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During the past three decades, the Wingless-type MMTV integration site (Wnt) signaling cascade has emerged as an essential system

regulating multiple processes in developing and adult brain. Accumulating evidence points to a dysregulation of Wnt signaling in major

neurodegenerative pathologies including Parkinson’s disease (PD), a common neurodegenerative disorder characterized by the pro-

gressive loss of midbrain dopaminergic (mDA) neurons and deregulated activation of astrocytes and microglia. This review highlights

the emerging link between Wnt signaling and key inflammatory pathways during mDA neuron damage/repair in PD progression. In

particular, we summarize recent evidence documenting that aging and neurotoxicant exposure strongly antagonize Wnt/b-catenin

signaling in mDA neurons and subventricular zone (SVZ) neuroprogenitors via astrocyte–microglial interactions. Dysregulation of

the crosstalk between Wnt/b-catenin signaling and anti-oxidant/anti-inflammatory pathways delineate novel mechanisms driving

the decline of SVZ plasticity with age and the limited nigrostriatal dopaminergic self-repair in PD. These findings hold a promise in

developing therapies that target Wnt/b-catenin signaling to enhance endogenous restoration and neuronal outcome in age-dependent

diseases, such as PD.

Keywords: Wnt/b-catenin signaling, Parkinson’s disease, neuroinflammation, dopaminergic neurons, neurogenesis,
neurodegeneration, neuroprotection

Introduction

The Wingless-type MMTV integration site (Wnt) pathway is acentral

player in a variety of biological processes. In the central nervous

system (CNS), Wnt signaling cascades regulate and orchestrate all

facets of neuronal functions including differentiation, neuron survival,

axonal extension, synapse formation and plasticity, neurotrophin

transcription, neurogenesis, and neuroprotection (Patapoutian and

Reichardt, 2000; Ciani and Salinas, 2005; Lie et al., 2005; Inestrosa

and Arenas, 2010; Zhang et al., 2011b; Harrison-Uy and Pleasure,

2012; Salinas, 2012). Midbrain dopaminergic (mDA) neurons play a

pivotal role in controlling motor behaviors, cognitive, and affective

brain functions. Compelling evidence also indicates a role of Wnt/

b-catenin signaling pathway in mDA neuron development (Prakash

and Wurst, 2006), but only recently, the expression of Wnt/b-catenin

ligands and other components were characterized in intact and

injured adult midbrain (L’Episcopo et al., 2011a, b).

Parkinson’s disease (PD) is a chronic movement disorder charac-

terized by a progressive degeneration of mDA neurons in the ‘sub-

stantia nigra pars compacta’ (SNpc), an aggregation ofa-synuclein

(a-syn) into intraneuronal structures (called Lewy bodies and Lewy

neurites), and a dysregulated immune activation in the SNpc

(McGeer et al., 1988; Langston et al, 1999). As the disease advances,

the progressive loss of dopamine storage in striatum results in

decreased motor function withsymptoms including resting tremors, ri-

gidity, bradykinesia, and postural instability, accompanied by progres-

sive impairment of autonomic, cognitive, and mood functions

(Langston, 2006; Hirsch et al., 2013). Currently, there is no cure for

PD, and available therapeutics only temporarily relieve PD symptoms

(Olanow and Schapira, 2013).

Several genes have been identified in the rare familial cases

(about 5%), whereas the majority of cases are sporadic, thus

underlying a critical interplay between genetic susceptibility

and environmental factors (Di Monte et al., 2002; Warner and

Schapira, 2003; Gao and Hong, 2011; Gao et al., 2012; Cannon

and Greenamyre, 2013) (Table 1). Aging and exposure to neuro-

toxic agents, in particular, represent critical contributing risk
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factors for mDA neuron demise (Betarbet et al., 2000; Marchetti

et al., 2011; Villeda et al., 2011; Kamel, 2013). A multifactorial

cascade of pathogenic events appears responsible for the selective

and progressive SNpc neuronal cell death in PD and experimental

parkinsonism (Hirsch et al., 2013). Among these culprits, oxidative

stress and inflammation associated to molecular changes in-

dicative of mitochondrial dysfunction and apoptosis have been

defined in the parkinsonian brain (Abou-Sleiman et al., 2006).

Importantly, astrocytes and microglial cells are key actors playing

both beneficial and destructive roles. Their uncontrolled activation

(i.e. under inflammatory/neurotoxic exposure or upon brain injury)

may directly affect neurons by releasing various molecular media-

tors, such as pro-inflammatory cytokines, reactive oxygen (ROS),

and nitrogen species (RNS), which in turn perpetuate/exacerbate

glial activation, resulting in increased mDA neuron vulnerability

and/or promoting SNpc cell death (Marchetti and Abbracchio,

2005; Whitton, 2007, 2010; Hu et al., 2008; McGeer and McGeer,

2008; Hirsch and Hunot, 2009; L’Episcopo et al., 2010a;

Przedborski, 2010; Tansey and Goldberg, 2010). Specifically,

both central and peripheral inflammation act in concert with

genetic susceptibility and environmental factors to accelerate

mDA neuron loss (Frank-Cannon et al., 2008; L’Episcopo et al.,

2010a; Gao et al., 2011; Marchetti et al., 2011; Lastres-Becker

et al., 2012), thereby pointing to glia and its mediators as a final

common pathway toward neurodegeneration, neuroprotection,

and neurorepair (Marchetti et al., 2005a, b, 2011, 2013; Morale

et al., 2006).

Wnts are important regulators of inflammation (Pereira et al.,

2009; Neumann et al., 2010; Schaale et al., 2011; Valencia et al.,

2011; Oderup et al., 2013). In the brain, both astrocyte and

macrophage/microglia constitute a vital source of endogenous

Wnt ligands; they harbor Wnt receptors and respond to Wnt in

either pro- or anti-inflammatory manner (Halleskog et al., 2011;

Kilander et al., 2011; L’Episcopo et al., 2011a, b, 2012, 2013;

Hooper et al., 2012; Halleskog and Schulte, 2013; Marchetti and

Pluchino, 2013). Neuroinflammation also modulates the regenera-

tive capacity of the adult brain, acting on neural stem/progenitor

cell (NPC) survival, proliferation, neurogenesis, and cell migration

in both positive and negative fashions (Butovsky et al., 2006;

Ekdahl et al., 2009; Ekdahl, 2012; Kokaia et al., 2012; L’Episcopo

et al., 2012). Interestingly, aging, PD, and experimental PD

models (induced by neurotoxins and genetic mutations) all

impair NPC proliferation and differentiation in the subventricular

zone (SVZ) of the adult mammalian brain (Freundlieb et al., 2006;

Borta and Hoglinger, 2007; O’Keeffe et al., 2009; Winner et al.,

2011; Desplats et al., 2012). The crosstalk between inflammatory

and Wnt/b-catenin signaling cascades impacting on SVZ plasticity

linked to nigrostriatal DA neuron injury/repair was recently high-

lighted (L’Episcopo et al., 2012, 2013).

In this review, we introduce the Wnt/b-catenin pathway as a pro-

survival signaling cascade in adult mDA neurons, the neuroinflam-

mation and gene-environment interactions in PD, the role of Wnt

signaling in bridging neuroinflammation and mDA neuron vulner-

ability/resistance, and potential therapeutical implications for clin-

ical treatment of PD.

The Wnt signaling cascade: a complex system for complex tasks

Wnts encode secretary glycoproteins to activate the Wnt signal-

ing pathway. Wnt signals are context-dependently transduced to

canonical and noncanonical pathways based on the expression

profile of Wnt ligands, Wnt antagonists, the Frizzled (Fzd) family

receptors, co-receptors, and the activity of cytoplasmic Wnt signal-

ing regulators (Harrison-Uy and Pleasure, 2012; Salinas, 2012;

Willert and Nusse, 2012). Wnt proteins are 39–46 kDa lipid-

modified secreted glycoproteins that contain 350–400 amino

acids. They share molecular and structural characteristics involving

sequence identity with highly conserved 23–24 cysteine residues

and several asparagines-linked glycosylation sites (Wnt home-

page: http://www.stanford.edu/~rnusse/wntwindow.html).

Wnt proteins are essentially described as Wnt1 (including Wnt2,

Wnt3, Wnt3a, Wnt8, and Wnt8a) and Wnt5a (including Wnt4,

Wnt5a, Wnt5b, Wnt6, Wnt7a, and Wnt11) classes by intracellular

signaling pathways specifying Wnt signal transduction (Willert

and Nusse, 2012). The Wnt1 class has been generally assumed

Table 1 Gene–environment interactions in Parkinson’s disease.

Environmental risk factors Genes/products Protective factors
a,bOld age, a,bestrogen deficiency (in women);

Rural living, a,bherbicides, pesticide exposure (paraquat,

rotenone, organochlorines, carbamates);
bMetal exposure, head injury, a,binfectious diseases

during childhood;

Maternal factors/early life events b(virus, drugs,

endotoxins, hormone deficits);

Drug-induced parkinsonism (bdrug abuse, neuroleptics,

calcium-channel blockers)

Familial PD

PARK1–PARK18 (aPARK2/Parkin, aPARK17/

VPS35), a,bLRRK2, a-synuclein, UCH-L1, Tau

Dopaminergic

DA receptors, DAT, TH, COMT, MAO
a,bGSK-3b can contribute to PD risk

Xenobiotic Metabolism/Detox

CYP2D, CYP1A1, NAT, a,bHmox, GST, NQO2

Lipoprotein

Apolipoprotein E

Survival/neurotrophic factors
aNOR1, Nurr1, NGF, BDNF
a,bInflammatory genes

NOS, TNF-a, IL-1b, IL-6, ER-b

cEstrogen replacement therapy (in post-menopausal

women and OVX animals);
cDietary factors/life style (tea, polyphenols, wine

components, curcumin, drinking coffee, tobacco smoking);
a,dEnvironment enrichment, exercise and social interactions;
a,cChronic use of NSAIDs reduces risk by �45%

DAT, dopamine transporter; TH, tyrosine hydroxylase; COMT, catechol-o-methyl-transferase; MAO, monoamino-oxidase; CYP2D, debrisoquine 4-hydroxylase; CYP1A1, cyto-

chrome P450 1A1; NAT, N-acetyltransferase; Hmox, heme oxygenase 1; GST, glutathione transferase; NQO2, NAD(P)H:quinone oxidoreductase 2; NOR1, orphan nuclear re-

ceptor subfamily 4, group A, member 3; Nurr1, orphan nuclear receptor subfamily 4, group A, member 2; NGF, nerve growth factor; BDNF, brain derived neurotrophic factor.
aWnt/b-catenin dysregulation.
bActivation of microglia and pro-inflammatory mediators in animal models of PD.
cMitigation/inhibition of microglial activation in animal models of PD.
dEnhanced neurogenesis/synaptic plasticity and glial proliferation.
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to signal via the canonical Wnt/b-catenin pathway, whereas the

Wnt5a class via the noncanonical Wnt/PCP and Wnt/Ca2+ path-

ways. However, this varies depending on the presence of receptors

(Figure 1). In the absence of a Wnt ligand, i.e. in the ‘Wnt off’ state,

cytoplasmicb-catenin protein is constantly degraded by the action

of the Axin complex, which is composed of the scaffolding protein

Axin, the tumor suppressor adenomatous polyposis coli gene

product (APC), casein kinase 1 (CK1), and glycogen synthase

kinase 3b (GSK-3b) (Figure 1A). CK1 and GSK-3b sequentially phos-

phorylate the amino terminal region of b-catenin, resulting in

b-catenin recognition by b-Trcp, an E3 ubiquitin ligase subunit,

and subsequent b-catenin ubiquitination and proteasomal degrad-

ation. The continual elimination of b-catenin prevents b-catenin

from reaching the nucleus, and Wnt target genes are thereby

repressed by proteins of the DNA-bound T cell factor/lymphoid en-

hancer factor (TCF/LEF) family (Figure 1A).

GSK-3b is a serine/threonine protein kinase known to regulate nu-

merous cellular processes (Jope et al., 2007; Beurel et al., 2010; Kim

and Snider, 2011) and its malfunction is also involved in the patho-

genesis of human diseases, such as nervous system disorders, dia-

betes, and cancer (Takahashi-Yanaga, 2013; King et al., 2014).

It was found that b-catenin is also trafficked out of the cells via exo-

somes, resulting in decreased levels of b-catenin independent of

GSK-3b activity or proteasomal degradation (Chairoungdua et al.,

2010). Therefore, pharmacological inhibitors of GSK-3b activity can

induceb-catenin-dependent signaling in the absence of Wnt ligands.

The Wnt/b-catenin pathway is activated (i.e. in the ‘Wnt on’

state) when a Wnt ligand binds to a seven-transmembrane Fzd

Figure 1 Wnt signaling cascades. (A) In canonical Wnt/b-catenin pathway, binding of Wnts (‘Wnt on’) to a receptor complex composed of Fzd and

LRP family members inhibits the APC/GSK-3b destruction complex and blockade of b-catenin (b-cat) by GSK-3b. b-cat then accumulates in the

cytoplasm and translocates to the nucleus where it regulates target gene expression with TCF/LEF family of transcription factors. In the

absence of Wnt ligand (‘Wnt off’), b-cat is targeted for proteolytic degradation by the APC/GSK-3b destruction complex. The proteins Norrin

and R-spondin (Rspo) are unrelated to Wnt and act as Wnt agonists, whereas Dkk1, Wif, and sFRPs act as antagonists. (B) In noncanonical

Wnt/Ca2+ pathway, the binding of Wnts promotes Fzd-mediated activation of G proteins, leading to the release of Ca2+ from intracellular

stores and consequent activation of Ca2+-dependent effector molecules. Several Ca2+-sensitive targets, i.e. PKC, CamKII, and calcineurin,

have been identified downstream of the Wnt/Ca2+ pathway. Targets of the Wnt/Ca2+ pathway appear to interact with the Wnt/b-catenin

pathway at multiple points. Additionally, Fzd receptors in association with Kny, Ror2, or Ryk receptors can activate JNK, promoting target gene

expression through AP-1. In noncanonical Wnt/PCP pathway, the binding of Wnts activates RhoA/B, Cdc42, or Rac1. Dvl activates Rac1, which

can activate JNK to signal through the NFAT pathway.
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receptor (Janda et al., 2012) and its co-receptor, low-density lipo-

protein receptor-related protein 6 (Lrp6) or the close relative Lrp5

(Figure 1A). The formation of a Wnt–Fzd–Lrp6 complex together

with the recruitment of the scaffolding protein Dishevelled (Dvl)

results in Lrp6 phosphorylation and activation and the recruitment

of the Axin complex to the receptors. Wnt signaling inhibits GSK-3b

activity, thus increasing the amount of b-catenin, which enters the

nucleus and associates with TCF/LEF transcription factors, leading

to the transcription of Wnt target genes for cell survival, prolifer-

ation, and differentiation (Behrens et al., 1996; Aberle et al.,

1997; Gordon and Nusse, 2006).

In noncanonical Wnt/Ca2+ signaling pathway, the binding of Wnts

promotes Fzd-mediated activation of pertussis Toxin-sensitive het-

erotrimeric guanine nucleotide-binding proteins (G proteins)

(Figure 1B). This, in turn, stimulates the release of Ca2+ from intracel-

lular stores, which leadsto the activation of Ca2+-dependent effector

molecules. Several Ca2+-sensitive targets—protein kinase C (PKC),

Ca2+/calmodulin-dependent protein kinase II (CamKII), and the

Ca2+/calmodulin-sensitive protein phosphatase calcineurin—have

been identified downstream of the Wnt/Ca2+ pathway (Angers and

Moon, 2009; van Ameronge, 2012). This leads to changes in cell

movement and polarity and to the antagonism of the b-catenin

pathway at multiple points (Figure 1A and B).

There are different endogenous regulators that modulate the

Wnt/b-catenin signaling pathway. The Dickkopf (Dkk) family

(Dkk1, Dkk2, Dkk3, Dkk4, and soggy) is a group of secreted glyco-

proteins, in which Dkk1 is the best characterized member. Secreted

frizzled-related proteins (sFRPs) were considered Wnt signaling

antagonists but recent studies show that specific family members

can positively modulate Wnt signaling (Bovolenta et al., 2008;

Angers and Moon, 2009; Esteve et al., 2011; van Amerongen,

2012). Fzd receptors can also bind to proteins from other families,

such as Respondin and Norrin. Additionally, Wnt–Fzd binding and

cooperation with particular co-receptors, such as Lrp5/6, receptor

tyrosine kinase-like orphan receptor 1/2 (Ror1/2), and receptor-like

tyrosine kinase (Ryk), can define downstream signal specificity

(Figure 1B) (Ciani and Salinas, 2005; Clevers and Nusse, 2012;

Salinas, 2012; van Amerongen, 2012).

Overall, multiple potential interactions among Wnt proteins,

their receptors, and downstream effectors lead to various out-

comes, thus increasing the complexity of the signal transduction

network. The interruption of Wnt signaling leads to either hypo-

or aberrant functioning that is associated with a variety of human

hereditary diseases. Therefore, modulation of Wnt signaling is ac-

tively targeted for cancer, regenerative medicine, stem cell therapy,

bone growth, and wound healing (Clevers and Nusse, 2012).

Wnt/b-catenin signaling in adult mDA neurons: a

microenvironmental sensor balancing cell survival and death

The emerging ‘pro-survival role’ for the Wnt/b-catenin signaling

pathway and the dysregulation of Wnt/Fzd cascade being accepted

as critical determinant of major neurodegenerative disorders

(Chong and Maiese, 2007; Varela-Nallar et al., 2009; Inestrosa

and Arenas, 2010; Kim et al., 2011; Purro et al., 2012) associate

the canonical Wnt/b-catenin pathway with the control of cell sur-

vival and death during injury. In a mouse model of basal ganglia

injury by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), we

conducted a wide gene expression analysis of 92 mRNA species

involved in inflammation, immunity, stemness, self-renewal, DA

neurodevelopment, and DA metabolism. A major upregulation of

pro-inflammatory chemokines as well as Wnt1 during MPTP-

induced mDAdegenerationand self-recoverysuggests Wnt signaling

as an intrinsic response to mDA neuron injury (L’Episcopo et al.,

2011a).

The neuroprotective effect of Wnt1 was reported in both mDA

neurons treated with 6-hydroxydopamine (6-OHDA) and MPTP

(L’Episcopo et al., 2011b) and the DA tumoral cell line SH-SY5Y

exposed to 6-OHDA (Wei et al., 2013). Knocking down either

b-catenin or Fzd-1 counteracts Wnt1 ligand-induced neuroprotec-

tion against various cytotoxic insults, identifying Wnt1/Fzd-1/

b-catenin signaling pathway as a novel pro-survival mechanism

(L’Episcopo et al., 2011b) (Figure 2). Stabilizing neuronal

b-catenin was previously shown to render neurons ‘anti-apoptotic’

in cell cultures and transgenic mouse models (Li et al., 2007).

Parkin, an E3 ubiquitin ligase linked to familial PD, regulates

b-catenin protein levels in vivo and protects DA neurons by

increased stabilization of b-catenin (Rawal et al., 2009; Inestrosa

and Arenas, 2010), indicating that both prolonged and inactive/in-

efficient Wnt/b-catenin signaling may be detrimental to mDA neur-

onal populations. These further underscore that Fzd receptors and

b-catenin are ‘physiological check-points’ for mDA neuron survival

(Figure 2).

GSK-3, in both mammalian isoforms GSK-3a and b, is another

key actor in Wnt/b-catenin signaling and has been implicated in

mDA neuron physiopathology during neurodegenerative and psy-

chiatric diseases (Phukan et al., 2010; Takahashi-Yanaga, 2013).

Particularly, GSK-3 inhibition has attracted widespread attention for

its effects on mood stabilization, as PD patients experience severe

psychiatric symptoms during the later stage of the disease (Phukan

et al., 2010; Connolly and Fox, 2013; Takahashi-Yanaga, 2013; King

et al., 2014). GSK-3b is a mitochondrial killer for ‘stressed’ mDA

neuron and critically involved in oxidative stress-induced neuronal

cell death (Figure 2). Hence, environmental toxins, such as rotenone

and paraquat, neurotoxic compound 6-OHDA, as well as the active

metabolite of MPTP, MPP+, are strong inducers of GSK-3b (Chen

et al., 2004; Petit-Paitel et al., 2009; L’Episcopo et al., 2011a, b;

Songin et al., 2011). In the absence of Wnt activity, the increased

mitochondrial GSK-3b predisposes the degradation of b-catenin in

parallel with caspase3 activation and DA neuron demise (Duka

et al., 2009; Petit-Paitel et al., 2009). This increased GSK-3b was

also reported in the striatum of post-mortem PD brains (Duka et al.,

2009), and genetic screens revealed GSK-3b polymorphisms with

altered transcription and splicing in PD (Kwok et al., 2005). As

expected, blocking GSK-3b by systemic treatment with specific

antagonists was shown to mitigate MPTP-induced nigrostriatal tox-

icity (Wang et al., 2007; L’Episcopo et al., 2011a, b).

Dkk1 is a prototypic Wnt/b-catenin antagonist that promotes

degeneration of adult nigrostriatal DA neurons in the intact mid-

brain (L’Episcopo et al., 2011b; Marchetti et al., 2013). Hence,

the unilateral infusion of Dkk1 within the SNpc induced a time-

dependent loss of mDA neuronal cell bodies in the ipsilateral but

not contralateral uninfused SNpc, associated with the early and

sharp downregulation of Fzd-1 and b-catenin proteins as well as

a marked upregulation of active GSK-3b only in the ipsilateral

16 | Journal of Molecular Cell Biology L’Episcopo et al.
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SNpc (L’Episcopo et al., 2011b). Dun et al. (2012) recently reported

that endogenous Dkk1 expression increased after lesioning the

nigrostriatal DA system following a medial forebrain bundle

6-OHDA infusion in rodents. All together, these studies support

the idea that an efficient Wnt/b-catenin signaling is required for

mDA neuron survival, while the antagonism to this signaling

pathway may lead to SNpc degeneration (Figure 2).

Previous evidence that Wnt signaling may be reinduced in the

adult CNS after injury (Osakada et al., 2007) suggests a compensa-

tory mechanism possibly implicated in mDA neuroprotection or

neurorescue. Indeed, the ability of nigrostriatal DA neurons to

respond to injury by triggering a panel of neurochemical,

molecular, and functional compensatory mechanisms has been

well documented, in both rodents and non-human primates

(Hornykiewicz, 1993; Bezard and Gross, 1998; Collier et al., 2007;

Zigmond et al., 2012). Activation of these endogenous compensa-

tory mechanisms may mask early signs of PD before the appearance

of clinical symptoms (Hornykiewicz, 1993; Bezard and Gross, 1998).

Neuroinflammation and gene–environment interactions in PD: a

key role for neuron–glial crosstalk

Interactions between genetic and environmental factors are

believed to play major roles in the onset and progression of

PD (Table 1). Age has a causal relationship to PD, whereas female

Figure 2 Schematic illustration of Wnt1/b-catenin signaling as a key player in mDA neuron survival/protection. In the intact midbrain, canonical

Wnt1-like agonists via activation of Fzd-1 receptors (‘Wnt on’) maintain the integrity of mDA neurons by blocking GSK-3b-induced phosphorylation

(P) and proteosomal degradation of b-catenin. Stabilized b-catenin can translocate into the nucleus and associate with transcription factors to

regulate the expression of Wnt target genes involved in DA neuron survival/plasticity. b-catenin may also function as a pivotal defense molecule

against oxidative stress or as a coactivator for several nuclear receptors involved in the maintenance/protection of DA neurons (L’Episcopo et al.,

2011b). Neurotoxic agents including PD neurotoxins (MPTP/MPP+, 6-OHDA), pesticides (rotenone), increased oxidative load as a result of growth

factors (GFs) deprivation, or aging may antagonize Wnt/b-catenin signaling (‘Wnt off’) in DA neurons. Upregulation of active GSK-3b leads to

b-catenin degradation and increased DA neuron vulnerability/degeneration/apoptosis. Various potential endogenous Wnt agonists

(Respondin, Rspo, Norrin) or antagonists (Dkk1, Wif, sFRP) are also indicated.

Wnt/b-catenin neuroimmune signaling in PD Journal of Molecular Cell Biology | 17
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gender plays a neuroprotective role (Morale et al., 2008). Exercise,

tobacco and caffeine consumption, and exposure to non-steroidal

anti-inflammatory drugs (NSAIDs) are potential protective factors

(Chen et al., 2003, 2005; Marchetti and Abbracchio, 2005;

Powers et al., 2008; Gao et al., 2012). Environmental toxins have

been proposed as potential risk factors for PD, especially exposure

to neurotoxins and pesticides (Cannon and Greenamyre, 2013;

Kamel, 2013; Goldman, 2014). Albeit the mechanisms whereby

gene-environment interactions mediate the chronic progressive

neurodegenerative processes in PD still remain elusive, accumulat-

ing findings from both epidemiological studies and animal models

highlight neuroinflammation via glia as a potential common

determinant in directing neurodegeneration/neuroprotection

(Marchetti et al., 2005a, b, 2011, 2013; Morale et al., 2006).

Innate inflammatory processes associated with glial cell activa-

tion contribute to PD pathophysiology (McGeer et al., 1988;

Whitton, 2007, 2010; Gao and Hong, 2008; McGeer and McGeer,

2008; Hirsch and Hunot, 2009; Przedborski, 2010; Taylor et al.,

2013). The neuronal degeneration itself, particularly aggregated

a-syn released from dying neurons or dead mDA neurons in neuropil,

may promote a chronic inflammation, thus precipitating a vicious

cycle of cell death (Zhang et al., 2005; Gao et al., 2011; Harms

et al., 2013; Sanchez-Guajardo et al., 2013) and propagating mis-

foldeda-syn in a ‘prion-like’ fashion in PD (Lema Tome et al., 2012).

Neurons and glial cells communicate with each other by soluble

factors as neurotransmitters, neuromodulators, and neuro-

peptides, or neuroimmune regulatory molecules that reduce or

inhibit any exacerbated inflammatory response in the brain

(Marchetti and Abbracchio, 2005; Morale et al., 2006; Belanger

and Magistretti, 2009; Chavarria and Cardenas, 2013). A dysregu-

lation of neuron–glia interactions may result in neuronal loss and/

or reduced neurorepair capacity. In this respect, it should be men-

tioned that the SNpc contains almost 4.5 times of microglia com-

pared with the cortex and other regions in the brain, which may

predispose mDA neurons to immunological attacks (Tansey and

Goldberg, 2010). On the other hand, mDA neurons have reduced

anti-oxidant capacity compared with other cell types.

Astrocytes, microglia, and infiltrating monocyte-derived macro-

phages play major roles in mediating detrimental or neuroprotec-

tive effects via an array of growth/neurotrophic factors, pro-/

anti-inflammatory cytokines, chemokines, and neurogenic

transcription factors (Table 2). Microglial is maintained in quies-

cent state by various inhibitory receptors. CD200R through inter-

action with CD200, a transmembrane glycoprotein expressed on

neurons, surveys glial activation state (Wang et al., 2011; Zhang

et al., 2011a). A disruption of CD200–CD200R engagement can

cause abnormal activation of microglia and consequent patho-

logical changes. Glucocorticoid (GR) and estrogen (ER) receptors

on microglia also restrain the excessive activation via blockade of

major glial inflammatory pathways, including nuclear factor

kappa B (NF-kB) signaling and iNOS-derived NO generation

(Morale et al., 2004, 2006; Marchetti et al., 2005a, b). In addition,

astrocytes can downregulate microglia activation. Reactive astro-

cytes upregulate molecules including glial fibrillary acidic protein

(GFAP), S100, iNOS, and NF-kB and express Toll-like receptors

(TLRs) involved in innate immune responses as well as other

immune mediators (Table 2), thus participating in the regulation

of astrocyte response to various stimuli (Dringen et al., 2000;

Gennuso et al., 2004; Bélanger and Magistretti, 2009; Chen

et al., 2009; Lee et al., 2009; Surh et al., 2009). In response to

mDA neuron injury, reactive astrocytes and microglia, which prolif-

erate and transform into active macrophage-like cells, produce a

wide variety of molecules as immune mediators to combat path-

ology and provide neuroprotection (Kreutzberg, 1996; Aloisi,

1999) (Table 2). However, when chronically activated, some media-

tors can become detrimental to neuronal survival and/or increase

mDA neuron vulnerability, particularly superoxide from plasma mem-

brane NADPH oxidase (PHOX), cyclooxygenase 2 (COX2)-derived

prostaglandin E2, inducible NO synthase (iNOS)-derived NO, and a

plethora of pro-inflammatory cytokines (TNF-a, IL-6, IL-1b, and

IFN-g) (Sriram et al., 2002; Whitton, 2007, 2010; Gao and Hong,

2008; Hu et al., 2008; Hirsch and Hunot, 2009; L’Episcopo et al.,

2010a; More et al., 2013; Taylor et al., 2013). The adaptive

immune system has also been implicated in PD pathophysiology,

as infiltration of CD4/CD8T cells were reported in the SNpc of PD

patients and animal models of PD (McGeer et al., 1988; Brochard

et al., 2009). Additionally, the peripheral T cell pool is also

altered in PD (Baba et al., 2005; Sanchez-Guajardo et al., 2013).

Increased inflammation and breakdown of the blood-brain barrier

(BBB) facilitate the communication between the CNS and periph-

eral immune systems. Hence, peripheral immune responses can

trigger inflammation and exacerbation of CNS degeneration via

Table 2 Astrocyte and microglial-derived factors and functions.

Astrocyte Macrophage/microglia

Survival/differentiation

NGF, BDNF, IGF-I, E2, basic fibroblast growth factor, ciliary

neurotrophic factor, GDNF, NT-3, NT-4, Wnt1, Wnt5a

Anti-oxidant

Glutathione, Nrf2, Hmox1, E2, superoxide dismutase, MRP1

Metabolic support

Glycogen, glycogen synthase enzymes, lactate

Immunoregulatory

Cytokines, chemokines, Scavenger receptors, Toll-like receptors,

hydrogen disulfide, GRs, ERs, Wnt1, Wnt5a

Neuroprotective/regenerative

Metallothioneins, E2, Wnt1, Wnt5a

Synapse clearance

C1q, MRPs

Neurotrophic/survival

NGF, BDNF, GDNF, NT-3, NT-4

Pro-inflammatory

Toll-like receptors, TNFa, IL1-b, IL-6, IL-2, IL-12, IL-18, IFNg, PGE2, PGJ2, ROS, H2O2, RNS, arachonic

acid, platelet activating factor, QA, GRs, ERs, Wnt2, Wnt5a, Wnt10

Oxidative/neurotoxic

PHOX, COX2, iNOS, O2, H2O2, OH2, NOO2

Anti-inflammatory

Transforming growth factor b, IL-10, Wnt3a

E2, 17-b-estradiol; H2O2, hydrogen peroxide; MRP1, multidrug resistance protein 1; NT-3, neurotrophin-3.
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exaggerated pro-inflammatory mediators including TNF-a, IL-1b,

ROS, and RNS and resultant mDA neuron death (Chen et al., 2008;

Hu et al., 2008; Koprich et al., 2008; Pott Godoy et al., 2008;

L’Episcopo et al., 2011a, b, c). With age, both central and peripheral

neuroinflammation increase (Henry et al., 2009). Interestingly,

microglia can become ‘primed’ with age, i.e. capable of adopting a

potent neurotoxic and pro-inflammatory phenotype, with harmful

consequences for mDA neuron health (Streit, 2010; L’Episcopo

et al., 2011c; Njie et al., 2012).

Certain genetic mutations are associated with dysfunctional

microglial response to SNpc injury and interact with environmental

risk factors in mediating chronic PD progression (Table 1) (Gao and

Hong, 2011; Gao et al., 2011, 2012; Lastres-Becker et al., 2012). A

genetic dysfunction of a-syn coupled to increased neuroinflamma-

tion can potentiate each other, driving chronic progression of neu-

rodegeneration (Gao et al., 2011; Harms et al., 2013;

Sanchez-Guajardo et al., 2013). Likewise, a-syn dysfunction and

deficiency of anti-oxidant systems, such as Nrf2-deficiency, co-

operate to aggravate protein aggregation, neuronal death, and in-

flammation in early stage of PD (Lastres-Becker et al., 2012).

Moreover, the loss of Parkin, the product of the PARK2 gene recent-

ly linked to Wnt signaling (Rawal et al., 2009), increases the vulner-

ability of mDA neurons to inflammation-related degeneration

(Frank-Cannon et al., 2008). Of special interest, the PD-linked

leucine-rich repeat kinase 2 (LRRK2) mutation, which has been

linked to Wnt signaling (Berwick and Harvey, 2012a, b), increases

pro-inflammatory cytokine release from activated primary micro-

glial cells, resulting in mDA neurotoxicity (Gillardon et al., 2012),

whereas LRRK2 inhibition attenuates microglial inflammatory

responses (Kim et al., 2012). The PARK17 (encoding the vacuolar

protein sorting 35 homolog gene, VPS35) mutation is linked to

autosomal dominant late-onset of PD, showing an involvement in

Wnt/b-catenin signaling and iron uptake (Deng et al., 2013), and

further studies are required to unravel its potential consequences

for glial cell compartment homeostasis in PD. Genetic factors

may also interact with early life events (prenatal exposure to endo-

toxins, glucocorticoids, and neurotoxins) and alter innate glial

responses, including Wnt signaling dysregulation, to influence

mDA neuron vulnerability (Morale et al., 2004; Marchetti et al.,

2005a, b, 2011; Gao and Hong, 2011; Kuypers et al., 2013).

Wnt signaling in regulation of neuroinflammation

Wnt signaling contributes to both lymphocyte development in

the thymus and bone marrow (Gordon et al., 2005; Staal et al.,

2008) and functions of mature peripheral immune cells (Blumenthal

et al., 2006; Pereira et al., 2009; Neumann et al., 2010; Schaale

et al., 2011). In the CNS, Wnt signaling may have both pro- and

anti-inflammatory effects, with potential consequences for

inflammation-driven brain damage and inflammation-directed

brain repair, respectively (Marchetti and Pluchino, 2013).

Sources and functions of Wnt signaling in the immune system

In adult mammals, likely sources of Wnt ligands include T cells,

dendritic cells (DCs), and monocytes/macrophages. Circulating

(peripheral) T cells express high levels of TCF/LEF, which

changes upon T cell activation (Staal et al., 2008). Activated

CD4
+ T cells (a subset involved in the adaptive immune system)

produce Wnt5a in response to chemokine stimulation. This

autocrine Wnt signaling augments chemokine-directed T cell mi-

gration independent of b-catenin (Ghosh et al., 2009). Regulatory

T (CD4
+CD25

+Foxp3
+, Treg) cells are another subset of T cells

that suppress immune responses and induce self-tolerance. It

was reported that enhanced Wnt/b-catenin signaling by GSK-3b in-

hibition prolonged Foxp3 expression, thus leading to increased

survival and overall (tolerogenic) activity of Treg cells in vivo

(Graham et al., 2010). Recent evidence, however, suggests that

Wnt signaling directly and negatively modulates Foxp3 transcrip-

tional activity and thereby impairing Treg cell function both in

vitro and in vivo (van Loosdregt et al., 2013). Monocytes/macro-

phages are professional phagocytes in both innate and adaptive

immunity of vertebrate animals. They phagocytose pathogens

and also stimulate lymphocytes or other immune cells to respond

to pathogens (via antigen presentation). As a source of Wnts, cul-

tured macrophages express Wnt2 and Wnt10b, and in vivo macro-

phages use Wnt7b as a short-range paracrine signal to induce

programmed cell death in vascular endothelial cells of the develop-

ing eye (Lobov et al., 2005). DCs are critical elements of adaptive

immunity for acquiring and presenting antigens and regulate

immune responses to various physiological and pathological

stimuli. In humans, DCs as well as activated macrophages signifi-

cantly upregulate Wnt5a in response to pathogens (e.g. parasites)

(Chaussabel et al., 2003; Pereira et al., 2009), while tissue-healing

macrophages produce Wnt7b to stimulate organ repair and regen-

eration (Lin et al., 2010). Additionally, the increase in Wnt5a

signaling during monocyte differentiation activates noncanonical

Ca2+/CamKII/NF-kB signaling that confers tolerogenic capabilities

to Wnt5a-expressing DCs (Valencia et al., 2011). Importantly,

higher levels of Wnt5a were found in patients with severe sepsis,

demonstrating an active role of Wnt5a in the inflammatory

response (Pereira et al., 2009).

Astrocyte-derived Wnt/b-catenin signaling bridges

neuroinflammation to mDA neuroprotection/repair

The recognized role of astrocytes as source of survival, neuro-

trophic, and neurogenic factors, including Wnt1 and Wnt5 (Table 2),

prompted us to verify the hypothesis of an astrocyte-derived Wnt/

b-catenin neuroprotective pathway. Astrocyte-derived factors in-

cluding Wnt1 and Wnt5 are reported to regulate the proliferation

and neurogenesis of DA progenitors during development (Castelo-

Branco et al., 2006). Previous reports indicated that Wnt3a is

expressed in adult hippocampal astrocytes (Lie et al., 2005;

Kuwabara et al., 2009). Other studies reported that adult astrocytes

are enriched with Wnt/b-catenin signaling components (Cahoy

et al., 2008) that play a critical role in response during both injury

and repair (Yang et al., 2012). In our recent study, increased Wnt1

mRNA transcription was detected in astrocytes derived ex vivo from

MPTP-injured midbrain, and in situ hybridization demonstrated colo-

calization of Wnt1 with reactive GFAP+ astrocytes within the

MPTP-injured midbrain, confirming that reactive astrocytes function

via Wnt/b-catenin signaling during mDA injury/repair (L’Episcopo

et al., 2011a). This was further supported by robust in vitro protective

effects of astrocyte-derived factors against oxidative stress- and

neurotoxin (6-OHDA and MPP+)-induced cell death (L’Episcopo

et al., 2011a, b). This astrocyte-induced neuroprotection can be

diminished by directly blocking Wnt/Fzd-1/b-catenin signaling with
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Figure 3 Gene-environment interactions and crosstalk among astrocytes, microglia, and DA neurons via Wnt signaling. Upon nigrostriatal injury, at

the neuron–astrocyte interface, astrocyte-derived Wnt1 via Fzd-1 receptor likely transmits pro-survival signals into mDA neurons by inhibition of

GSK-3b to incite cytoprotection/neurorepair. Aging, MPTP exposure, and various gene/environmental risk factors can impair astrocyte neuropro-

tection in the face of microglia exacerbation, also via inhibition of Wnt1 expression and downregulation of anti-oxidant/anti-inflammatory cyto-

protective proteins in astrocytes, for mDA neuron death/survival. At the microglial–astrocyte interface, upon activation by neurotoxins,

endotoxins, or brain injury, macrophage/microglia produce a panel of pro-inflammatory cytokines (including TNF-a and IL-1b), chemokines,

and Wnt5a (Pereira et al., 2009). Wnt5a may act via both autocrine Wnt5a/CamKII activation and paracrine stimulation via Fzd-5 to further stimu-

late pro-inflammatory cytokine production. Upregulation of microglial ROS, RNS, and GSK-3b further exacerbate microglia reaction. In this scen-

ario, astrocytes may respond to microglial-derived chemokines with increased Wnt1-like proteins, activation of canonical Wnt/b-catenin signaling

in microglia, inhibition of GSK-3b, and consequent decrease of the pro-inflammatory status. In addition, astrocyte-derived growth/neurotrophic

and anti-oxidant factors can mitigate the inflammatory milieu and favor a progressive neurorescue program for mDA neurons.
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Dkk1 or magnified by exogenous activation of Wnt signaling with a

specific GSK-3b antagonist and most importantly, is induced by add-

ition of glial inserts to purified DA neurons just prior MPP+ insult

(L’Episcopo et al., 2011b), thus corroborating the possibility that

astroglial-derived Wnt1 might provide a compensatory mechanism

to limit the degenerative process and/or activate the spontaneous

SNpc self-repair program (Figure 3).

Aging and neurotoxin exposure antagonize Wnt/b-catenin

signaling

Aging is associated with increased inflammation both at periph-

eral and central levels (Henry et al., 2009), exaggerated production

of pro-inflammatory mediators, and decreased ability of the nigros-

triatal DA system to recover after neurotoxic challenge (Ho and

Blum, 1998). Indeed, there was a lack of Wnt1 expression in mid-

brain astrocytes in response to MPTP injury. Hence, two critical

risk factors, aging and MPTP exposure, promoted a long-lasting de-

crease inb-catenin and Fzd-1 receptor accompanying upregulation

of active GSK-3b, supporting a dysfunction of Wnt signaling in the

aged injured midbrain (L’Episcopo et al., 2011a). Therefore,

aging-induced decline of Wnt/b-catenin signaling in astrocytes

and their crosstalk with DA neurons may underlie increased DA

neuron vulnerability with age.

Wnt signaling and astrocyte–microglia crosstalk regulate the

pro-inflammatory status in the MPTP-injured midbrain

When microglia is activated in vivo by MPTP exposure, expression

levels of cytokines (TNF-a and IL-1b) and chemokines, together with

the concurrent generation of ROS and RNS, are rapidly and robustly

upregulated (L’Episcopo et al., 2010b, 2011a, c, 2012), and a major

increase is observed at the peak of mDA neurodegeneration.

Microglia in such pro-inflammatory status produce Wnt5a, which

may constitute one part of a self-perpetrating cycle via noncanonical

autocrine Wnt5a/CamKII activation and paracrine regulation for

further stimulation of pro-inflammatory cytokines, such as iNOS

and COX2 (Figure 3). The pro-inflammatory role of Wnt5a in microglia

was recently underlined by Halleskog and coworkers, reporting

increased expression of iNOS, COX2, and chemokines and enhanced

invasive and proliferative capacity of microglia exposed to Wnt5a in

vitro (Halleskog et al., 2011; Kilander et al., 2011; Halleskog and

Schulte, 2013).

MPTP also induces upregulation of the pro-inflammatory GSK-3b

that further exacerbates microglial reaction (Jope et al., 2007; Beurel

et al., 2010; Beurel, 2011; L’Episcopo et al., 2011a). There is ample

evidence that the NF-kB pathway and the Wnt/b-catenin pathway

interact to differentially regulate inflammation, with GSK-3b

playing a central role in between. While GSK-3b is a negative regu-

lator of b-catenin, it positively regulates NF-kB by targeting IkB,

the major inhibitor of NF-kB, to proteasomal degradation (Wang

et al., 2004; Beurel, 2011; Lin et al., 2012). On the other hand,

b-catenin itself can form a complex with the p50 subunit of NF-kB,

thereby preventing NF-kB transcriptional activity (Lin et al., 2012).

Astrocyte–microglia crosstalk represents one possible mean to

repress the pro-inflammatory status via chemokine-induced Wnt1-like

proteins in astrocytes, activation of canonical Wnt/b-catenin signaling

in microglia, and inhibition of GSK-3b, with consequent anti-

inflammatory effects (Chong and Maiese, 2007; Beurel, 2011;

L’Episcopo et al., 2011a, b; Schaale et al., 2011) (Figure 3).

Likewise, pharmacologic GSK-3b antagonism can restrain inflam-

matory microglial activation via inhibition of pro-inflammatory

cytokines downstream of the NF-kB pathway (Beurel et al., 2010;

L’Episcopo et al., 2011a). Altogether, astrocyte-derived Wnt1-like

proteins coupled to a panel of growth/neurotrophic and anti-

oxidant factors can mitigate the inflammatory milieu and favor a

progressive neurorescue program for mDA neurons (Figure 3). At

the neuron–glial interface, astrocyte-derived Wnt1 via Fzd-1 recep-

tor likely transmits pro-survival signals in mDA neurons, possibly

via blocking GSK-3b-induced degradation of b-catenin, which in

turn incite cytoprotection/neurorepair (L’Episcopo et al., 2011a,

b). Notably, exaggerated microglial pro-inflammatory status can

still impair astrocyte anti-inflammatory functions and mDA neuror-

escue via inhibition of Wnt1 expression and downregulation of anti-

oxidant/anti-inflammatory cytoprotective proteins in astrocytes

(L’Episcopo et al., 2013).

Wnt signaling, neuroinflammation, and astrocyte–microglia–

neuroprogenitor crosstalk: a complete regulatory loop

orchestrating mDA neuron plasticity

The SVZ is the predominant region for adult neurogenesis in the

brain. Different growth/neurotrophic factors, morphogens, NO,

cytokines, and other key molecules exist within the SVZ and con-

tribute to SVZ regulation (Butovsky et al., 2006; Freundlieb et al.,

2006; Adachi et al., 2007). Particularly, the DA input to the SVZ

arising from the nigrostriatal innervation plays a significant positive

role (Freundlieb et al., 2006; Borta and Hoglinger, 2007; O’Keeffe

et al., 2009; Winner et al., 2011). Activation of Wnt/b-catenin signal-

ing is sufficient to increase the percentage of dividing cells that give

rise to new neurons in the SVZ (Adachi et al., 2007; L’Episcopo et al.,

2012). Recent findings support the implicationof the immunesystem

in the modulation of adult neurogenesis in the injured brain (Ekdahl

et al., 2009; Martino et al., 2011; Tepavcevic et al., 2011; Cusimano

et al., 2012; Ekdahl, 2012; Kokaia et al., 2012; L’Episcopo et al.,

2012, 2013),which prompted afurther investigation in the inflamma-

tory modulation of the SVZ niche during MPTP-induced nigrostriatal

plasticity.

Astrocyte- and microglial-derived mediators regulate the response

of SVZ neuroprogenitors to MPTP

A profound inhibition of SVZ NPC proliferation with loss of the

neurotransmitter dopamine is observed in human PD brains

and non-human primate and rodent PD models (Freundlieb et al.,

2006; Borta and Hoglinger, 2007; O’Keeffe et al, 2009).

Time-course studies in MPTP-induced in vivo NPC impairment indi-

cated a biphasic response. Between 1 and 14 days post-MPTP, a

reduced proliferation of SVZ NPCs and a severe decrease of

doublecortin-positive (DCX+) neuroblasts were associated with the

mDA neuron degeneration. Between 14 and 28 days, a significant re-

covery of NPC proliferation and DCX+ cells to pre-MPTP levels was

observed, coincided with a progressive striatal DA neuron

re-innervation (L’Episcopo et al., 2012). The analysis of the

spatio–temporal correlation documented that inhibition of both pro-

liferation and neuron differentiation were preceded and accompan-

ied by microglial activation with increased inflammatory mediators

including PHOX-derived ROS and iNOS/NO and astrocyte nitration,
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possibly indicating astrocyte dysfunction both in striatum and

SVZ (L’Episcopo et al., 2012). Further study indicated that

MPTP-induced impairment of neurogenic potential was transient

and attributed to environmental factors rather than intrinsic proper-

ties of NPC progeny (L’Episcopo et al., 2012). Hence, we unveiled

both beneficial (pro-neurogenic) and harmful (inhibitory) effects of

glial-derived factors in the regulation of NPC proliferation and

neuron formation capacity during MPTP-induced nigrostriatal

injury and recovery in young mice. Specifically, while astrocytes

were endowed with protective and neurogenic capabilities both in

the absence and presence of MPTP/MPP+, microglia increased

NPC neurogenic potential in basal conditions but further impaired

NPC survival in exposure to MPTP/MPP+, thus prompting future in-

vestigation of specific factors and signaling mechanisms involved in

microglial and astrocyte responses.

Therapeutical window of opportunity for modulating SVZ to incite

neurorestoration in PD: further evidence for a Wnt–glial

neuroimmune connection

The critical role of microglia in adult neurogenesis and the poten-

tial for anti-inflammatory drug treatment to modulate this system

have been emphasized by earlier and more recent studies

(Butovsky et al., 2006; Ehninger et al., 2011; Biscaro et al., 2012;

Ekdahl, 2012; L’Episcopo et al., 2012, 2013). Different lines of evi-

dences point to age-dependent dysregulation of Wnt signaling as

causal factor in aging-induced impairment of neurogenic potential

of NPCs within both the SVZ and the hippocampus subgranular

zone (SGZ). In the SVZ, aging and MPTP antagonize Wnt/b-catenin

signaling leading toneurogenic impairment viacrosstalkbetween in-

flammatory pathways at least in part mediated by upregulation of

microglial pro-inflammatory mediator-induced downregulation of

Wnt/b-catenin signaling (L’Episcopo et al., 2013). In SGZ, decreased

Wnt3 release from aged hippocampal astrocytes regulates the

age-associated decline of adult neurogenesis (Okamoto et al.,

2011). In addition, the aging brain microenvironment was shown

to decrease hippocampal neurogenesis through Wnt-mediated sur-

vivin signaling (Miranda et al., 2012). Specifically, the endogenous

Wnt antagonist Dkk1 increases with age, resulting in the suppres-

sion of adult neurogenesis and proliferation, whereas Dkk1 knock-

out mice show increased Wnt signaling, resulting in enhanced

neurogenesis and improved spatial memory (Seib et al., 2013).

Hence, aging-induced perturbations of the redox/inflammatory

balance in the SVZ was uncovered. A two hit model was presented

(Supplemetary Figure S1). The age-related impairment in astro-

cyte–microglia crosstalk serves as the first hit, which in turn

drives SVZ impairment with reduced ability of the master redox

modulator Nrf2 to mediate SVZ adaptation to other risk factors in-

cluding MPTP (the second hit), leading to a long-lasting SVZ impair-

ment that is possibly implicated in the failure of aged rodent to

recover upon SNpc injury (Rojo et al., 2010; Kaidery et al., 2013;

L’Episcopo et al., 2013). The phosphatidylinositol 3-kinase (PI3K)/

Akt-mediated Wnt/b-catenin signaling cascade was revealed as a

key target of microglial inflammatory modulation of NPCs both in

vivo and in vitro (L’Episcopo et al., 2013). Thus, interruption of

PI3K/Akt and Wnt/Fzd/b-catenin signaling cascades, switching

on/off GSK-3b activation, were causally related to the impairment

of SVZ NPCs. Importantly, HCT1026, a novel mixed cyclooxygenase

inhibitor endowed with a safe profile, may rescue aging-induced

SVZ impairment by normalization of aging-related Nrf2 and Wnt/

b-catenin pathways and contribute to a long-lasting neuroprotection

against MPTP-induced nigrostriatal DA toxicity and motor impair-

ment in aged mice (L’Episcopo et al., 2010b, 2011c, 2012, 2013)

(Supplemetary Figure S1). Together, these findings indicate that

pharmacological manipulation of this endogenous system, either

directly or indirectly via inflammation-dependent SVZ modulation,

may have therapeutical implications for PD.

Declines in neurogenic output of the SVZ and olfactory capacity,

as well as PD, occur throughout aging. The inflammation-

dependent impairment of SVZ niche may contribute to some non-

motor PD symptoms, suggesting a potential window of opportunity

for therapeutical strategies for mitigating the inflammatory micro-

environment, upregulating endogenous neurogenesis, and/or

favoring integration of new neurons to incite neurorepair in

age-dependent neurodegenerative disorders, such as PD (Rueger

et al., 2012; Sakata et al., 2012; Wallenquist et al., 2012).

Concluding remarks and therapeutical perspectives

Wnt signaling at the neuroimmune interface plays a pivotal role

in the regulation of neuroprogenitors, post-mitotic neurons, and

central immune cell functions in PD. A ‘Wnt-continuum’ may

emerge, underlying the control of genetic programs for DA neuron

homeostasis under health and disease states. In the healthy brain

without injury or neurotoxic exposure, in vivo active canonical

Wnt/b-catenin signaling may patrol the more vulnerable CNS

regions including the SVZ neurogenic niche and the more suscep-

tible neuronal populations, such as the nigral DA neurons, to limit

ongoing inflammatory responses and protect the quiescent neuro-

progenitors and post-mitotic neurons from harmful attacks. In con-

trast, when environmental stimuli (i.e. aging, neurotoxin, viral or

inflammatory exposure, brain injury) interact with genetic suscepti-

bility factors to overcome a certain threshold, the homeostatic

Wnt/neuroinflammatory response may fail to increase the vulner-

ability to degeneration, reduceself-repairability, and limitneurogen-

ic potential, as observed in PD.

The Wnt pathway itself is protective in different tissues; however,

the specific receptor–ligand binding, in the absence or presence of

endogenous inhibitors/activators, within a particular inflamma-

tory context, may mediate various tissue-/cell-specific responses

of canonical Wnt signaling, with implications for the connection

between Wnts and neurogenesis/neuroprotection and use of

Wnt agonists or antagonists (Choi et al., 2012; Shruster et al.,

2012).

Pharmacological manipulation of microglial oxidative and nitro-

sative status, either in vitro or in vivo, induces a successful neuro-

genesis rescue. The inflammation-dependent SVZ modulation in

consistent with DA neuroprotection in MPTP-lesioned mice impli-

cates a therapeutical window of opportunity for anti-inflammatory

drug strategies. The inter-relationships among inflammatory,

survival, and Wnt/b-catenin signaling cascades uncover a com-

plete regulatory loop impacting in both SVZ plasticity and neuronal

outcome in PD. Thus, harnessing inflammatory responses through

targeted modulation of neuroimmune components and Wnt/

b-catenin signaling for DA neuroprotection and repair have thera-

peutic potential for PD.
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Esteve, P., Sandonı̀s, A., Ibañez, C., et al. (2011). Secreted frizzled-related pro-

teins are required for Wnt/b-catenin signalling activation in the vertebrate

optic cup. Development 138, 4179–4184.

Frank-Cannon, T.C., Tran, T., Ruhn, K.A., et al. (2008). Parkin deficiency increases

vulnerability to inflammation-related nigral degeneration. J. Neurosci. 28,

10825–10834.
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