neurons in

situ.9,18 To confirm that oral NAC could replete glutathione in dopaminergic SNc neurons,

EAAC1−/− mice were fed NAC in drinking water for 7 days. The content of reactive thiols,

of which glutathione is the major species, was evaluated by histochemical staining with C5-

maleimide on SNc brain sections prepared from these mice. Immunostaining for tyrosine

hydroxylase identified dopaminergic neurons and processes on the same sections.

Dopaminergic neurons from the EAAC1−/− mice showed significantly less C5-maleimide

staining than neurons from WT mice, and this reduction was reversed in EAAC1−/− mice fed

NAC (Fig 5).

NAC Reduces SNc Dopaminergic Cell Loss in EAAC1−/− Mice

A cohort of EAAC1−/− mice was therefore given NAC in the drinking water from weaning

through 12 months of age to determine whether long-term administration could prevent

neuronal death resulting from chronic oxidative stress. Brains evaluated at 12 months of age

showed less dopaminergic neuronal loss in the SNc of EAAC1 mice treated with NAC (Fig

6A). These neurons also showed less oxidative stress, as indicated by nTyr

immunoreactivity, than neurons in untreated EAAC1 −/− mice (see Fig 6B).

NAC Improves Pole Test Performance in EAAC1−/− Mice

Mice with chronic bilateral loss of dopaminergic neurons generally display little motor

dysfunction unless the loss is very extensive.26 Here we compared W mice, untreated

EAACr−/− mice, and NAC-treated EAACr−/− mice using a battery of tests of designed to

detect abnormalities in the mouse nigrostriatal system: the open field test for spontaneous

activity, the rotarod test of limb dexterity, and the pole test of balance and coordination.26–28

The open field test and rotarod tests showed no differences between the treatment groups

(data not shown). On the pole test, however, the untreated EAAC1−/− mice performed
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significantly worse than the WT mice at age 12 months, and the EAAC1−/− mice treated with

NAC performed significantly better than the untreated EAAC1−/−mice (Fig 7).

Discussion

Neurons do not take up extracellular glutathione directly, but instead rely primarily on glial-

derived cysteine as a precursor for glutathione synthesis.14 The EAAC1−/−mouse has

impaired neuronal cysteine uptake, resulting in chronic neuronal oxidative stress and age-

dependent brain atrophy9. Results of the present studies show that dopaminergic neurons of

the SNc are particularly affected in the EAAC1−/− mouse, with more than 40% lost by age

12 months. This neuronal loss is accompanied by increased markers of oxidative stress and

by increased microglial activation. These changes were largely prevented by long-term oral

administration of NAC.

Although EAAC1 is expressed by all CNS neurons,10,11 results presented here and

previously indicate that EAAC1 expression is especially dense on SNc dopaminergic

neurons.11,33 This increased expression may reflect a high basal requirement for glutathione

synthesis in these neurons in response to an intrinsically elevated rate of oxidant

production.8,38 Consistent with this idea, pharmacological inhibition of EAAC1 has been

reported to produce glutathione loss and subsequent cell death selectively in the

dopaminergic neurons of rat and mouse midbrain.33 Similarly, a transgenic mouse

constructed by Chinta and colleagues,39 in which glutathione synthesis is impaired in

catecholaminergic neurons, exhibits increased protein nitrosylation, reduced mitochondrial

complex 1 activity, and a modest degree of dopaminergic cell loss. Together, these findings

suggest a key role for EAAC1 in dopaminergic neuronal glutathione metabolism and a

contributory role for glutathione depletion in dopaminergic neuronal death.

Many animal models used to replicate histological features of PD, such as the 6-

hydroxydopamine and MPTP models, generate massive oxidative stress and cell death over

a few days time.38,40,41 By contrast, the oxidative stress associated with human PD is low-

grade and chronic, extending over decades. The ultimate cause of neuronal death in PD

remains uncertain, but evidence suggests that it may result from accumulated nuclear and

mitochondrial DNA mutations, some of which lead to additional oxidant production.8,42 The

EAAC1−/− mouse provides a model of chronic neuronal oxidative stress, and could thereby

provide insights into cell death mechanisms and therapeutic approaches relevant to chronic

oxidative stress. The EAAC1−/− mouse does not, however, provide a good model of the

motor deficits in PD; deficits were found only with the pole test, and only at 12 months of

age. The paucity of motor findings may reflect the relatively modest degree of dopaminergic

neuronal loss (<50%), which permits sprouting from remaining neurons and other

compensatory changes.26,31,32 Moreover, oxidative stress and neuronal loss in EAAC1−/−

mice also occurs to some extent in neuronal populations not significantly affected by PD,9 a

factor that further complicates interpretation of motor and functional abnormalities. EAAC1

is also capable of transporting glutamate, albeit with lower affinity than cysteine.43 EAAC1

uptake of glutamate does not contribute to bulk glutamate clearance from the extracellular

space, but loss of glutamate transport into neurons could have additional effects on neuronal

metabolism and motor function, unrelated to glutathione homeostasis.44
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It is not known whether changes in EAAC1 expression or activity occur in PD. Like many

transporters, the activity of EAAC1 is highly regulated by translocation to and from the cell

surface, with only a fraction of available EAAC1 being present on the cell surface at any one

time.45 Several signaling pathways have been identified as having significant influence on

EAAC1 cell-surface expression, including, protein kinase C, platelet-derived growth factor,

syntaxin 1A, cholesterol, and the glutamate transporter associated protein 3–18 (GTRAP3–

18).45–48 Of note, GTRAP3–18 has also been shown to modulate neuronal glutathione

concentrations,34 suggesting that perturbations of this or other signaling pathways that

influence EAAC1 cell-surface expression could, in principle, contribute to the neuronal

glutathione depletion observed in PD.

Unlike cysteine, NAC can cross the blood-brain barrier and passively cross cell membranes

to provide substrate for glutathione synthesis.17,18 Glutathione is the dominant reactive thiol

in cells, and it is in equilibrium with other reactive thiols.49 The C5-maleimide method was

used here to show that oral NAC can restore reactive thiol content in EAAC1−/−

dopaminergic SNc neurons. Prior studies show that the effect of NAC on neuronal C5-

maleimide staining requires glutathione synthesis, further indicating that glutathione is a

major contributor to this signal.

A key finding here is that long-term oral administration of NAC prevents the neuronal death,

oxidative stress, and motor abnormalities otherwise observed in the aged EAAC1−/− mice.

This finding suggests that NAC or similar compounds could be used to treat disorders in

which neuronal glutathione synthesis does not meet demand. NAC is currently approved for

use in the United States as a mucolytic, for treatment of acetaminophen overdose, and to

prevent contrast nephropathy. The drug is also currently under study for treatment of

schizophrenia, amyotrophic lateral sclerosis, and other disorders.19 In addition, an extensive

literature documents salutary effects of NAC in other settings involving oxidative stress.19 It

remains to be established whether glutathione depletion is a primary cause of oxidative

stress in PD, a result of oxidative stress, or both, but the evidence that the glutathione

depletion can promote dopaminergic neuronal death, coupled with the ability of NAC to

promote glutathione synthesis, provides a scientific rationale for evaluating glutathione

repletion as a treatment approach for PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Progressive loss of SNc dopaminergic neurons in EAAC1−/− mice. Confocal images of the

dorsal midbrain of WT and EAAC1−/− mice, with dopaminergic neurons stained green (anti-

TH). Insets show magnified view of boxed areas. Graphs show quantification of

dopaminergic neurons in the SNc at 3, 9, and 12 months of age. Bar = 200 µm. **p < 0.01; n

= 3–7. SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata; VTA =

ventral tegmental area; WT = wild-type.
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FIGURE 2.
Microglial activation in the SNc of EAAC1−/− mice. (A) Confocal images of the dorsal

midbrain of WT and EAAC1−/− mice, with microglia stained green (anti-Iba1).

Dopaminergic neurons were stained blue (anti-TH) to delineate the SNc. Right-hand figures

show magnified view of microglia in the inset boxed areas. Bar = 100 µm in low-power

view, 50µm in high-power view. (B) Quantification of microglial activation in the SNc. *p <

0.01; n = 3. SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata;

VTA = ventral tegmental area; WT = wild-type.

Berman et al. Page 14

Ann Neurol. Author manuscript; available in PMC 2014 July 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 3.
Increased oxidative stress in EAAC1−/− SNc dopaminergic neurons. (A) Confocal images of

SNc from WT and EAAC1−/− mice. Sections are stained for nitrotyrosine (nTyr, green) as a

marker of oxidative stress, and for tyrosine hydroxylase (TH, blue) to identify dopaminergic

neurons. Bar = 50 µm. (B) Quantified data show that the nTyr signal localized to

dopaminergic neurons is increased in EAAC1−/− mice. **p < 0.01; n = 7. (C) Western blots

prepared from WT and EAAC1−/− mouse brain show accumulation of nitrated α-synuclein

in 12-month-old EAAC1−/− brains but not in 12-month-old WT brains. The 2 left-hand lanes
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were prepared on a different gel than the other lanes. *Denotes a nonspecific band

recognized by the antibody to EAAC1. WT = wild-type.
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FIGURE 4.
EAAC1 expression in mouse and human SNc dopaminergic neurons. (A) Sections through

mouse SNc immunostained for NeuN (red) to identify neuronal nuclei; for EAAC1 (green);

and for tyrosine hydroxylase (TH, blue) to identify dopaminergic neurons. Confocal images

show dopaminergic neurons to be densely stained for EAAC1, and nondopaminergic

neurons (some denoted by arrows) to be less densely stained. Bar = 50µm; representative of

n = 4. (B) Sections through human normal and PD brains immunostained for EAAC1

(green), and for TH (blue) to identify dopaminergic neurons. The TH-positive dopaminergic
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neurons show coexpression of EAAC1 in both PD and control brains. Bar = 50µm;

representative of n = 4 control and 4 PD brains.
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FIGURE 5.
Oral N-acetylcysteine restores reactive thiol content of SNc dopaminergic neurons in

EAAC1−/− mice. (A) Representative confocal sections through mouse SNc labeled with C5-

maleimide (green) to label reactive thiols and immunostained for tyrosine hydroxylase (red)

to identify dopaminergic neurons. Bar = 50µm. (B) Quantification of C5-maeimide

fluorescence in TH-positive neurons indicates that reactive thiol content of dopaminergic

neurons is lower in EAAC1−/− mice than in WT mice, but normalized in EAAC1−/− mice

treated with oral NAC. *p < 0.05; n = 4.
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FIGURE 6.
N-acetylcysteine improves survival of SNc dopaminergic neurons in EAAC1−/− mice. (A)

Images prepared as in Figure 1, with dopaminergic neurons stained green (anti-TH) and

neuronal nuclei stained red (anti-NeuN). Neuronal loss in the SNc is reduced in mice treated

with N-acetylcysteine (NAC). Bars = 200µm. (B) Cell counts of SNc dopaminergic neurons

in EAAC1−/− mice with and without NAC treatment. **p < 0.01; n = 5–6. Note that the cell

count data for EAAC1−/− mice without NAC treatment are the same as in Figure 1, reshown

here to facilitate comparisons. (C) Sections are stained for nitrotyrosine (nTyr, green) as a

marker of oxidative stress, and for tyrosine hydroxylase (TH, blue) to identify dopaminergic

neurons. Bars = 50µm. (D) Quantified data show that the nTyr signal localized to

dopaminergic neurons is reduced in the EAAC1−/− mice treated with NAC. **p < 0.01; n =

5–7.
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FIGURE 7.
N-acetyl-cysteine preserves motor function in EAAC1−/− mice. EAAC1−/− and wild-type

(WT) mice were continuously treated with NAC-supplemented water (NAC) or normal

water, and motor agility was evaluated by the pole test at ages 9 and 12 months. Y-axis

shows the mean time required for mice to invert position and climb down the vertical pole.

*p < 0.05; n = 7–10.
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