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SUMMARY

Aims: To investigate the role of astrocytic JWA expression in dopaminergic (DA) neuron

degeneration and in the pathogenesis of Parkinson’s disease (PD). Methods: Conditional

astrocytic JWA null (JWAΔ2/Δ2/GFAP-Cre) mice and U251 glioma cells were used to evalu-

ate the effects of JWA gene on DA neuron degeneration. The oxidative stress-driven molec-

ular events were determined in both in vivo and in vitro models. Results: Conditional

astrocytic JWA knockout resulted in significant activation of astrocytes measured by

increase in glial fibrillary acidic protein-positive cells (1.34 9 103 � 74.5 vs.

8.44 9 103 � 1.35 9 103, P < 0.01) in mouse substantia nigra, accompanied by loss of DA

neurons (1.03 9 104 � 238 vs. 6.17 9 103 � 392, P < 0.001). Deficiency of JWA signifi-

cantly aggravated reactive oxygen species (ROS) accumulation in substantia nigra com-

pared with the wild-type mice. Increasing JWA expression in U251 glioma cells inhibited

ROS with a concomitant increase in intracellular glutathione. Furthermore, suppression of

IKKb-nuclear factor (NF)-jB signaling pathway was shown to regulate JWA in a PD model.

Conclusions: The JWA gene exerts neuroprotective roles against DA neuronal degenera-

tion via modulating intracellular redox status and NF-jB signaling pathway and is a poten-

tial treatment target for PD.

Introduction

Parkinson’s disease (PD) is the second most common neurodegen-

erative disease characterized by muscle rigidity, tremor, postural

instability and paucity of voluntary movements [1], where only

symptomatic treatment currently exists [2]. The main neuro-

pathological features of PD are the progressive degeneration of

dopaminergic (DA) neurons and apparent gliosis with the pres-

ence of intracytoplasmic inclusions (Lewy bodies) in the mesence-

phalic substantia nigra compacta (SNc) [3,4]. Although several

possible mechanisms of PD have been proposed, such as aging,

oxidative stress and neuroinflammation, the explicit mechanism

remains elusive [5,6]. Therefore, new strategies or drugs to reverse

or ameliorate the pathological process of DA neurons in PD

patients would be of great clinical value.

Oxidative damage has been considered a primary pathogenic

mechanism of nigral DA neuronal cell death in PD [7]. The 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxin

is used in several animal models of PD as it can replica number of

clinical and pathological disease hallmarks [3]. The MPTP as well

as its toxic metabolite, 1-methyl-4-phenylpyridinium (MPP+),

applied extensively in in vivo and in vitro models of PD, causes

degeneration of nigrostriatal DA neurons mediated by reactive

oxygen species (ROS) generation and activation of cell death sig-

naling pathways [8,9].

In the molecular and pathway level, PD has been associated

with both DNA damage and abnormal activation of nuclear factor

(NF)-jB, which is a known mediator of tissue damage and inflam-

mation cellular responses [10]. The canonical activation of NF-jB
is mediated by the upstream IjB kinase (IKK), a heterotrimer con-

sisting of 2 catalytic subunits, IKKa and IKKb, and a regulatory

subunit termed IKKc, the NF-jB essential modulator (NEMO)

[11]. By exposure to various stimuli including oxidative stress,

proinflammatory cytokines, and growth factors, IKK is phosphor-

ylated, leading to IjB polyubiquitination and proteasomal degra-

dation. Degradation of IjB induces translocation of NF-jB into

the nucleus, where NF-jB binds to its cognate DNA sequences as

well as its coactivators ultimately to regulate gene expression [12].
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The astrocytes are star-shaped glial cells in the brain and

spinal cord and the most abundant cells of the human brain.

Astrocytes are multifunctional, with critical roles in biochemical

support of endothelial cells that form the blood–brain barrier

and a role in the repair process of the brain and spinal cord fol-

lowing traumatic injuries [13]. Astrocytes also play crucial roles

in adult central nervous system homeostasis [14], including

synaptic glutamate uptake [15], extracellular potassium mainte-

nance [16] and nutrient support for neurons [17]. Importantly,

they are critical participants in several neurodegenerative dis-

eases, including PD [18,19].

The JWA gene, also known as ARL6ip5 (ADP-ribosylation-like

factor 6 interacting protein 5), codes for a novel microtubule-

binding protein, which regulates cancer cell migration via MAPK

cascades [20] and mediates differentiation of leukemic cells

[21,22]. Moreover, it is also a key regulator in base excision

repair (BER) of oxidative stress-induced DNA damage by XRCC1

stability regulation [23,24]. These findings imply that JWA is

essential to maintain redox homeostasis and may also regulate

inflammatory responses. However, the role of JWA gene in the

pathogenesis of PD has never been investigated. In this first

study, the astrocytic JWA null (JWAΔ2/Δ2/GFAP-Cre) mouse

model and the U251 glioma cells were used to elucidate the

potential function of JWA on PD.

Materials and methods

The Institutional Animal Care and Use Committee of the Nanjing

Medical University, Nanjing, China, approved the study protocol.

Preparation of Astrocytic JWA Null Mice and
MPTP Administration

The exon2 of JWA was floxed with Loxp site (JWAL), as

described previously [25], after GFAP-Cre [26]-mediated

recombination, the astrocyte exon2 was deleted (JWAΔ2)

(Figure 1A). Intercrossing the astrocytic JWAΔ2/+ mice produced

JWAΔ2/Δ2/GFAP-Cre mice, lacking JWA in astrocytes. Genotyp-

ing of Loxp and genotyping of GFAP-Cre is shown in

Figure 1B,C and Figure 1D,E, respectively. Genotyping of astro-

cytic JWA null mice was identified at the DNA level

(Figure 1F). Post-mortem midbrain slices were stained by JWA

(green), GFAP (red) and TH (red) immunofluorescence to visu-

alize JWAΔ2/Δ2/GFAP-Cre mice construction. As shown in

Figure 1G, JWA (green) was expressed in GFAP-positive cells

of JWALoxp/Loxp (JWA colocalized with GFAP) but not found in

JWAΔ2/Δ2/GFAP-Cre mice. The JWA gene exhibited very low

expression level (almost undetectable) in DA neurons in the

basic state (Figure S1A).

(A)

(F)

(G)

(B)

(C)

(D)

(E)

Figure 1 Construction and genotype verification of astrocytic JWA knockout mice. (A) The construction of JWAΔ2/Δ2/GFAP-Cre. (B, C) Genotyping of Loxp

mice by PCR. (D, E) Genotyping of GFAP-Cre mice by PCR. Both PF and PR primers were used (D), and the GFAP-Cre mice showed a 350 bp fragment. (F)

Genotyping of JWAΔ2/Δ2/GFAP-Cre and JWALoxp/Loxp mice by PCR. The JWAΔ2/Δ2/GFAP-Cre mice were identified with both 437 and 350 bp fragments; and

the JWALoxp/Loxp mice were identified only with 437 bp band. (G) The immunofluorescence staining of JWA and GFAP expression in mice midbrain. 9200

magnification. Scale bars = 40 lm.
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The homozygous astrocytic JWA knockout (KO) mice (JWAΔ2/

Δ2/GFAP-Cre) were obtained for MPTP treatment. Adult male

C57BL/6J mice (12–16 weeks, 26–32 g) with astrocytic JWA KO

(JWAΔ2/Δ2/GFAP-Cre) and littermate wild-type controls (WT,

JWALoxp/Loxp) were housed in a specific pathogen-free (SPF) envi-

ronment (ambient temperature, 22.0 � 1.0°C; humidity, 40%)

and provided with standard rodent chow and water.

The WT and KO mice were divided into two groups each, vehi-

cle or MPTP treatment, four mice in each group. The chronic

MPTP intoxication protocol was as described previously; briefly,

20 mg/kg MPTP (Sigma Chemicals, St. Louis, MO, USA) in saline

was injected subcutaneously, and 250 mg/kg probenecid (Sigma

Chemicals) in DMSO was injected intraperitoneally 1 h later,

every 3.5 day over a period of 5 weeks. Mice in the vehicle group

were treated similarly with saline alone.

Immunohistochemical Studies and Quantitative
Evaluation

These experiments were carried out according to our standard

protocols for single- or double-labeled immunostaining [27]. Pri-

mary antibodies were monoclonal mouse anti-TH (1:1000; Sigma,

St. Louis, MO, USA), monoclonal mouse anti-GFAP (1:1000; Mil-

lipore, Temecula, CA, USA), and monoclonal mouse anti-JWA

(1:200; contract produced by AbMax, Beijing, China). Images

were captured with confocal laser scanning microscope (Axiovert

LSM510; Carl Zeiss Co., Jena, Germany). The total numbers of

GFAP-immunoreactive (IR) neurons and TH-IR neurons in entire

extent of substantia nigra pars compacta from all four samples per

group were counted. As described previously [28,29], the total

numbers of GFAP and TH-positive cells were provided through

Stereo-Investigator software (MicroBright Field. Inc., Williston,

VT, USA).

Immunofluorescence Analysis

Immunofluorescence was carried out on the frozen brain sections.

The experiments were performed according to the standard proto-

cols [30,31]. The primary antibodies were monoclonal mouse

anti-c-aminobutyric acid (GABA, 1:100; Sigma) and polyclonal

rabbit antidopamine beta hydroxylase (DBH, 1:1000; Abcam,

Cambridge, UK). The second antibodies were Alexa Fluor 488-

labeled goat anti-rabbit IgG (1:1000; Beyotime, Jiangsu, China)

and Alexa Fluor 488-labeled goat anti-mouse IgG (1:1000; Beyo-

time). The frozen brain sections were mounted on Vectashield

(Vector Laboratories, Peterborough, UK), which contained 1.5 lg/
mL DAPI.

High-performance Liquid Chromatography

Under chloral hydrate anesthesia (400 mg/kg, i.p.), six mice stria-

tum tissues in each group were prepared for measurement of DA,

dihydroxyphenylacetic acid (DOPAC), and homovanillic acid

(HVA) contents with HPLC/ECD analysis. HPLC/ECD system

(Thermo, Shandon, Pittsburgh, PA, USA) consisted of a pump, an

autosampler, a solvent delivery system and a Coulochem III detec-

tor equipped with a Model 5300 CouloChem III, a Model 5041

analytical cell and a Model 5020 guard cell. The mobile phase

consisted of 0.075 M Na2HPO4, 1.7 mM OSA, 0.05 M citrate,

0.05 M EDTA, 10%methanol, and 1.0 mM 1-heptanesulfonic acid.

Cell Culture

The U251 glioma cells were purchased from Keygen (Nanjing,

China). The cells were cultured in Dulbecco’s modified Eagle’s

media (Gibco, Life Technologies, Grand Island, NY, USA) supple-

mented with 10% fetal bovine serum, 100 U/mL of penicillin, and

100 lg/mL of streptomycin (Gibco, Life Technologies). All the

cells were maintained in 5% CO2 atmosphere at 37°C.

Western Blotting Analysis

Under chloral hydrate anesthesia (400 mg/kg, i.p.), three mice

midbrain tissues of each group were dissected on ice after sacrifice.

Total cell lysates were prepared with a detergent lysis buffer for

Western blotting [50 mM Tris, pH 7.4, 1% NP-40, 150 mM NaCl,

0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF]. The nuclear

extracts were aquired according to the NE-PER Nuclear and Cyto-

plasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL,

USA). Western blotting was performed as previously reported

[32]. The protein in samples was extracted using the protein

extraction kit (Keygen); the supernatants (50 lg protein) were

separated by 12.5% Tris-glycine SDS-PAGE, transferred to PVDF

membranes by the electrophoretic transfer system (Bio-Rad, Her-

cules, CA, USA), and blocked with 10% nonfat dry milk in Tris-

HCl buffer saline, TBS, pH 7.4, containing 0.1% Tween 20 (TBST)

for 1 h at room temperature. The PVDF membranes were incu-

bated with primary monoclonal mouse antibody against JWA

(1:200; contract produced by AbMax), polyclonal rabbit anti-p-

p65 (1:1000; CST, USA), polyclonal rabbit anti-p65 (1:1000; Santa

Cruz, CA, USA), polyclonal rabbit anti-IKKb (1:1000; CST, USA),

polyclonal rabbit IKKa (1:1000; CST, USA), polyclonal rabbit anti-

IKKc (1:1000; CST, USA), polyclonal mouse anti-IjB (1:1000;

CST, USA), polyclonal mouse anti-aldolase (1:500; Santa Cruz,

CA, USA), monoclonal mouse anti-FLAG (1/1000, Beyotime),

polyclonal mouse antihistone H1 (1:500; Santa Cruz, CA, USA),

or monoclonal mouse anti-b-actin (1/1000, Beyotime) overnight

at 4°C. The membranes were incubated with corresponding sec-

ondary antibody for 1 h at room temperature after being washed

in TBST. The secondary antibodies were biotinylated goat anti-

mouse antibody or biotinylated goat anti-rabbit antibody (1:1000,

Beyotime). We used b-actin to detect the protein-loading control,

whereas histone H1 and aldolase were used for the nuclear and

cytoplasmic controls, respectively.

In Situ Detection of ROS

Dihydroethidium (Molecular Probes, Eugene, OR, USA) was used

to investigate the local in situ production of ROS. The assay was

performed as previously described [27].

Flow Cytometric Determination of Intracellular
ROS

The ROS assay kit (S0033; Beyotime Ins. Bio, Jiangsu, China) was

used to determine the intracellular ROS generation according to
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the manufacturer’s instructions. U251 cells were seeded in 6-cell

plates and grown for 1–2 days until 70–80% confluence. Then,

transfections of the FLAG-CON and the FLAG-JWA in U251 cells

were carried out using Lipofectamine 2000 transfection reagent

(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s

protocol. Twelve hours after transfection of FLAG-CON or FLAG-

JWA, U251 cells were treated with MPP+ (50 lM) for 24 h, and

then, the cells were incubated with dichloro-dihydrofluorescein

diacetate (DCHF-DA) at 37°C (10 lM, 3 mL) for 20 min. Levels of

ROS were measured by flow cytometry (EPICS-XL; Beckman

Coulter, Miami, FL, USA).

Measurement of Intracellular Glutathione

Commercial kits (Beyotime Ins. Bio) were used to determine the

contents of intracellular glutathione (GSH). U251 cells were

seeded in 6-cell plates with about 60% confluence. After 12 h

transfection of FLAG-CON or FLAG-JWA, the cells were treated

with MPP+ (50 lM) for 24 h. The absorbance was read at 412 nm.

Standard curve (0.5, 1.0, 2.0, 5.0, 10.0, and 15.0 lM) of GSH was

also established.

Statistical Analysis

All data were presented as mean � SEM. Statistical comparison

was made with Student’s t-test. P < 0.05 was considered statisti-

cally significant.

Results

Astrocytic JWA-Deficient Mice are
Hypersensitive to MPTP

In the in vivo mice model, all the JWAΔ2/Δ2/GFAP-Cre mice died

within 6 h, whereas all JWALoxp/Loxp mice survived after the first

treatment of MPTP, indicating that astrocytic JWA expression

might be necessary for mice survival in response to acute MPTP

challenge. As MPTP is a DA neuron targeting agent, we thus

investigated the effects of JWA deficiency in astrocytes on DA

neurons.

Astrocytic JWA Deficiency Results in Astrocyte
Activation Accompanied by Loss of DA Neurons
in Substantia Nigra

Conditional astrocytic JWA KO led to a significant increase in glial

fibrillary acidic protein (GFAP)-positive cells in SNc compared

with JWALoxp/Loxp mice (1.34 9 103 � 74.5 vs. 8.44 9 103

� 1.35 9 103, P < 0.01, Figure 2A). Moreover, the number of

neurons in SNc of astrocytic JWA conditional KO mice was 30%

less than the controls under basic condition by Nissl’s staining

(P < 0.001, Figure 2B). The astrocytic JWA-deficient mice

showed a dramatic reduction in TH+ neuronal number in SNc

compared with those in JWALoxp/Loxp mice (1.03 9 104 � 238 vs.

6.17 9 103 � 392, P < 0.001, Figure 2C). Interestingly, there

were no obvious effects on GABA neurons in the striatum and

noradrenergic neurons in the mesencephalon between the two

mice genotypes (Figure S1B,C). These findings indicated that

astrocytic JWA deficiency may result in tissue-specific degenera-

tion of DA neurons in substantia nigra, accompanied with astro-

cyte activation.

Effect of JWA on Monoamine Neurotransmitters
in Mouse Striatum

To examine whether knockout JWA in astrocytes affects DA neu-

rotransmitters in mouse striatum, we measured the levels of dopa-

mine and its metabolites. We found that the dopamine levels were

significantly increased in the striatum of JWAΔ2/Δ2/GFAP-Cre

mice compared with the control mice (11.1 � 1.79 nmol/g vs.

22.5 � 2.23 nmol/g, P < 0.01, Figure 3A); whereas the levels of

HVA (13.8 � 0.742 nmol/g vs. 10.6 � 0.870 nmol/g, P < 0.05,

Figure 3D) and the ratio of DOPAC/DA (3.28 � 0.414 vs.

2.02 � 0.285, P < 0.05, Figure 3C) decreased although there was

no significant difference in DOPAC (Figure 3B). These data indi-

cated that astrocytic JWA not only affected the generation but also

the metabolism of monoamine neurotransmitters in the mouse

striatum.

Astrocytic JWA Attenuates Oxidative Damage In
Vivo and In Vitro

Using immunofluorescence assay, we found that the number of

TH-positive neurons in SNc of astrocytic JWA conditional KO

mice were less than in the controls; however, the levels of either

intracellular or extracellular ROS increased (Figure 4A). These

findings indicated that absence of JWA in astrocytes promoted

ROS production in both glial cells and DA neurons.

To further confirm the above findings, FLAG-JWA was used in

human U251 glioma cells. Data showed that JWA overexpression

significantly reduced ROS production (the curve shifted to the

left) in U251 glioma cells treated with MPP+ (3.60 9 104 � 572

vs. 2.87 9 104 � 397, P < 0.001, Figure 4B). Moreover, the

JWA-overexpressing group had higher GSH levels (298 � 0.667

pmol/mg vs. 365 � 7.09 pmol/mg, P < 0.001, Figure 4C). These

results demonstrated that astrocytic JWA deficiency enhanced

oxidative damage in DA neurons in vivo, and JWA overexpression

enhanced antioxidant capacity while increased MPP+ induced

apoptosis in glioma cells in vitro.

JWA Inhibits IKKb-NF-jB Pathway in Glioma Cells

Considering the important role of NF-jB in ROS production [33],

we further determined the NF-jB-related molecular events

involved in KO mice with JWA-deficient astrocytes. As a result,

the expression of NF-jB-p65 in the nucleus of midbrain tissue

was 1.67-fold higher in JWAΔ2/Δ2/GFAP-Cre mice than that of

JWALoxp/Loxp mice (P < 0.01, Figure 5A). In the in vitro glioma

model, JWA overexpression increased NF-jB-p65 2.1-fold

(P < 0.01) in the cytoplasm and reduced to 70% (P < 0.001) of its

levels in the nucleus of the U251 cells in response to 50 lM MPP+

treatment (Figure 5B). These data implied that NF-jB pathway

might be involved in regulation of JWA on DA neuron degenera-

tion and astrocyte activation.

To further elucidate the mechanism by which JWA negatively

regulates NF-jB-p65, we detected the expression of its upstream
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molecule IKKs. We found that the expression of IKKbwas 1.7-fold

(P < 0.05) in JWAΔ2/Δ2/GFAP-Cre mice, while IjB was 0.5-fold

(P < 0.001) in the midbrain (Figure 6A). However, no change in

IKKa was observed. Consistently, the IjB increased to 1.7-fold,

while the IKKb and p-p65 were approximately 0.6-fold and 0.5-

fold in FLAG-JWA cells compared with the parental cells, respec-

tively (P < 0.001, Figure 6B). These results indicated that the

JWA-IKKb-NF-jB signaling pathway also might be involved in

the pathogenesis of PD.

Discussion

About 50-70% of the DA neurons in PD patients are already lost

at the time of clinical diagnosis [34]. Brain homeostasis is critical

for the progress of DA neuron degeneration, which is partly main-

tained by the glial functions [18]. Moreover, substantia nigra in

PD patients exhibits increased levels of peroxidated lipids [35],

DNA, and proteins [36], as well as decreased levels of GSH [37].

However, the molecular mechanisms responsible for the DA

(A) (B) (C) (D)

Figure 3 Astrocyte deficiency of JWA induces imbalance of dopamine metabolism in the mouse striatum. The effects of the astrocyte JWA deficiency on

the levels of dopaminergic (DA) (A), dihydroxyphenylacetic acid (DOPAC) (B), DOPAC/DA (C), and homovanillic acid (D) were determined. Data are

expressed as mean � SD, *P < 0.05; **P < 0.01, n = 6.

(A)

(C)

(B)

Figure 2 Astrocytic JWA deficiency results in loss of dopaminergic neurons. (A) Microphotographs of GFAP-ir cells with 940 magnification and

stereological counts of GFAP-ir cells in mice SNc. Scale bars = 200 lm. (B) Microphotographs of Nissl-stained neurons with 9100 magnification and

stereological counts of Nissl-stained cells in mice SNc. Scale bars = 100 lm. (C) Microphotographs of TH-ir neurons with 940 magnification

and stereological counts of TH-ir cells in mice SNc. Data are expressed as mean � SD, Scale bars = 200 lm. **P < 0.01, ***P < 0.001, n = 4.
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degeneration are quite obscure. In this study, we demonstrated, to

the best of our knowledge, for the first time that JWA in astrocytes

exert an effect on DA neuron degeneration and identified some of

the potential mechanisms.

In our conditional astrocytic JWA KO mouse model, we

observed a 40% loss of DA neurons with concomitant activa-

tion of astrocytes and increased dopamine production compared

with the WT mice. Previously, we have shown that the JWA

gene responds to environmental stimuli and is a mediator of

intracellular antioxidant effects, protecting cells from DNA

damage induced by ROS [38]. The mechanism resulting in the

loss of DA neurons could be due to the elevation of cytotoxic

DA metabolites and ROS, as was shown here, promoting oxida-

tive stress, cytotoxicity, nigrostriatal DA terminal degeneration,

and eventually neuronal death [39]. A possible explanation for

the increased dopamine levels in striatum could be that the

number of striatal TH+ neurons was significantly greater in par-

kinsonian monkeys and rodents compared with controls [40–

44]. These findings led to the suggestion that midbrain nigral

neurons possessed a strong capacity to increase their striatal

TH+ neurons and synaptic neurotransmitter productions to

compensate for the loss of DA neurons [45]. Apart from oxida-

tive stress, activation of neuroinflammatory cells, especially as-

trocytes, with subsequent production of signaling molecules

also influences PD genesis [46]. ROS has been shown to chal-

lenge intracellular signaling cascades associated with inflamma-

tory response [47] and activate certain transcription factors,

notably the NF-jB [48,49]. The present study revealed that

astrocytic JWA deficiency induced activation of the NF-jB
pathway, suggesting that astrocytic JWA deficiency also can

trigger inflammatory response in DA neurons, thus leading to

the development of PD in mice by another mechanism. The

NF-jB is an active molecule involved in inflammatory

response, existing as a cytoplasmic p50/p65 heterodimer which

binds to an inhibitory subunit, IjB [50]. Exposure of cells to

various pathological stimuli can activate NF-jB and promote

the translocation of NF-jB from cytoplasm to nucleus and then

regulate expression of the target genes [51]. Here, we showed

that the JWA effectively regulated DA neurons via inhibiting

NF-jB expression in astrocytes. Deficiency of JWA in astrocytes

greatly enhanced NF-jB activation in mesencephalon tissue

and U251 cells treated with MPP+. Suppression of IjB degrada-

tion can result in the inhibition of p65 nuclear translocation,

and IKKs-IjBa-mediated cytoplasmic accumulation of the NF-

jB complex has been regarded as a key mechanism of termi-

nating NF-jB signaling [52,53]. In our study, we showed that

JWA can inhibit the activation of NF-jB signaling pathway by

the downregulation of IKKb expression.

Interestingly, a recent association study by Kareus et al.

found a significantly elevated risk of melanoma in 7841 PD

cases and their relatives [54]. Our recent studies revealed that

JWA can functionally inhibit cell adhesion, invasion, and

metastasis of melanoma cells via suppressing integrin aVb3 sig-

naling [55]. Taken together, we propose that congenital or

acquired expression deficiency of environmental responsive

genes like JWA could be a common molecular feature of PD

and melanoma. The deficiency or loss of JWA may result in

dysregulation or imbalance of redox signal network that trig-

gers the activation of NF-jB and signaling pathways associated

with integrin. Finally, we showed that JWA deficiency in astro-

cytes can lead to DA neuronal damage directly without MPTP

exposure and that conditional astrocyte JWA KO mice do not

tolerate the toxicity of MPTP, unlike many genes or drugs that

could exert effects on DA degeneration indirectly in response

to MPTP treatment [19,27]. Thus, conditional KO of JWA in

astrocytes could possibly be used to establish a natural model

of PD in mice. Our in vitro results obtained with U251 human

(A)

(B)

(C)

Figure 4 Astrocyte deficiency of JWA induces imbalance of redox in vivo

and in vitro. (A) Immunofluorescence staining showed the expression of

TH (green) in substantia nigra with reactive oxygen species (ROS) (red).

9200 magnification. Scale bars = 40 lm. (B) Flow cytometric

determination of ROS in FLAG-JWA-transfected U251 cells. Data are

presented as the mean � SEM, ***P < 0.001, n = 3. (C) Measurement of

contents of intracellular glutathione (GSH) by commercial kits. Data are

expressed as mean � SD, ***P < 0.001, n = 3.
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cell line are generally consistent with those observed in vivo or

ex vivo in mice. The clinical relevance of these data is under-

scored by the use of a human astrocytic cell line (even derived

from glioblastoma), although similar experiments with primary

mice astrocytes would further consolidate the significance of

molecular and cellular mechanisms discussed herein.

(A) (B)

Figure 5 Deficiency of JWA promotes nuclear factor (NF)-jB-p65 translocation. (A) The protein expression of p65 in nucleus and cytoplasm in

mesencephalon of each group of mice were determined by Western blot. Histone H1 and aldolase were used as the nuclear and cytoplasmic loading

controls, respectively. n = 4. (B) The protein expression of p65 in nucleus and cytoplasm after FLAG-JWA transfection during 1-methyl-4-phenylpyridinium

(MPP+) treatment in U251 cells. Histone H1 and aldolase were used as nuclear and cytoplasmic loading controls, respectively. Data are expressed as

mean � SD, **P < 0.01; ***P < 0.001.

(A) (B)

Figure 6 Deficiency of JWA-activated IKKb-IjB-nuclear factor (NF)-jB pathway. (A) The protein expression of IKKb and IjB in mesencephalon of each

group of mice. Data are expressed as mean � SD, *P < 0.05; ***P < 0.001, n = 3. (B) The expression of NF-jB pathway after FLAG-JWA transfection

during 1-methyl-4-phenylpyridinium (MPP+) treatment in U251 cells. Data are expressed as mean � SD, ***P < 0.001.
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In summary, our study provided evidence that astrocytic JWA

expression protects DA neurons from degeneration and plays an

important role in neuroprotection via inhibition of ROS and NF-

jB activation. These findings indicate that JWA might be a novel

potential therapeutic target for human PD.
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