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Neurobiology of Disease

Astrocyte-Specific Overexpression of Nrf2 Delays Motor
Pathology and Synuclein Aggregation throughout the CNS in
the Alpha-Synuclein Mutant (A53T) Mouse Model

Li Gan,' Marcelo R. Vargas,' Delinda A. Johnson,' and Jeffrey A. Johnson'->3+
1School of Pharmacy, 2Waisman Center, *Molecular and Environmental Toxicology Center, and “Center of Neuroscience, University of Wisconsin-Madison,
Wisconsin, 53705

Alpha synuclein (SYN) is a central player in the pathogenesis of sporadic and familial Parkinson’s disease (PD). SYN aggregation and
oxidative stress are associated and enhance each other’s toxicity. It is unknown whether the redox-sensitive transcription factor nuclear
factor erythroid 2-related factor 2 (Nrf2) plays a role against the toxicity of SYN. To examine this, mice selectively overexpressing Nrf2 in
astrocytes (GFAP-Nrf2) were crossed with mice selectively expressing human mutant SYN (hSYN***") in neurons. Increased astrocytic
Nrf2 delayed the onset and extended the life span of the hSYN***" mice. This correlated with increased motor neuron survival, reduced
oxidative stress, and attenuated gliosis in the spinal cord, as well as a dramatic decrease in total h\SYN*>*" and phosphorylated (Ser129)
hSYN 53T in Triton-insoluble aggregates. Furthermore, Nrf2 in astrocytes delayed chaperone-mediated autophagy and macroautophagy
dysfunction observed in the hSYN***" mice. Our data suggest that Nrf2 in astrocytes provides neuroprotection against hSYN*>*'-
mediated toxicity by promoting the degradation of hSYN#**" through the autophagy-lysosome pathway in vivo. Thus, activation of the
Nrf2 pathway in astrocytes is a potential target to develop therapeutic strategies for treating pathologic synucleinopathies including PD.

Introduction

Parkinson’s Disease (PD) is the second most common neurode-
generative disorder, and is characterized by dopaminergic neu-
ron loss in substantial nigra pars compacta (SNpc). Multiple
mechanisms contribute to PD pathogenesis with a clear involve-
ment of oxidative stress and mitochondria dysfunction in disease
progression. Recently, accumulating evidence has demonstrated
that misfolded proteins and inclusions contribute to the pathol-
ogy of familial and sporadic PD. Alpha synuclein (SYN) is the
main component of these inclusions (Spillantini et al., 1997;
Irizarry et al., 1998). Missense mutations (A53T, A30P, E64K) in
SYN are associated with autosomal dominant PD (Polymero-
poulos etal., 1997; Kriiger et al., 1998; Singleton et al., 2003). SYN
is natively unfolded but is prone to form fibrils under disease
conditions. SYN and phospho-SYN-positive aggregates have
been observed in the familial PD patients (Braak et al., 2003;
Tamura et al, 2012). Increasing evidence implicates the
autophagy-lysosome pathway (ALP) in mediating the clearance

Received June 25, 2012; revised Sept. 25, 2012; accepted Oct. 18, 2012.

Author contributions: L.G. and J.A.J. designed research; L.G., M.R.V., and D.A.J. performed research; M.R.V. and
D.A.J. contributed unpublished reagents/analytic tools; L.G. and J.A.J. analyzed data; L.G. and J.A.J. wrote the paper.

This work was supported by the grant from the National Institute of Environmental Health Sciences (NIEHS
ES10042). We thank Randall Massey from Medical School Electron Microscope Facility for his technical assistance.

The authors declare no competing financial interests.

Correspondence should be addressed to Professor Jeffrey A. Johnson, School of Pharmacy, Waisman Center,
Molecular and Environmental Toxicology Center, Center of Neuroscience, University of Wisconsin-Madison, WI,
53705. E-mail: jajohnson@pharmacy.wisc.edu.

M. R. Vargas’ present address: Cell and Molecular Pharmacology, Medical University of South Carolina, Charles-
ton, SC, 29425.

DOI:10.1523/JNEUR0SCI.3049-12.2012
Copyright © 2012 the authors ~ 0270-6474/12/3217775-13%15.00/0

of misfolded proteins and impaired organelles in neurodegenera-
tive diseases. A recent report suggests that SYN can be degraded
through the ubiquitin-proteasome system (UPS) under normal
conditions and ALP is recruited under extra SYN burden
(Ebrahimi-Fakhari et al., 2011).

Chaperone-mediated autophagy (CMA) has been shown to
clear wild-type SYN. SYN binds with heat shock cognate 70
(Hsc70) that then binds to the lysosomal transmembrane protein
Lamp?2a facilitating subsequent lysosomal degradation. SYN mu-
tants actually bind to Lamp2a with higher affinity blocking their
own degradation as well as other CMA substrates (Cuervo et al.,
2004). Macroautophagy results in the formation of autophagic
vacuoles with trapped misfolded proteins and damaged organ-
elles. When CMA is impaired, macroautophagy is activated to
compensate for reduced protein clearance (Honegger et al.,
2006). SYN can also be degraded through macroautophagy in
neuronal cells in vitro (Vogiatzi et al., 2008) and overexpression
of SYN impairs macroautophagy (Winslow et al., 2010).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an anti-
oxidant transcription factor; under basal conditions Nrf2 is asso-
ciated with actin-bound Keap1 in cytoplasm. Keap] targets Nrf2
to the Cullin3 E3 ligase complex for ubiquitination and subse-
quent degradation by the UPS. Oxidative stress and/or exposure
to electrophilic compounds cause the release and nuclear trans-
location of Nrf2. In complex with small Maf proteins Nrf2 binds
with the antioxidant-responsive elements (ARE) inducing tran-
scriptional activation of downstream genes encoding phase II
detoxifying enzymes and antioxidants (Itoh et al., 1997; Moto-
hashi et al., 2002). Previous studies demonstrate that astrocyte-
specific overexpression of Nrf2 reduces chemical-mediated
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neurotoxicity modeling PD and Huntington’s disease (Chen et
al., 2009; Calkins et al., 2010), as well as genetically induced mo-
tor neuron degeneration in models of amyotrophic lateral scle-
rosis (Vargas et al., 2008).

Reports indicate that oxidative stress can enhance SYN toxic-
ity, induce autophagic cell death, and cause abnormal modifica-
tion of proteins involved in autophagy (Zheng et al., 2009; Chew
etal., 2011). Recent work shows that Nrf2 deficiency can exacer-
bate SYN aggregation in mice using an adeno-associated viral
vector-expressing human SYN (Lastres-Becker et al., 2012). In
Drosophila overexpressing SYN, genetically increasing Nrf2 re-
stored locomotor activity (Barone et al., 2011). However, the
effect of Nrf2 activation on synucleinopathy and SYN clearance
by ALP in rodent models has not been examined. We hypothe-
sized that overexpression of Nrf2 will protect against hSYN*>*"
toxicity. This was examined by crossing GFAP-Nrf2 mice with
Thy1-hSYN***" mice.

Materials and Methods

Mouse strains. Thyl-hSYN>*T transgenic mice were purchased from The
Jackson Laboratory [Strain Name: B6.Cg-Tg(THY1-SNCA*A53T)
M53Sud/J; Stock Number: 008135]. The line was created and characterized
by Dr. Thomas C. Siidhof’s laboratory (Chandra et al., 2005; Gallardo et al.,
2008). The ARE-hPAP transgenic reporter mouse line was created using the
51 bp rat NADPH:quinone oxidoreductase (NQO1) promoter containing
the core ARE sequence (ARE-hPAP) (Johnson et al., 2002). hSYN***T mice
were bred with ARE-hPAP mice to generate hSYN #>*T positive/negative and
ARE-hPAP-positive mice [hSYNA*T (+)/hPAP(+), hSYNA*T(—)/
hPAP(+)]. Transgenic mice with astrocyte-specific overexpression of Nrf2
were made under the control of the human glial fibrillary acidic protein
(GFAP) promoter (GFAP-Nrf2) (Vargas et al., 2008). hSYN AST mice were
bred with GFAP-Nrf2 mice to generate hSYN AS3T(4+)/GFAP-Nrf2(+) dou-
ble transgenic mice [AN(+/+)], littermate wild-type hRSYN ASST(—)/GFAP-
Nrf2(—) mice [AN(—/—)], littermate hSYN*>*T(+)/GFAP-Nrf2(—) mice
[AN(+/—)], and littermate hSYN “**T(—)/GFAP-Nrf2(+) mice [AN(—/+)].
hSYN***T heterozygous mice were maintained on C57BL/6] background.
GFAP-Nrf2 mice were maintained on B6/SJL mice (The Jackson Labora-
tory). Thus, these crossbred mice were on a mixed B6/SJL background. Both
male and female mice were used. End stage was determined by the inability
of the mouse to lift itself within 20 s when placed on its both sides. The disease
onset was determined by the peak body weight. Mice were weighed once a
week and group housed with food and water ad libitum and with a 12 h
light/dark cycle. All animal procedures were approved by the University of
Wisconsin-Madison Institutional Animal Care and Use Committee. All ex-
periments were conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Western blotting. The procedures were performed as previously de-
scribed (Gan et al., 2010). For detergent-soluble and -insoluble fractions:
tissues were lysed in lysis buffer (50 mm Tris-HCI, pH7.4, 150 mm NaCl,
2mm EDTA, 1 mum dithiothreitol, 1 mm Na;VO,, 1 mm NaF, and protease
inhibitor mixture tablet from Roche) containing 1% Triton X-100 (Buf-
fer A) as the ratio of 1:10 (1 mg of tissue: 10 ul of lysis buffer), and whole
lysates were centrifuged at 100,000 g, 30 min at 4°C. The supernatants
were taken as Triton-soluble fractions. The pellets were rinsed with Buf-
fer A five times, and then resuspended in lysis buffer containing Buffer A,
1% SDS and 0.5% sodium deoxycholate. After sonication and brief spin
down, the lysates were taken as Triton-insoluble (SDS-soluble) fractions.
For LC3 Western blot, tissues were directly lysed in lysis buffer contain-
ing 1% SDS. The dilutions for primary antibodies: o SYN (4B12)
1:10,000 (Abcam), Ser 129—phospho—oz SYN 1:2000 (Abcam), CathepsinD
(CatD), 1:2000 (Santa Cruz Biotechnology), NQO1 1:1000 (Abcam),
B-actin 1:5000 (Abcam), tubulin 1:5000 (hybridoma, University of
Iowa), GADPH 1:3000 (Cell Signaling Technology), HSC70 1:3000
(Epitomics), Lamp2a 1:1000 (Abcam), microtuble-associated protein
light chain 3 (LC3) 1:2000 (Cell Signaling Technology), ubiquitin 1:1000
(Cell Signaling Technology), sequestosome 1 (SQSTM1, P62) 1:4000
(Abnova), myocyte enhancer factor 2D (MEF2D) 1:2000 (BD Biosci-
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ences), glutamate-cysteine ligase catalytic subunit (GCLc) and modifier
subunit (GCLm) 1:10000 (provided by Dr. Terry Kavanagh, University
of Washington, Seattle, WA).

Immunofluorescence and histochemistry. Mice were perfused with PBS
followed by 4% paraformaldehyde (PFA). Tissues were postfixed for 2 h
at4°Cand cryoprotected in 30% sucrose in PBS at 4°C until sinking to the
bottom. Coronal sections were prepared using a cryostat (Leica). Sec-
tions were permeabilized and blocked with 10% goat serum, 1% bovine
serum albumin (BSA), and 0.36% Triton X-100 in PBS for 1 h at room
temperature (RT), then incubated with primary antibodies diluted in
10% goat serum, 1% BSA in PBS at 4°C overnight. Appropriate IgG was
used for controls. The following day, sections were incubated with sec-
ondary antibodies diluted in the same solution for 1 h at RT after inten-
sive wash. For nuclear DNA staining, slides were incubated in 1 ug/ml
Hoechst 33258 in PBS for 5 min. Primary antibodies were used at the
following dilutions: o SYN (LB509) 1:1000 (Abcam), Ser 129—phospho—oz
SYN 1:500 (Abcam), B-III-tubulin 1:1000 (Abcam), GFAP 1:1000
(Dako), ionized calcium binding adaptor molecular (IBA1) 1:600
(Wako), 4-hydroxynonenal (HNE) 1:500 (Abcam). MEF2D 1:500 (BD
Sciences), p62 1:500 (Abnova), and ubiquitin (UV-1) 1:250 (Life Sci-
ence). Secondary antibodies were using Alex Fluor 488 and 594 (Invitro-
gen) with dilution of 1:1000. For motor neuron count, cresyl violet
acetate staining was performed. Every sixth section (10 wm) was stained
and a total of 32—40 sections were counted from each mouse using
Image].

Real-time PCR. mRNA extraction, reverse transcription, real-time
PCR performance and data analysis were conducted as previously de-
scribed (Gan et al., 2010). IBAI primers: 5'-CGAATGCTGGAGAA
ACTTGG-3', 5'-AGAGTAGCTGAACGTCTCCT-3'. The rest of primer
sequences were referenced (Johnson et al., 2010).

Glutathione measurement. To determine the levels of reduced (GSH)
and oxidized (GSSG) glutathione, it was measured by normal-phase (ion
exchange) HPLC (Fariss and Reed, 1987). Supernatants were alkylated
with iodoacetic acid followed by derivatization with 1-flouro-2,4, dini-
trobenzene. The S-carboxymethyl-N-dinitrophenyl-derivatized sam-
ples were then loaded onto a 3-aminopropyl-Spherisorb column
(Waters Corporation) and separated by a sodium acetate/methanol
gradient using a Shimadzu Prominence HPLC system. Resolved GSH
and GSSG analyte was detected at 365 nm using a Shimadzu Promi-
nence SPD-20A UV/Vis detector. GSH and GSSG concentrations in
the samples were determined by reference GSH and GSSG standard
curves included in each run and subsequently normalized to respec-
tive tissue protein concentrations.

Electron microscopy. Mice were perfused with PBS followed by 4%
PFA, and the spinal cord lumbar area was dissected and postfixed in 2%
glutaraldehyde and 2% PFA in PBS for overnight. The primary fixed
samples were rinsed five times for 5 min in PBS, and postfixed in 1%
osmium tetroxide, 1% potassium ferrocyanide in PBS for 1 h at RT, and
then rinsed in PBS as before. After dehydration, samples were infiltrated
in the mixtures of PolyBed 812 (Polysciences) and propylene oxide with
increasing concentrations. The samples were sectioned on a Leica EM
UC6 ultramicrotome at 90 nm, and collected on Cu, pioloform-coated
2 X 1 oval slot grids (EMS) followed with poststaining in uranyl acetate
and lead citrate. The sections from different genotypes of mice were
viewed at 80 kV on a Philips CM 120 transmission electron microscope,
equipped with MegaView III camera (Olympus Soft Imaging System).

Statistical analysis. All data are represented as mean *= SEM. Statistical
analysis was performed using one-way ANOVA followed by Newman—
Keuls multiple paired comparisons (GraphPad prism 4). The Kaplan—
Meier survival curves were compared by log rank test. Statistical
significance was claimed as if p < 0.05.

Results

Endogenous Nrf2-ARE pathway is activated in

hSYN*>*T mice

The hSYN***T mice used in these studies show motor dysfunc-
tion, become paralyzed, and die between 6 and 10 months of age
(Chandra et al., 2005; Gallardo et al., 2008). To test if the endog-
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were slightly increased in the spinal cord
of 2-month-old mice, but not 6-month-
old mice (Fig. 1C). There was no signifi-
cant change of GSSG in spinal cord and
brainstem at both ages (Fig. 1D).
hSYN 43T mice were also bred with ARE-
hPAP mice and hPAP activity was exam-
ined through histochemical staining (Fig.
1E). Increased intensity for hPAP staining
was observed in ventral horn of spinal
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Figure 1.

cord of nonsymptomatic 6-month-old hSYN AS3T mice; n = 3. Scale bar, 500 M.

enous Nrf2-ARE pathway was activated in hSYN***" mice and

involved in the pathology of this mouse model, mRNA levels of
Nrf2 and its regulated genes were measured at 2 and 6 months of
age in nonsymptomatic mice. Compared with age-matched
hSYNA53T—negative mice, NQOI increased in spinal cord at 6
months. GCLm increased significantly at 2 months but not at 6
months (Fig. 1A). Correlating with mRNA data, the protein level
of NQOL1 increased significantly in spinal cord at 6 months, and
there were no changes for GCLc and GCLm (Fig. 1B). GSH levels

GCLc

Endogenous Nrf2-ARE pathway is activated in hSYN **3" transgenic mice. A, mRNA levels of Nrf2 and its requlated
genes in spinal cord of 2- and 6-month-old nonsymptomatic hSYN A>T mice. n = 4. *p < 0.001, *p << 0.05, hSYNA%3T(+) versus
hSYN"3T(—). B, Western blots of NQO1, GCLc, and GCLm for 6-month-old hSYN**" mice. *p << 0.001, hSYN T (+) versus
hSYN"3T(—).n = 3., D, GSH and GSSG levels in spinal cord and brainstem of 2- and 6-month-old nonsymptomatic hSYN %%
mice. n = 3-5.%p < 0.05, hSYNA53T () versus hSYNA*3"(—). E, hPAP activity represented by histochemical staining in spinal

cord of 6-month-old mice (Fig. 1E) but
not 2-month-old mice (data not shown).
More modest increases in hPAP histo-
chemistry were observed in substantia
nigra, amygdala, and brainstem (data not
shown).

Astrocyte-specific overexpression of
Nrf2 extends the life span of hSYN#>*"
mice and increases motor neuron
survival

To enhance this modest endogenous Nrf2
activation, we crossbred hSYN#>*T mice
with GFAP-Nrf2 transgenic mice to deter-
mine whether astrocytic overexpression
of Nrf2 could alleviate pathology in the
hSYN***T mice. There was a dramatic and
significant extension of life span by 65.5 d
in the double transgenic mice (Fig. 2A).
The disease onset was also delayed by
63.5 d (Fig. 2B). No significant difference
was observed in disease progression be-
tween hSYN***T mice and double trans-
BS genic mice (Fig. 2C). Based on the onset
data, there appeared to be two different
subsets of hSYN*>T [AN(+/—)] mice:
early (<200 d) and late (>200 d) onset
mice. Thus, we divided these mice into
two groups based on onset and re-
analyzed the data. For the early onset
group, Nrf2 overexpression extended the
life span and delayed disease onset and
progression significantly by 73 d, 59 d,
and 6.2 d, respectively (Fig. 2D-F). For
the late onset group the extension in sur-
vival (26 d) and delay in onset (13 d) were
not statistically significant (Fig. 2G-I).
Subsequent biochemical and histochemi-
cal analysis was performed on ~6-month-
old mice.

Another cohort of mice was harvested
at 6 months of age and the number of mo-
tor neurons in the lumbar spinal cord was
quantified blindly (Fig. 2J). Motor neu-
ron numbers in asymptomatic hSYN#>*T(+)/GFAP-Nrf2(—)
mice [AN(+/—)] were not significantly different from control
hSYN#**T(—)/GFAP-Nrf2(—) mice [AN(—/—)] (Fig. 2D).
However, the degree of variability within this group does suggest
that the range of motor neuron loss between mice is large as
would be expected in asymptomatic mice with such a large range
in life span. In contrast, symptomatic mice [AN(+/—)*] had a
consistent and significant loss of 80% of their motor neurons.
This loss was reversed in the double transgenic hSYNA53T(+)/

GCLm
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Figure2. Overexpression of Nrf2 in astrocytes extends the life span of hSYN °*" transgenic mice and increases motor neuron survival in spinal cord. A, Nrf2 overexpression in astrocytes increased
the median survival from 206.5 d in hSYN"**"mice [AN(+/—)] (n = 18) to 272.0 d in hSYN **3"/GFAP-Nrf2 double transgenic mice [AN(+/)] (n = 17). p = 0.0220, x* = 5.247. B, Nrf2
overexpression delayed disease onset from 184.5din AN(+/—) mice (n = 18)t0 248.0din AN(+/+) mice (n = 17).p = 0.047, > = 3.938., No difference was observed in disease progression
between AN(+/—) mice (27.22 = 1.93,n = 18) and AN(+/+) mice (31.29 = 1.60,n = 17). Values are the mean == SEM. D—F, Early onset (<<200 d) cohort. D, The median survival of 194.0
din AN(+/—) mice (n = 11) was prolonged to 267.0 d in AN(+/+) double transgenic mice (n = 11). p << 0.0001, XZ = 18.43. E, The disease onset of 169.0 d in AN(+/—) mice (n = 11) was
delayed to 228.0 d in AN(+/-+) double transgenic mice (n = 11). p << 0.0001, x = 18.92. F, The disease progression 0f 23.27 = 1.53 d in AN(+/—) mice (n = 11) was significantly extended
t029.45 = 1.77 din AN(+/+) double transgenic mice (n = 11). p = 0.016. Values are the mean = SEM. G-I, Late onset (>200 d) cohort. G, The median survival of 276.0 d in AN(+/—) mice
(n = 7) was prolonged to 302.0 d in AN(+/+) double transgenic mice (n = 6). p = 0.055, XZ = 3.681. H, The disease onset of 249.0 d in AN(+/—) mice (n = 7) was delayed to 262.0 d in
AN(+/+) double transgenic mice (n = 6).p = 0.180, x > = 2.022.1, The disease progression in AN(+/—) mice (33.43 = 3.25d,n = 7) and AN(++/+) double transgenic mice (34.67 + 2.86d,
n = 6) was similar; p = 0.784. Values are the mean = SEM. J, Estimated number of motor neuron in the ventral horn of spinal cord of 6-month-old hSYN *°3" transgenic (Figure legend continues.)
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AN(+/+) versus AN(+/—)%; *p < 0.05, AN(-+/+) versus AN(+/—). D-E, Fluorescent immunostaining of hSYN***" and
p-hSYN>3" aggregates with 80% formic acid pretreatment in spinal cord of 6-month-old mice. D, Staining for hSYN"** in
asymptomatic, symptomatic, and double transgenic mice. E, Colocalization of hSYN **3Tand p-SYN A**"in symptomatic mice; n =
3. Scale bars: 50 m.

GFAP-Nrf2(+) [AN(+/+)]. Nrf2 overexpression does not affect
motor neuron development because there was no difference in

was a modest colocalization of p-hSY
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Nrf2 decreases a-synuclein aggregates,
gliosis, and oxidative stress in
hSYN***T mice

To ensure that the observed changes in life
span and onset were not due to Nrf2-
mediated downregulation of the hSYN>*T
transgene levels in the mice, a Western blot
was performed on 2-month-old spinal cord
extracts demonstrating that hSYN4>*T Jev-
els were not affected by Nrf2 overexpression
in astrocytes (Fig. 3A). Compared with
6-month-old mice without symptoms
[AN(+/—)], the amount of hSYN*>T in
the Triton-soluble fraction from spinal cord
decreased 60% in age-matched symptom-
atic mice [AN(+/—)*] (Fig. 3B,C). This
was accompanied by a significant increase
in hSYN*>*" in the Triton-insoluble/SDS-
soluble fraction. This movement of hSYN***"
into Triton-insoluble/SDS-soluble aggre-
gates was completely reversed by overex-
pression of Nrf2 in astrocytes [AN(+/+)]
(Fig. 3B, C). Similar changes were observed
for phosphorylated (Ser129) hSYN>*T (p-
hSYN“%T) in Triton-soluble and Triton-
insoluble/SDS-soluble fractions (Fig. 3B).
Fluorescent staining of hSYN*>*" on formic
acid pretreated sections correlates the re-
sults from Western blotting showing a dra-
matic increase in hSYN***" agaregates (Fig.
3D). Again, this change was completely re-
versed by GFAP-Nrf2 [AN(+/+)] (Fig.
3D). In addition, there was a clear colocal-
ization of hSYN***T and p-hSYN*** in the
aggregates (Fig. 3E). This is consistent with
the previous observation that the main form
of hSYN“**T in inclusions is the phosphor-
ylated form of hSYN***" (Fujiwara et al.,
2002; Anderson et al., 2006).

Similar changes for p-hSY were
seen throughout the brain. Fluorescent
immunostaining showed increased den-
sity of p-hSYN“#**T in motor cortex, mid-
dle brain, and brainstem in symptomatic
hSYN***T mice and not in double trans-
genic mice (Fig. 4A,B). There was also a
slightly increased density of p-hSYN*>*T
in striatum and cerebellum of symptom-
atic hSYN*>*T mice (data not shown).
There was a striking increase of p-hSYN 4"
staining in SN, especially in the pars re-
ticulata (SNpr) (Fig. 4B, middle). There
N*%°T and tyrosine hydro-

A53T
N

motor neuron numbers in GFAP-Nrf2 mice compared with wild-
type control mice. (Vargas et al., 2008).

<«

(Figure legend continued.) ~mice without symptoms [AN(-+/—)] and with symptoms
[AN(+/—)*]along with age-matched littermate wild-type controls [AN(—/—)]. Left, Repre-
sentative images with Niss| staining. Scale bar, 100 wm. The quantified data are shown on the
right. Mean = SEM; n = 3.*p << 0.01, AN(+/—)* versus AN(—/—); 'p < 0.05, AN(+/+),
AN(+/—) versus AN(+/—)*.

lase (TH) in SNpc (Fig. 4C,D). This is probably due to the low
level of SYN expression driven by Thyl promoter in dopaminer-
gic neurons (van der Putten et al., 2000; Fernagut and Chesselet,
2004). The GFAP-Nrf2 mice completely prevented or signifi-
cantly reduced the p-hSYN***T accumulation throughout these
different brain regions (Fig. 4A—C).

Nrf2 overexpression in astrocytes also reduced astrogliosis
and microgliosis in symptomatic hSYN#*** mice, as determined
by GFAP and IBA1 immunofluorescent staining and mRNA lev-
els (Fig. 5A—C). NADPH oxidase, a potential generator of reactive
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A

Figure 4.  Overexpression of Nrf2 in astrocytes decreases p-hSYN**" aggregates in the brain. Representative fluorescent
immunoimages of p-hSYN A°3" (green) with 80% formic acid pretreatment in different brain areas of 6-month-old asymptomatic,

AN(+/-) AN(+/-)* AN(+/+
{ u
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oxygen species (ROS), increased dramati-
cally in symptomatic hSYN***" mice as
represented by mRNA levels of its sub-
units gp91-phox, p47-phox, and p67-
phox (Fig. 5D). There was also an
increased staining density of HNE, a prod-
uct from lipid peroxidation, especially in neu-
rons in symptomatic hSYN“*** mice (Fig.
5E,F). Again, the GFAP-Nrf2 mice [AN(+/
+)] completely prevented or significantly re-
duced all of these outcome measures (Fig.
5A-F).

To determine the effect of hSYN>*"
on Nrf2-dependent changes observed in
the GFAP-Nrf2 mice, we evaluated
mRNA levels of Nrf2 and its regulated
genes (Fig. 6A). Compared with AN(—/—) or
AN(+/—)* mice, there were dramatic and
comparable inductions of Nrf2, NQOI,
GCLc, GCLm, and glutathione S-trans-
ferase A2 (GSTA2) in the GFAP-Nrf2
[AN(—/+)] and double transgenic [AN
(+/+)] mice suggesting that the protec-
tion of double transgenic mice was due to
Nrf2 overexpression (Fig. 6A). Interest-
ingly, GCLm and GCLc decreased signifi-
cantly in symptomatic hSYN*>*T mice.
These data are in contrast to the 2- or
6-month-old nonsymptomatic mouse
data (Fig. 1A). In addition, changes in
GSH and GSSG were examined in spinal
cord (Fig. 6B) and brainstem (Fig. 6C).
We have previously published that total
GSH (GSH + GSSG) levels are increased
by 30—40% in spinal cord and brainstem
of GFAP-Nrf2 mice at 1 month of age
(Vargas etal., 2008). These data examined
a 6-month-old cohort of mice. In both
brainstem and spinal cord there was a
trend toward decreased GSH and total
GSH in the symptomatic hSYN***T mice
[AN(+/—)* vs AN(—/—)]. However, the
most striking data are the sustained and
significant increases of GSH and total
GSH in the double transgenic mice
[AN(+/+)] relative to the hSYNA>T
mice [AN(+/—)*]. GSSG remained rela-
tively unchanged ranging from 3 to 6% of
the total GSH. Thus, the addition of
hSYN***T did not modulate the ability to
activate Nrf2 in the astrocyte or sustain
Nrf2-dependent changes in the GFAP-
Nrf2 mice.

<«

symptomatic, and double transgenic mice. A, Middle Brain
(MB) and brainstem (BS). Scale bar, 1000 r.m. Higher magni-
fication images of the oval and square area are shown in B,
middle and bottom, respectively. MCX, motor cortex. Blue:
Hoechst; n = 3. Scale bar, 50 um. C, Double-labeling of
p-hSYN>3" (green) and TH (red) in SN. Blue: Hoechst. Scale
bar, 100 wm. D, Higher magnification images of the square
area. Arrows indicate colocalization of p-hSYNA*3Tand TH.
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Figure5.  Overexpression of Nrf2 in astrocytes reduces gliosis and oxidative stress in spinal cord. 4, Fluorescent staining of GFAP (red) and IBAT (green); n = 3. Scale bar, 200 .em. B, Representative images
of GFAP and IBAT in ventral horn with higher magnification. Scale bar, 50 .um. €, mRNA levels of GFAP and IBAT increased in spinal cord of 6-month-old hSYN ***" mice with symptoms [AN(+/—)*] compared
withwild-type [AN(—/—)], double transgenic mice [AN(+-/+-)], and GFAP-Nrf2 littermates [AN(—/+)]. Mean = SEM; n = 4.%p << 0.05, AN(+/—)*versus AN(—/—); *p << 0.05, AN(+/+), AN(—/+)
versus AN(-/—)*.D,mRNA levels of NADPH oxidase subunits gp91-phox, p47-phox, and p67-phox ncreased in spinal cord of 6-month-old hSYN 5" mice with symptoms compared with wild-type and double
transgenicmice. Mean = SEM; n = 4.*p << 0.007, AN(-+/—)*versus AN(—/—); p << 0.01, AN(-/+-), AN(— /) versus AN(+/—)*.E, Intensity of HNE staining (red) increased in motor neuronsin spinal
cord of hSYNA*" mice. Green, B-lll-tubulin; blue, Hoechst; n = 3. Scale bar, 50 um. F, Higher magnification images of the square areas.
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Figure 6.

Overexpression of Nrf2 in astrocytes increases Nrf2-dependent gene expression and GSH levels. A, mRNA levels of Nrf2 and its requlated genes in spinal cord of 6-month-old mice from

all four genotypes. Mean = SEM; n = 4. *p << 0.001, AN(+/+), AN(—/+) versus AN(—/—); *p << 0.001, AN(+/+), AN(—/) versus AN(+/—)%; "p < 0.05, AN(+/—)* versus
AN(—/—). Glutathione levels in spinal cord (B) and brainstem (C) from all four genotypes. Mean = SEM; n = 3-5. *p << 0.05, AN(+/4) versus AN(—/—); *p << 0.05, AN(+/+) versus

AN(+/—)*%; p < 0.05, AN(+/+) versus AN(—/+).

CMA is dysfunctional in hSYN#**" mice, but not in

hSYN #**T/GFAP-Nrf2 double transgenic mice

MEF2D, a transcription factor involved in neuronal survival, is a
substrate of CMA. Inhibition of CMA lead to increased MEF2D
levels and accumulation of inactive MEF2D in cytoplasm (Yang
et al., 2009). In addition, an increase in MEF2D has been de-
scribed in a different line of hSYN#**T mice (Martin et al., 2006).
Consistently, we found increased MEF2D (Fig. 7A) and cytoplas-
mic mislocalization (Fig. 7B) in the hSYN 23T line used in our
experiments suggesting dysfunctional CMA. There was no
change of protein levels for HSC70 and Lamp2a (Fig. 7C,D),
while the protein levels of Lamp1, another lysosomal membrane
protein, and both the premature and mature forms of lysosomal
aspartyl protease cathepsinD (CatD) increased >4-fold in symp-
tomatic hSYN***T mice (Fig. 7C,D). The smeared bands for
Lampl are indicative of increased Lamp1 glycosylation (Lee et al.,
2010). All changes were absent in the double transgenic mice
[AN(+/+)].

Macroautophagy is inhibited in hSYN #**" mice, but not in
hSYN #**T/GFAP-Nrf2 double transgenic mice
Macroautophagy includes three main steps: initiation (au-
tophagic complex formation), elongation of phagophores, mat-
uration of autophagosomes, and fusion with lysosomes. LC3 is
involved in the last two steps. It is synthesized as a precursor form
and is cleaved at its COOH terminus to form LC3 I in the cytosol.
LC3 11 is formed by LC3 I conjugation with phosphatidylethano-
lamine and recruited to the elongating autophagosome mem-
brane. After fusion with the lysosome, LC3 II on the outer
membrane will be delipidated and recycled, while inner mem-
brane LC3 II will be degraded in the autolysosome. LC3 II/LC3 I
ratio indicates autophagosome formation. The LC3 II/LC3 I ratio
was increased in spinal cord lysates from symptomatic hSYN #>*T
mice (Fig. 8A). P62 binds with ubiquitinated proteins and pro-
tein aggregates, which are trafficked to the autophagosome via
p62 association with LC3 II. P62 is also a substrate of macroau-
tophagy. The protein level of p62 increased both in Triton-
soluble and -insoluble fractions from symptomatic hSYN*>*"
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Figure7.

(MAis impaired in hSYN ***" mice, notin hSYN 53T/GFAP-Nrf2 double transgenic mice. 4, Western blotting for MEF2D from total spinal cord lysates in 6-month-old hSYN 3 mice and

age-match littermates. Mean = SEM; n = 3.*p << 0.05, AN(-+/—)* versus AN(—/—); *p << 0.01, AN(+/-), AN(—/+) versus AN(+/—)¥. B, Fluorescent immunostaining for red, MEF2D;
green, 3-IIl tubulin; and blue, Hoechst; n = 3. Scale bar, 20 pum. €, Western blotting for CMA-related chaperone molecular HSC70, lysosomal membrane protein Lamp2a, Lamp1, and lysosomal
hydrolase CatD. D, The quantified data for Lamp1, mature CatD (M). Pre, premature CatD. Mean = SEM; n = 3.*p << 0.001, AN(+/—)* versus AN(—/—); *p < 0.001, AN(+/+), AN(—/+)

versus AN(+/—)*.

mice. The smeared pattern of p62 in the Triton-insoluble frac-
tions indicated conjugation and aggregate formation (Fig. 8B).
The increased LC3 II/LC3 I ratio and p62 accumulation in the
insoluble fraction demonstrates that there were increased au-
tophagosome vacuoles, but the proteins engulfed inside did not
undergo degradation. This speculation was confirmed by colo-
calization of p62 and p-hSYN***" in formic acid pretreated sec-
tions (Fig. 8D). Ubiquitin was also slightly increased in the
Triton-insoluble fraction in symptomatic hSYN***T mice (Fig.
8C). However, there was no observable histological evidence of
ubiquitin accumulation in hSYN***T mice (Fig. 8E). Ubiquitin
staining in hSYN***" mice was diffuse indicating that the
p-hSYN#>*T agoregates are p62 positive, but not ubiquitin
positive.

Autophagosome-like vacuoles exist in hSYN***" mice, but
not hSYN#**T/GFAP-Nrf2 double transgenic mice

In symptomatic hSYN***" mice, neurons with shrunken cell
bodies and condensed nuclei were observed compared with neu-
rons with normal morphology in the other three genotypes (Fig.
9A). Lysosomes and lysosome-like structures were rarely ob-
served in the dying neurons of hSYN“**" mice compared with
variably shaped lysosomes in the other three genotypes.
Autophagosome-like structures with double- and multiple-
layered membranes existed in the sick neuronal cell bodies and
axons in the spinal cord of hSYN***T mice with symptoms, but
not in hSYN“**"/GFAP-Nrf2 mice. Few to none autolysosome-
like vacuoles with single membranes (autolysosome) were ob-
served in hSYN***T mice (Fig. 9B, top and middle); whereas



17784 - ). Neurosci., December 5, 2012 - 32(49):17775-17787

A AN(-/-) AN(t/-)* AN(++) AN(-/1)
- 22KD
LO3 1 oot s i i S __ |y 2
LC3 11 - - o
——— o o - - §
—16KD =
o
o
-
. SO m—. i, s < I sone o e Tuhulin
B — 160KD
p62 — 80KD
= -o.—*..... — GOKD
=
s
= — 40KD
S -
= -
H S -
p62 . —160KD
—80KD
D
z 4— —6OKD
E] -
[72] - -—40KD
2 . 'S

E o3

- G — e e e - ww = GAPDH

T

Cc

-
Ubt"
-

—250KD
!
A A —100KD
=2
=
=
2 o . —50KD
n - -
4 A
wn
-
- an —— . —25KD
- —— L
AD e ap e e e av SSGEDEREREES -\ b6
Figure 8.

10.01

*
#
#
0-

AN(-/-)

N
o
1

o
(=]
1

I
2]
1

Gan et al. @ Astrocytic Nrf2 Alleviates c-Synuclein Aggregation

o

D po62

p-hSYN

Merge

AN(H-)* AN(-/+)

AN(-/-)

AN(+/+)

AN(+/-)* AN(+/+

4 b
- v

Macroautophagy is dysfunctional in hSYN"*" mice, not in hSYN **"/GFAP-Nf2 double transgenic mice. 4, Western blats for LC3. Top is overexposed to visualize LC3 II. A shorter

exposure to quantify L3 | is next. The quantification of LC3 1I/LC3 | ratio is shown on the left. Mean == SEM; n = 3.*p << 0.01, AN(+/—)* versus AN(—/—); p << 0.01, AN(+/+), AN(—/+)
versus AN(+/—)*. B, Western blotting of p62. Top, Triton-soluble fractions; bottom, Triton-insoluble fractions; n = 3. C, Western blotting of ubiquitin in Triton-insoluble fractions. Ub, ubiquitin;
n = 3. Representative images for p-hSYN ***" and p62 (D) or Ub (E) colocalization; n = 3. Scale bars: 50 pm.

numerous residual bodies of lysosomes were present in the double
transgenic mice (Fig. 9C). Finally, there was an intermediate neuro-
nal phenotype in hSYN“**T mice that contained both vacuolated
lysosomes along with normal lysosomes (Fig. 9B, bottom).

Discussion
SYN is the first gene that was identified in PD patients and is
the main component in Lewy bodies. It is believed that SYN
is a central player in the pathology of PD and other
a-synucleinopathies.

The Nrf2-ARE pathway regulates a cell defense system to fight
against oxidative insults. Overexpression of Nrf2 in astrocytes
delayed the pathology of hSYN*>*T mice and reduced Triton-

insoluble aggregates containing hSYN***" and p-hSYN#>*T
(Figs. 2—4). The autophagy-lysosome pathway is a highly con-
served bulk protein degradation system responsible for the turn-
over of long-lived proteins, clearance of aggregate-prone
proteins, and disposal of damaged organelles. Inactivation of au-
tophagy results in cytoplasmic protein inclusions composed of
misfolded proteins and deformed organelles, which could lead
to neurodegeneration and other diseases. The level of auto-
phagosome-associated LC3 II or the ratio of LC3 II to LC3 I has
been used to evaluate macroautophagy. LC3 II is a substrate of
macroautophagy, and the level of LC3 II alone is correlated with
the number of phagophores/autophagosomes instead of induc-
tion of autophagy (Klionsky et al., 2008). The accumulation of
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Figure9.  Autophagosome-like vacuoles exist in hSYN**" mice, not hSYN *3T/GFAP-Nrf2 double transgenic mice. A, Electron microscopic (EM) images of motor neurons in lumbar spinal cord
from 8-month-old hSYN >3 mice, hSYN **"/GFAP-Nrf2 mice, and littermate controls. B, Top and middle, autophagosome-like vacuoles in cell body and axon of neurons from hSYN ***" mouse with
symptoms. Scale bars: 5 wm. Higher magnification images of the square areas are shown on the right. Scale bars: 1 wm (top) and 500 nm (middle). Arrows denote the vacuoles. Bottom, A healthier
looking neuron from hSYN ***" mouse with vacuolated (arrows) and normal (arrowheads) lysosomes. Scale bars: 5 um (left) and 1 wm (right). €, EMimages for hSYN *3"/GFAP-Nrf2 mouse. Higher
magnification images of the square areas are shown on the right. Scale bars: 5 m (left) and 1 wm (right).

P62, another substrate of macroautophagy, confirmed a dysregulation
of macroautophagy. Colocalization of p62 and p-hSYN*>*T suggested
that p62 and p-hSYN*>*T were both localized in aggregates. Increased
autophagosome formation could be due to increased autophagic activ-
ity or reduced turnover of autophagosomes. This study supports that
failed turnover is the cause. Observation of autophagic vacuoles with
electronic microscopy is another standard way to monitor autophagy.
Autophagosome-like structures not autolysosome-like vacuoles were
observed in hSYN“**" mice. All these data confirmed that early au-
tophagy was activated, but the fusion step of autophagy with the lyso-
some did not proceed.

Itis interesting that there was no obvious increase of ubiquitin
accumulation, or colocalization of p-hSYN*>*T and ubiquitin.

There are two possibilities. First, hSYN***T and p62 could
be conjugated together for degradation through ubiquitin-
independent macroautophagy. Existing evidence shows that ubi-
quitinated SYN/p-SYN is not always observed and is not
necessary for formation of pathological inclusions or degradation
(Liu et al., 2003; Sampathu et al., 2003; Machiya et al., 2010;
Ebrahimi-Fakhari et al., 2011). A recent report points out that
mono-ubiquitinated SYN is degraded by the UPS and de-
ubiquitinated SYN is mainly degraded by ALP (Rott et al., 2011).
Additionally, p62 could mediate ALP clearance of nonubiquiti-
nated substrates in an HDAC6-dependent manner (Watanabe
and Tanaka, 2011) suggesting that clearance of SYN/p-SYN could
occur via a p62-dependent but ubiquitin-independent mecha-
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nism. Second, both p-hSYN***T and p62 could be trapped in
vacuoles as separate misfolded proteins. As substrates of mac-
roautophagy, SYN, and p62 may be accumulated together with-
out physical interaction when macroautophagy is dysregulated.

CatD is a soluble lysosomal aspartic endopeptidase. It func-
tions in the lysosome to cleave SYN. The exact outcome of this
function is very controversial. Overexpression of CatD prevented
SYN aggregation and toxicity in vitro and in a Caenorhabditis
elegans model (Qiao et al., 2008). Our data show that there was a
dramatic induction of premature and mature CatD that corre-
lates with the formation of aggregates. These observations are
consistent with previously published data that phosphorylated
SYN induces upregulation of casin kinase 2 and CatD (Takahashi
et al., 2007). Inhibition of autophagy could also induce CatD-
mediated apoptotic cell death (Carewetal., 2011). H,O,-induced
ROS production and endothelial cell apoptosis can be enhanced
by CatD overexpression and suppressed by knockdown of CatD
(Haendeler et al., 2005). CatD acts as a death executor beyond
caspase 3. The CatD death pathway is upstream of or indepen-
dent of caspase cascades, and autophagosomes appear before
DNA fragmentation in vitro (Deiss et al., 1996; Isahara et al.,
1999; Kagedal et al., 2001). We observed shrunken cell bodies and
condensed nuclear chromatin with electronic microscopy, but
could not detect any cleaved caspase 3 by Western blotting (data
not shown). These results suggest a CatD-mediated motor neu-
ron loss in hSYN***T mice.

Together, overexpression of hSYN***T negatively affected
protein clearance pathways including CMA and macroau-
tophagy. This leads us to hypothesize that the increased oxidative
stress associated with incomplete degradation of aggregates
caused an abnormal modification of lysosome membrane pro-
tein Lampl, and increased permeabilization of the lysosomal
membrane (Lee et al., 2010) resulting in lysosomal protease
CatD-mediated cell death. The question remains as to how Nrf2
in astrocytes can protect neurons from hSYN ***"-mediated tox-
icity. The GSH system was negatively affected in symptomatic
hSYN“%*T mice, whereas increases in GCLc, GCLm, and total
GSH were observed in spinal cord of double transgenic mice (Fig.
6). Perhaps overexpression of Nrf2 in astrocytes through secre-
tion of glutathione and other antioxidant proteins could increase
the ability of the neurons to combat oxidative stress thereby al-
lowing for maintaining normal function of ALP and hSYN#>*"
clearance. The data herein and an earlier publication in mouse
models of amyotrophic lateral sclerosis (Vargas et al., 2008) pro-
vide support for this hypothesis. Alternatively, changes in UPS
could also contribute, but we have not seen any change in pro-
teasome activity in the GFAP-Nrf2 mice (data not shown). It is
also possible that secreted SYN is taken up and degraded by the
Nrf2 astrocytes; however, immunohistochemical double labeling
of hSYN“**T and p-hSYN#**" with the astrocyte marker GFAP
showed no overlap (data not shown).

A major issue in PD research is the lack of an effective genetic
mouse model that develops progressive degeneration of dopami-
nergic neurons (Hisahara and Shimohama, 2010). This includes
the SYN mouse models that primarily develop symptoms of mo-
tor neuron diseases (Giasson et al., 2002; Martin et al., 2006). A
new SYN line, using the tetracycline inducible system, has been
developed and shows progressive dopaminergic neuron degener-
ation by overexpression of hSYN#>*" selectively in dopaminergic
neurons (Lin et al., 2012). Determining how Nrf2 modulated
dopaminergic pathology in this mouse line may be more relevant
to PD. However, this does not dampen the dramatic ability and
relevance of Nrf2 to modulate SYN pathology. Indeed, more and

Gan et al. @ Astrocytic Nrf2 Alleviates c-Synuclein Aggregation

more clinical data demonstrate that SYN and p-SYN-positive
inclusions exist in the brainstem and spinal cord in asymptomatic
(incidental Lewy body disease) and/or sporadic PD patients
(Braak et al., 2003; Del Tredici and Braak, 2012; Tamura et al.,
2012). Thus, understanding the mechanism as to how Nrf2 over-
expressing astrocytes confer protection to neurons overexpress-
ing hSYN“>*" is the current focus of our ongoing experiments.
Overall, activation of the Nrf2 pathway in astrocytes is a potential
target to develop therapeutic strategies for treating pathological
synucleinopathies including PD.
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