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Abstract

Oxidative stress and inflammation have long be@ogrized to contribute to Parkinson’s disease (RD),
common movement disorder characterized by the teedeloss of midbrain dopaminergic neurons (mDAn)
of the substantia nigra pars compacta (SNpc). Tdesas and mechanisms still remain elusive, but a
complex interplay between several genes and a nuailbieterconnected environmental factors, are fohie
involved in mDAn demise, as they intersect the ksflular functions affected in PD, such as the
inflammatory response, mitochondrial, lysosomabtgosomal and autophagic functiomuclear factor
erythroid 2 -like 2(NFE2L2/ NrfJ, the master regulator of cellular defense agamxsdative stress and
inflammation, andVingless(Wni/g-cateninsignaling cascade, a vital pathway for mDAn nearmgis and
neuroprotection, emerge as critical intertwinnedoi®c in mDAn physiopathology, as a decline of an
Nrf2/Wntp-catenin prosurvival axis with age underlying PD mutatioasd a variety of noxious
environmental exposures drive PD neurodegenerdtinaxpectedly, astrocytes, the so-callsthf-shapet
cells, harbouring an arsenal of “beneficial” andarfinful” molecules represent thiarning pointin the
physiopathological and therapeutical scenario of P&scinatingly, astrocyte’sfil rouge” brings back to
Nrf2/Wnt resilience,as boosting theNrf2/Wnt resilienceprogram rejuvenatesastrocytes, in turn (i)
mitigating nigrostriatal degeneration of aged mi(@@,reactivating neural stem progenitor cell pieration
and neuron differentiation in the brain and (iiflpmoting a beneficial immunomodulation via bidiiengl
communication with mDAns. Then, through resiliemmfeNrf2/Wntp-catenin anti-ageing, prosurvival and
proregenerative molecular programs, it seems pesgip boost the inherent endogenous self-repair
mechanisms. Here, the cellular and molecular aspgectvell as the therapeutical options for rejutiega
glia-neuron dialogue will be discussed togethehwaiajor glial-derived mechanisms and therapies it
be fundamental to the identification of novel diagtic tools and treatments for neurodegeneratiseadies

(NDs), to fight ageing and nigrostriatal DAergic@eaeration and promote functional recovery.

Key words: glia-neuron crosstalk; Parkinson’s disease, gana-onment ineteractions, Nrf2 signaling, Wnt

signaling, ageing, oxidative/inflammatory stresgr@cyte therapies.
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1. Introduction

Oxidative stress and inflammation have long beeongrized to contribute to Parkinson’s disease (PD),
the most prevalent age-dependent movement disart&the second most common neurodegenerative
disease (ND) [1-8]. A first characteristic hallmakPD is the selective and progressive loss obnaiith
dopaminergic neurons (mDAnN) of the substantia ngaes compacta (SNpc), and their terminals in the
striatum, responsible for the gradual impairmentotor function leading to the classical motor tees

of PD (i.e., bradykinesia, rest tremor, rigiditydapostural instability) [7-9]. The second pathotogi
feature is the presence of cytoplasmic inclusiaadled Lewy bodies (i.e. eosinophilic intracellular
inclusions composed of amyloid-like fibers amdsynuclein), and distrophic neurites, called Lewy
neurites, in the SN and other areas of the braltOJ9Figure 1). Along with SNpc-mDAns, other neural
populations of the central (CNS) and peripheravoes systems (PNS) are affected in PD, including
DAn of the enteric nervous system (ENS) [11-12].céwlingly, a number of non-motor symptoms
including, autonomic, sleep, cognitive, and mehtdlth disorders, often precede and/or accompany PD

onset and progression [13].

Unfortunately, by the time clinical manifestatioappear, about 70% of the dopaminergic (DAergic)
fibers in the caudate-putamen (CPu) and almost 8D#e mDAnNs in SNpc are already lost. Although

slow in most cases, progression of the diseaser@sersible and current therapies, such as L-3,4-
dihydroxyphenylalanine (L-DOPA), are mainly diretteowards replacing dopamine (DA) levels in the

brain, and as such, provide only symptomatic rglidf16]. These drugs do not modify the progressive
neurodegenerative cell loss associated with PD ithatany cases, results in debilitating side-aff¢t4-

16]. Thus, different lines of research are beingsped to develop novel therapeutic regimens for PD,
including pharmacological, cellular and molecul&erapies, aimed at protecting the dysfunctional

mDAns and/or enhancing their intrinsic regenerapotential [14-16].

Yet, the causes and mechanisms of mDAn degenerat®mot completely understood, but current

evidence indicates that PD is a multifactorial dse where a complex interplay between severalsgene



and many environmental factors, especially ageogdative stress and inflammation, contribute to
mDAnN demise [14-27].

Notably, PD is the fastest growing neurologicaloditer in the world, and as Dorsey and collaborators
recently highlighted‘demography and by-products of industrializatioavie now created a Parkinson
pandemic...”with the number of individuals affected expectedjtowth exponentially from 6.9 million

in 2015 to 14.2 million in 2040 [28]. Actually, wiitthe emergence of the Coronavirus Disease-2019
(COVID-19) pandemia, continuing to spread arourawlorld, these numbers are inevitably destined to
increase, causing a most severe health care, sasthleconomical burden. Especially, COVID-19
pandemia [29] intersect most critical environméntk factors for PD and other NDs, namely, ageing
male gender and exacerbated inflammatory respotise ¢$o-called “cytokine storm”) [29,30],
representing conditions recognized to drive anddorsen Parkinson’s symptoms, as a result of an
harmfull impact of peripheral inflammatory cytokse and their crosstalk with brain

macrophage/microglia and astrocytes, thedayspiratorsto mDAnN death (reviewed in next sections).

Indeed, after the first compelling demonstrationhaf importance of glial reaction in PD by Mc Gaed
coworkers [1], and during the last three decades@easing body of evidence, including work froor
laboratory, underscored the pivotal role of asttegyand microglia in the parkinsonian brain, agoeti
sources of oxidative and inflammatory mediatorsgumeented in epidemiological, post-mortem, and
animal studies [31-46]. While th@imum moven# the establishment of the neurodegenerativegsc
is yet to be defined, oxidative stress exacerbatiitim thecomplicityof astrocyte and microglia activation
in the presence of a PD-specific, genetic and enuiental background, appear to trigger a complex
series of events causing more reactive oxygen (RMD8)reactive nitrogen species (RNS) generation, in
turn amplifying the production of a panel pro-imflanatory cytokines and chemokines, forming a vicious
cycle finally leading to the progressive mDAnN degertion, as summarized in next sections. Within the
long list of conspirators both the innate and adaptive immune systems, thighcontribution of both
cellular and humoral peripheral immune responseesapto play unsuspected roles, as revealed by lo

series of clinical research and disease model&(}6-



Increasing evidence implicates a dysfunction oflearcfactor erythroid 2 -like 2NFE2L2/ Nrf3, a
member of the cap ‘n’ collar subfamily of transtiop factors, as an important contributor to
neurodegeneration [51-53rf2 is the master regulator of cellular defense thaitrots the redox state
and cell homeostasis coordinating the transcrippbrmore than 200 cytoprotective genes. All these
genes contain a common promoter enhancer calledantiexidant response element (ARE) and are
transactivated bi¥rf2. Nrf2-AREaxis can have an impact on numerous cell functicrgging from cell
differentiation and development to proliferationdaimflammation, thus influencing neurodegenerative
disease, cardiovascular disease, and cancer [513drtantlyNrf2 is central to mitochondrial function
as it contributes to the overall mitochondrial hostasis, impacting on mitochondrial membrane
potential and respiration, oxidative phosphorylatamd the synthesis of ATP, mitochondrial biogenesi
and mitochondrial integrity [54-57]F{gure 2A). Notably, Nrf2 and mithochondrial dysfunction are

pivotal for PD, as mDAns are particularly vulnemab oxidative stress [5,6,8,57,58].

In this context, and within the ventral midbrainMy, Nrf2-ARE axigrestricted to astrocytes is sufficient
to protect against neurotoxin-induced mDAnN toxifd9], whereadNrf2-deficiency and alpha-Synuclein
(a-Syn) expression [60], cooperate to aggravate pratggregation, neuronal death and inflammation in
early-stage Parkinson's disease. Research fromaboratrory put forward the hypothesis of a close
collaboration between th&lrf2-ARE axis, glial inflammatory pathways andingless-type MMTV
integration sitel (Wntl}fcateninsignaling network [61-67]. Notably, the WpHZatenin pathway is a
vital cascade promoting mDAn neurogenesis [68-TODAN survival and immunomodulation, via
bidirectional glia-neuron crosstalk [61-66,71-78Hspecially, Nrf2 is implicated in the homeostatic
regulation of neural stem progenitor cells (NS@sth in health and physiopathological disease state
including ageing, inflammation and PD degeneratida, an intense crosstalk with the Wnt signaling
pathway, recently reviewed by Marchetti and cowsK&3].

The hallmark of Wntj3-catenin signaling after binding the Wnt's receptors, Heds (Fzds), is the
cytoplasmic accumulation df-catenin and its nuclear translocation, finallyhaing the transcription of
Wnt target genes involved in DAergic neurogenesis meuroprotection [71B-catenin is tightly regulated

via phosphorylation by the 'destruction complexingisting of glycogen synthase kinasg (&SK-33),



casein kinasedl(CK1a), the scaffold protein Axin-1, and the tumour stggsor adenomatous polyposis coli
(APC) [74] Figure 2B). In the absence of a Wnt ligand, the signalingcade is inhibited as a result of
GSK-33-dependenf-catenin phosphorylation and degradation via psmtege-mediated destruction, which
is controlled by the destruction compl@igure 2B). As a result, translocation into the nucleus Fshiied.
Fascinatingly, in PD, the two major homeostatiderys, i.e.; théNrf2-anti-oxidant/immuno-protectivaxis,
and thewntg-cateninpro-survival and pro-neurogenic signaling cascagear intertwined, thus providing
a robust self-defense resilienc@rogram to fight ageing and nigrostriatal DAergiegeneration, as

summarized in the next sections.

Against this background, efforts are being purstetrejuvenate” neuron-glial dialogue during ageing,
inflammation and basal ganglia injury which forrhe focus of this work. After a summary of the pijrat
actors inNfr2/Wntsignaling dialogue, an overview of the impact &f Putations intersecting critical glial
and mDAn functions interacting with key environm@nfactors and impacting on oxidative stress,
mitochondrial dysfunction, inflammation and Wntrsiding (i.e.,“the key interactof3, is presented. Next
the dual harmful/beneficial role of astrocytes amdroglia, their mediators and signaling mechanisvils

be discussed in light dfirf2/Wnt crosstalk, together with the therapeutical pogtrit switch the harmful
glial phenotype by pharmacological and cellularrapees centered on glia as a means to promote
neuroprotection and incite neurorestoration inithjered PD brain. FascinatinglyaStrocyte’sfil rouge”
brings back tdNrf2/Wnt resilienceas a potential way to boost anti-oxidant, anti-ageself-protective and

pro-regenerative programs for NDs.

2. The Nrf2-ARE/Wnt/g-catenin/GSK-# intertwined signaling cascades: potential convergee
check points for mDAnN salvage in PD

Owing to their critical role in the safeguard dadsie and cell homeostasis against a panel of r@xiou
stimuli, bothNrf2 andg-catenintranscriptional activity must be kept under acstcontrol within the cell
cytoplasmic compartment, as a prolonged Nrf2 an@lfmt signaling activation may lead to various
detrimental effects. Accordingly, under basal ctods, both Nrf2 and3-catenin are subjected to

ubiquitination and proteasomal degradatiBig(re 2A-B).



RegardingNrf2, as a member of the the basic leucine zipper (bERJly of transcription factors, its
transcription is negatively regulated through bingdio Kelch-like erythroid cell-derived protein it
CNC association protein 1 (Keapl), a ubiquitin E&de complex, which mediatdkf2 degradation by
the proteasome [76-78Figure 2A). In normal conditionsNrf2 is inactive and resides in the cytoplasm
bound to Keapl. In response to oxidative stressimff@mmation, the modification of Keapl cysteine
residues leads to inhibition &frf2 ubiquitylation and stabilization dfirf2, allowing Nrf2 to accumulate

in the cytosol and then to translocate into thdeuscwhere it binds to a small Maf protein andwatés
transcription of genes containing antioxidant remgoelements (ARES) in their regulatory regions [76
78] (Figure 2A). In addition to its interaction witNrf2, Keapl also binds Cullin 3 (Cul3), which forms a
core E3 ubiquitin ligase complex through an assioriavith Ring-box1 protein (Rbx1, also called Rpcl
[76-78]. Besides Keapl-mediated regulation, tweentt3 ubiquitin ligases have been found to regulate
the protein level of Nrf2.

Notably, Rada and coworkers [79], firstly showed #bility of glycogen synthase kinase-3 (GSK3), a
serine/threonine kinase, to phosphorylate a gré@eoresidues in the Neh6 domain of mouse Nri&, th
overlap with an SCBFTrCP destruction motif (DSGIS, residues 334 to )33Ben promoting its
degradation in a Keapl-independent manner. Studi€howdhry and coworkers [80] further showed
that Nrf2 is controlled by two distin@tTrCP recognition motifs in its Neh6 domain, oneadiich can be
modulated by GSK-3 activity [81, 82, for review]néther Keapl-independent component is Hrdl, an
integral endoplasmic reticulum (ER) membrane E8de that negatively regulates Nrf2 [83]. Hrd1l is
involved in endoplasmic reticulum (ER) stress ddigma unfolded proteins that accumulates in the ER
due to loss of function of Parkin, a causative dadh familial PD [83], and next section). Notably,
MRNA and protein levels of Hrd1 are upregulatedeisponse to ER stress, and Hrd1l ER stress-induced
cell death [83-85]. Importantly, recent data imatee a close interactions between p62 (an autophagy
adaptor protein) and Keapl, with dysregulationwbphagy promoting a prolonged Nrf2 activation in a
p62-dependent fashion [86,87]. Especially, thierattion allows p62 to sequester Keapl into the
autophagosomes, which impairs the ubiquitylatiorNd®, leading to activation of the Nrf2 signaling

pathway [86,87].



Of specific mention, GSK3 is a multifunctional arél regulator of a panel of signaling pathwayskKGS
refers to two isoforms, GSK3and GSK3, that are primarily regulated by inhibitory phospfiation on
Ser21- GSKa and Ser9GSK3[88,89]. In Wnt canonical pathway, GSK-Bolds a pivotal position,
where it phosphorylatgscatenin in concert with APC, Fzd, and axin, cag$iftatenin degradation via
the ubiquitin-proteasome pathway [71], leading tdat-Off“conditon EFigure 2B). On the other hand,
activation of canonical Wnt signaling, leads to G3K down-regulation, and un-
phosphorylated/activate@-catenin accumulates in the cytoplasm [75]. Subsety p-catenin is
imported into the nucleus where it can interacthwiie TCF/LEF family of transcription factors and
recruit transcriptional co-activators, p300 andZRREB-binding protein (CBP) [75], as well as other
components to transcribe a panel of downstream téfget genes involved in cell proliferation,

differentiation and survival, thereby promotinf/ént-On” condition [71] Eigure 2B).

Converging evidence implicates GSR-&s a key signaling molecule involved in the maiatece and
function of adult mDA neurons [88-95]. AdditionalleSK-3 activation plays a central role in regulating
the neuroinflammatory and astroglial response toneDrodegeneration [62-65, 88-94]. Notably, GIK-3
plays a role in the phosphorylation of Tau (MAPIfFiggering cytoskeleton destabilization, Tau aggtem
and neuronal dysfunction/death [92-95]. Because-expression of GSK{Bpromotes astroglial activation,
astrocyte and microglia migration and increasedrasgion of proinflammatory mediators, all these
processes may impair neuron-glial and glial-NSCergttions leading to exacerbation of neuronal
vulnerability/loss [93-95]. Therefore GSK33dysregulation in both neurons and glia represantsucial
vulnerability factor and a potential target for igetting the progression of pathology of PD and pthe
important NDs. For example, the studies of Duka aodorkers [90], using several PD experimental
models, showed that-Syn contributes to GSK@-catalyzed Tau phosphorylation and neuron death [90
and Petit-Paitel et al. [91] studied the involvmehtytosolic and mitochondrial GSKB4n mitochondrial
neuronal dysfunction and cell death upon treatmétit PD neurotoxins. Moreover, Creddle and assesiat
[92] investigating both rodent and post-mortem horR® brains, clearly indicated GSK-8lysregulation
contributing to parkinson's-likgoathophysiology and associated a region-specifiosphorylation and

accumulation of Tau angtsyn, as a result of GSK-3 overactivation, causiagronal death [92].



Given that the enzyme GSK33nhibits both Nrf-ARE and canonical Wnt-signalirihe inhibition of GSK-

3p activity by molecular compounds and various enzy/mepresents a potential means to activate the anti
oxidant, anti-inflammatory, prosurvial and neuragerdownstream gene cascad€&iglire 2A-B).
Accordingly, p-GSK-B (tyr216) can phosphorylate Nrf2 to promote Nrfgj@elation by a kelch-like ECH-
associated protein 1 (Keapl)-independent pathwal [Qonversely, Wntl and Whntl-like agonists such as
Wnt-3a can stabilize Nrf2 by preventing its GSK-&pdndent phosphorylation and subsequent SCF/b-TrCP-

dependent ubiquitination and proteasomal degrau§@ig).

In support of a critical functional role of a batad GSK-B activity in preclinical models of PD, its
pharmacological inhibition, in vivo, by a chrortieatment with a specific GSKB3&antagonist, efficiently
mitigated nigrostriatal dysfunctions, both at tiép8 and striatal levels, increasgaatanin gene expression
and protein levels within the SNpc, and revertesl MPTP-induced motor dysfunction observed in ageing

mice [61,62].

Then, GSK-B appears as a pivotal kinase contributing to liboth Nrf2 and s-catenin transcriptional
activity, whereas Wnt activation efficiently up-tdgtes the Nrf2-ARE and Wifiicatenin neuroprotective

axis.

Additionally, GSK3 communicates with both the ERK/MAPK and the phasiolylinositol 3-kinase/Akt
(PIBK/AKT), also known as protein kinase B pathwayghich have fundamental roles in mDAn
death/survival [61,62,97-100]. Notably, PI3K proemtthe phosphorylation and activation of Akt. By
making use of phosphorylating-dependent mechanigkt,can inhibit apoptosis induced by several
stimuli in a multitude of cell types including mDAr{97-100]. Of importance, the PI3K/Akt pathway
mediates the effect of various neurotrophic andn@marogenic growth factors [96]. Indeed, trophic
factors improve neuronal survival largely througlBKFAkt signaling pathway, and after p-AKT
activation, it can inhibit GSK{8 activation. Hence, PI-3K/Akt-mediated GSK-&hibition is in turn
associated with the activation of cell adaptive awndvival pathways in different types of cells, by
contrast, GSK- activation by phosphorylation of the tyrosine 288idue (p-Tyr216) located in the

kinase domain, is implicated in oxidative strestured neuronal cell death, including DAergic neuron



death, and stem neuroprogenitor cell homeostadl€$} being involved in NSC survival, proliferation
and differentiation [73].

Hence, Wnf-catenin signaling activation by antagonizing aet®SK-3, can mediate neuroprotection
and translate into improved neurological functiamridg ageing, oxidant stress and inflammation and
brain injury via Nrf2/P13-K/Akt-Wnt/Fzd-}-catenin cooperation, and as as part of a feedback loop
regulating cellular homeostasis [61-67, 71-74,92e8@1 section 5).

Last, but not least, epigenetic modifications aeraasingly emerging as critical regulators of Nd#d
Wnt-dependent signaling. The complex regulatioNd2- and Wntf-catenin signaling via epigenetic
factors is out of the scope of this work, and theskls were recently reviewed [101,102] Actually,
several epigenetic mechanisms including DNA metigha covalent modification of histones in a
promoter, or acetylation have been associated Wit epigenetic regulation [101]. Aditionally, an
increasing number of micro-RNA (miRNA) have beempared to both up-or-down regulate Nrf2
function [101 and Refs herein]. However, currenitlys not clearly established if Nrf2 decreasetivity

in several models results from disruption of epajenregulation, albeit evidences have been pravide
showing that changes in the levels or activity dhgpal Nrf2 negative regulators including Keapl,
GSK-33, and Hrd1, may impact on Nrf2 activity, thus cdmiting to the loss of Nrf2 function during

ageing and/or inflammation [101].

Also, emerging evidence implicates several miRNAgantrolling Wntf-catenin signaling [102]. In a
key finding, Anderegg and colleagues uncovered gulatory circuit between LIM homeobox
transcription factor 1-beta (LMX1B) and miR-135&tt modulates Wnt1/Wnt signaling which in turn
determines the size of the midbrain DAergic proenpool [103]. On the basis of bioinformatics and
luciferase assay data, the authors suggested iRal3a2 modulates LMX1B and many genes in the
Wnt signaling pathway, with both miRNAs and Wntragng pathways forming a network that is likely

to play a significant role in adult neurogenesid adult neuronal mDAns maintenance [103].

Altogether, molecular mechanisms of Nrf2- and \B4tiEtenin/GSK-B signaling regulation highlight an

intense crosstalk. Importantly in PD, the significa of this circuitry is suggested, bgth in vivo and in



vitro model systems indicating arf2/P13-K/Akt-Wnt/Fzd-J-catenincooperation in the regulation of
mDAn homeostasis, immunomodulation, and neurogsnesiiewed in next sections

Nonetheless, the complexity of thif2/Wntsignaling cascades clearly anticipates that the fiutcome

of activation is context-dependent, with differand sometimes opposing genetic programs depending o
tissue/cellular specificity, the availability of aeptor/co-receptors and signaling partners, patjicdd
conditions, and the age of the host. Intuitivelye to the vital action of these signaling pathvway
development, systems maintenance, redox homeostmlance and immune regulation, their
dysregulation may culminate in a broad range otalies, including neurodegeneration and cancer

[104,105].

3. Gene-environment interactions converge in the modation of oxidative stress and
inflammation: focus on Nrf2/Wnt/g-catenininterconnected pathways in PD

As recalled in the introduction, both genetic miatad and exposure to environmental risk factors are
linked to Parkinson’s disease, with approximated$elof PD cases that can be directly attributed to
genetic factors, associated with mutations in génesiding a-synuclein GNCA, E3 ubiquitin-protein
ligase parkin PRKN), ubiquitin C-terminal hydrolase L1UCHL1), PTEN-induced putative kinase
(PINK1), deglycase gene DJ-PARK?Y, leucine-rich-repeat kinase BRRK32, vacuolar protein sorting
35 homolog geneMPS39, andp-glucocerebrosidase GBAJ), linked to autosomal dominant late-onset
[26]. In contrast, the etiology of the vast majpriup to 90%) of so called “idiopathic” cases, is
multifactorial, likely arising from a combinatiorf polygenic inheritance and environmental exposures
(Figure 3). Accumulating evidence indicates the expressiomofated genes, includifgNCA PRKN
PINK1, DJ-1, and LRRK2in astrocytes and/or microglial cells and theipiization in glial biology
[22,106-112]. Importantly, the pathways regulatgdtbese genes intersect the key cellular functions
affected in Parkinson’s disease, namely, the infl@tory response, endoplassmic reticulum (ER) stress
mitochondrial, lysosomal, proteosomal, autophagid ®Wnt signaling functions [106-122]. Supporting
evidence also come from genome-wide (GWA) and genende methylation data analysis, further
suggesting that immune, mitochondrial and Wnt digggpathways are associated not only with PD risk

but also with PD progression [123-127] StrikinghyPS35 gene located at 16q13-q21 chromosomal



position and the two pathways, the Wnt signalindhway, and retromer-mediated DMT1 missorting are
proposed for the basis of VPS35 related PD [117,118
Here, we summarize the glial-specific functionahseguences of the genetic mutations linked to RD an

highlight immune, mitochondrial and Wpittatenin interconnected pathwaysgure 3).

3.1. Impact of genetic mutations on glial immune @mitochondrial functions via Nrf2/Wnt
signaling cascades

Both earlier and more recent studies reported #neful/beneficial consequences of gain (GOF) os-ofs
function (LOF) mutations, as well as their interacs with the ageing process, oxidative stress and
inflammation. Alpha synucleina¢Syn) is a central player in the pathogenesis ofagic and familial PD
[41,43,45,46,47]. The aggregation @fSyn and oxidative stress are associated and ealsach other's
toxicity [54]. Hence, dysfunctional-Syn coupled to a proinflammatory, called “M1” nogtial phenotype,
can potentiate each other and promote the progres§imDAnN death [32-35, 41,43,45-47). Additiogall
high levels of exogenous-Syn can initiate a Toll like receptor 4 (TLR4) isa&ding cascade in astrocytes
[128-130]. Notably, impairment of the autophagydssme pathway is implicated with the changes-in
synuclein and mitochondrial dysfunction observedParkinson's disease (PD). Damaged mitochondria
accumulatePINK1, which then recruits parkin, resulting in ubigudétion of mitochondrial proteins.
Accordingly, recent evidence linking-synuclein and mitochondrial dysfunction to inflaetion and PD
neurodegeneration [132], supports the notion ofitecal dysfunction of the astroglial cell compagnt,
preceding and/or contributing to PD neurodegermmativith the important contribution of a failure thfe
Nrf2, which is intimately linked to mitochondrial biogesis and the autophagy-lysosome pathway [131, 132
and next sections). Also, the genetic evidence estgghati-Syn can synergistically interact with Ww/
catenin pathway components, such as G8Ka®d together with microtubule-associated pro{&APT)

Tau, may drive neurodegeneration[90-92].

Reportedly, on the one hand, activation/overexgiasof GSK-3 present in PD [92-94, 121], has a role in
the phosphorylation of Tau, triggering cytoskeletdestabilization, Tau aggregation and neuronal

dysfunction or death. Given, that GSK-3 activation astrocytes and microglial cells promotes the



expression of a panel of harmful proinflammatoryrkees, this may establish a feedforward cycle of
inflammation-dependent neuronal dedtig(re 3).

Recently, in the study of Duffy and coworkers [48]e authors investigted the temporal relationsifip
neuroinflammation in a model of synucleinopathyldaing intrastriatal injection of pre-formed alpha-
synuclein fibrils ¢-Syn PFFS). Importantly, by systematically investigg the temporal profile of Lewy
body-like phosphorylateda-Syn inclusion load, reactive microglial morphologMHC-II antigen
presentation, and degeneration in the SN, it wasvshthat reactive microglia and increased micrdglia
MHC-II expression in association with peak loadaeSyn PFFS in SNpc, months prior to degeneration
thereby supporting the concept that neuroinflamomatnay precede and then contribute to nigrostriatal
degeneration [45]. Castro-Sanchez and coworké&®| [tecently analyzed whether overexpression of-wil
type a-Syn @-Syn"") or mutateda-Syn @-SYN***") contributed to the neuronal dopaminergic loss and
inflammation process, and studied the role of thenwkine fractalkine (CX3CL1) and its receptor
(CX3CR1). Using eithein vivo murine models overexpressing humasyn"" or a-Syrf**" in wild type
(Cx3crT™) or deficient (Cx3crf) mice for CX3CR1, coupled to unilateral intraceeghnjection of adeno-
associated viral vectors, the authors identifiedraglia CX3CR1 as a critical factor in the moduatiof
microglial dynamics in response &SYN"T or 0-SYN***", indicating that CX3CR1 plays an essential role
in neuroinflammation induced bySYN"***" [131]. Of note, not only too muaixSyn, but also too little may
dramatically impact on inflammation and nigral degetion, as silencing-Syn in mature mDAns can

promote a rapid neuroinflammation and subsequerarBia toxicity [132].

Regarding parkin, the earlier studies of Frank-@anet al. [133], showed th&RKNgene deficiency
increases the vulnerability of mDAnR to various rfaktors including inflammation-dependent degenenat

In PRKNdeficient mice, Solano and co. [134-136] repoeblsth an increased astrocyte vulnerability to death
when challenged by various oxidative stress insufisluding HO,-induced stress, which resulted in
abrogation of astrocyte’ability to exert neuropotitée functions. Additionally, in the presence ocroglia,
rotenone-induced dopamine cell lossRRKN-KO midbrain neuronal cultures was sharply incrdgdd84-
136]. Conversely, over-expressionRRKN protected from excitotoxicity induced by the etaban, kainic
acid, thereby demonstrating a critical role RRKNin the response of glial cells to noxious stinjaB4-

136]. Supporting evidence on the the roleP&KN in astroglial functionality come from recent stesli



[137], showing that parkin may regulate astrocyt® Btress and inflammation to control neuronal
homeostasis, via modulation of NOD2, nucleotidgatnerization domain receptor 2 (NOD2), a cytosolic
receptor integrating ER stress and inflammation7[18lotably, PRKN can also regulate Wnt signaling
[138]. Hence, in conditon of excessive Wnt sigm@liBRKN protect mDAn againgt-catenin-induced cell

death [138].

PINK1 encodes a highly conserved, 581-amino acid, patatrine-threonine protein kinase that modulates
mitochondrial network homeostasis and quality an{i39]. Both PRKN and PINK1 orchestrate a
protective mitophagic response that ensures the sh$posal of damaged mitochondria. PINK1
phosphorylates ubiquitin (Ub) at the conserveddigsiS65, in addition to modifying the E3 ubiquiigase,
PRKN[140]. Given the pivotal role dfirf2 in mitochondrial functionPINK1 andNrf2 signaling pathways
are believed to cooperate to control mitohondr@hbostasis [141]. GlidPINKL1 is critical for the long-
term survival of mDAn, as primary astrocytes dedivBom PINK1KO mice have increased pro-
inflammatory cytokines and higher nitric oxide pustion upon stimulation of the innate immune reggon
with lipopolysaccharide (LPS) plus interfergnfl42]. Furthermore, reduced expression of the-anti
inflammatory cytokine interleukin-10 (IL-10) fromrimary microglia derived fronPINK1-KO mice was
detected as compared to WT [142]. This suggests PilEK1 deficiency alters oxidative stress and
inflammatory gene expression in both astrocytes miwtoglia, either directly or indirectly via cytile
signaling from other cells. Other studies have showatPINK1 deficiency impairs both the formation of
GFAP - astrocytes during development and the proliferatf astrocytes upon stimulation with epidermal
growth factor (EGF) or fetal bovine serum [143].cRetly, Barodia et al. [108] found that that PINK1-
dependent ubiquitin phosphorylation is predominaintlastrocytes as compared to neuronal and ottrer n

neuronal cell types, supporting the contributiomaayte dysfunction to PD pathogenesis.

Owing to the relation of mitochondrial function\ént signaling [74,144-148], Pink-1 is also linkedwnt,
as Wnt2 overexpression protects against PINK1 nimalnced mitochondrial dysfunction and oxidative
stress [149]. Hence, in PINK-1B9 transgenic fliekjch is a PD model, Xia and co [149] recently mipd
that overexpression of Wnt2 reduced the abnormadity of PD transgenic Drosophila and improvedrthei

flight ability, while other intervention groups haw significant effect. Wnt2 normalized mitochoradlri



morphology, and increased the mRNA expression $ewél NADH-ubiquinone oxidoreductase chain 1
(ND1), ND42, ND75, succinate dehydrogenase compléunits B, Cytochrome b and Cyclooxygenase 1,
which are associated with Wnt2 overexpression [1NBjreover, overexpression of Wnt2 in PD transgenic
Drosophila resulted in the downregulation of RO# amalondialdehyde production, increased manganese
superoxide dismutase (MnSOD), as well as the egfmedevels of PPARG coactivaton IPGC-L) and
forkhead box sub-group O (FOXO), suggesting thattaVoverexpression may be related to the

PGC-I/FOXO/MnSOD signaling pathway in PINK1 mutant trgesic Drosophila [149].

Interestingly, TOMM40, a mitochondrial transdse that resides between the putative transmembran
domain and the mitochondrial targeting sequencetetpiired for PINK1-induced localization in the
mitochondria, and its phosphorylation of criticatines in ubiquitin results iIRRKNrecruitment, which then
leads to mitophagy [150]. Therefore, dysfunctionPdNK1 causes defects in its localization as well as
impaired mitophagyDJ-1 has a recognized role for the maintainance obagtic mitochondrial functions
and the regulation of oxidative stress and inflanama pathways (110,111,151,152 ]. Hend2J-1
deficiency impairs astrocyte ability to protect D§ie neurons against rotenone [153] and 6-OHDA [154
and selectively enhances mitochondrial Complex Hibor-induced neurotoxicity [155]. Opposedly,
astrocytic over-expression @&@J-1, in vitro, prevented oxidative stress and mitochondrial dysfon in
primary neurons [156]. Further studies of De Mirarahd co [157] showed that astrocyte-spedifiz1l
overexpression, protected against rotenone-indoeeadotoxicity in a rat model of Parkinson's disedises
providing the first direct evidence of a cell nam@nomous protective function of astrocy®8-1 in vivo

[157].

Another important connection is the one betleRRK2G2019S RRK2GS), a pathogenic mutation in
the PD-associated geh®RK2 biochemically linked to the intertwined pathwasggulating inflammation,
mitochondrial function, and autophagy/lysosomalction [158-160]. Her&é RRK2GS and the activation of
M1 proinflammatory phenotype [109], act in synetgyamplify dopaminergic neurotoxicity. By contrast,
when LRRK2is inhibited, this in turn reduces the productamicroglial harmful mediators and reverses

dopaminergic neurotoxicity [161,162].



Notably, a reciprocdlRRK2-Wntsignaling dialogue do occurs, asl{RRK2interacts with proteins of Wnt
signalosome [115]; (ii).RRK2is recruited to membranes following Wnt stimulatievhere (iii) it binds to
the Wnt co-receptor LRP6 in cellular models [116f specific interest, pathogeni®kRK2 mutations
disrupted Wnt signaling, implicating binding to L&kediated Wnt signaling caused by reduced bintting
LRP6 as a potential factor underlying neurodegdingraobserved in PD [116]. On the other hand, the
protective LRRK2 R1398H variant enhanced GTPase and Wnt signalitigitg [119], underlying the
complexity of LRRK2/Wnt signaling cross-talk in PD [113]. Likewise, pivbt®D mutations were
demonstrated to negatively affect Waatiatenin signaling and to inhibit human inducedriplotent stem
cells (iPSCs)’ ability to differentiate into DAemneurons [120], whereas pharmacological Wnt atitina
restored their dopaminergic developmental poterti&0], thus supporting a robust link between PD

mutations and downregulated Whttatenin signaling.

The ER, a subcellular site of protein folding andturation, and the main intracellular Ca2+ stdréhe
cell, is another critical link between the dysfuantastrocyte-neuron interactions and increasedomel
vulnerability. Hence, recent studies of Lee efH3], indicated that in astrocytedsRRK2-GSimpairs ER
Ca2+ homeostasis, which determines cell survivad, as a result, could contribute to the developgmén
the disease [163]. Also perturbations of lysosooretion can result in dysfunctional astroglial by, as
expression ofLRRK2G2019S in astrocytes produced enlarged lysosomdsdaninished the lysosomal
capacity of these cells, whereas selective LRRK2de inhibitor can correct defects in lysosome tfanc
associated with LRRK2 mutations, highlighting therapeutic potential of LRRK2 kinase inhibitorstle

treatment of PD [163].

Together, PD mutations via their impactstrocyte and microglia cells biology, their intetations
with mitochondrial/Nrf2 and Wngtcatenin/GSKB signaling may well predispose the brain to reach a
critical threshold of inflammation and mitochondridysfunction, in turn acting as a driving force to

exacerbate the progression of inflammation-mediagdodegeneratiofrigure 3).

3.1.1. Environmental risk factors cooperate to exagbate glial dysfunction in PD: an Nrf2/Wnt
“liason” in PD?

3.1.1 Ageing and the Nrf2/Wnt-immune link in PD



Ageing, interacting with a myriad of environmentalxious factors, represents a most crucial evaming
increased inflammation and oxidative stress to chibmdrial deficits and dysregulation of lysosomal,
proteosomal and autophagic functions, robustelyrifariing to the chronic mDAN deterioration in tR®
brain [164-170]. Notably, ageing is characterizgdabloss of homeostatic mechanisms, as undersdxyred
Vifa and co-workers, when a disbalance in theseharésms leads to the development of “frailty”,,ian
increased vulnerability to a panel of noxious esgh?1, 172 and Refs herein). Importantly, “thesfradical
theory of frailty (revised by the authors) “propsgbat oxidative damage is associated with frabiyt, not
with chronological age itself [172-174]. Notablyrdilty”, considered one of the major geriatric dyomes,
robustely impact on anti-oxidant self-defense amfthimmatory homeostasis [175]. Here we focus on a
Nrf2/Wntsignaling failure and its link to inflammation, twiconsequences for neuron—glia crosstalk, mDA

neuron plasticity and repair.

In fact, with advancing age, the nigrostriatal Ddiersystem progressively declines and the “adaptive
compensatory capacity of mDAns gradually fails, sthuendering mDAn more “frail” or
vulnerable/susceptible to both endogenous and exagenoxious stimuli, likely contributing to theowl
nigrostriatal degeneration of PD, with the lateegmance of clinical signs [177-180]. An increadnagly of
earlier and more recent evidence suggests a pramioke of astrocytes and microglia as main players
mediating the harmful effects of ageing interactingh a specific genetic background and different

environmental factors.

Notably, oxidative stress and low-grade inflammatése the hallmarks of ageing, and both processes a
even further up-regulated upon injury, neurotoxkpasure, male gender and PD genetic mutations. With
age, microglial cells become “primed”, i.e. capaldte produce exacerbated levels of a set of pro-
inflammatory mediators when challenged with immon@&eurotoxic stimuli [169,181-189]. This microgdlia
cell shift to the harmful, M1 phenotype promotes telease of an array of factors that are detriatd¢ot the
vulnerable mDAns. Nuclear factor kappa-light-chamirancer of activated B cells (B, a protein
complex that controls cytokine production and celirvival), is a key actor and the first signal
for inflammasome induction [189], together with wrapro-inflammatory cytokines, such as tumor neisros

factor a (TNF-), interleukin B (IL-1B) and IL-6 [169]. This inflammatory microenvironnieassociates



with enhanced generation ROS and RNS, that in &mplifies microglial activation, which results in

increased mDAnN vulnerability, and/or neuronal d¢a8;187,188].

The Wntf-catenin signaling pathway is of utmost importaneeng to its ability to promote tissue repair
and regeneration of stem cell activity in diverggams, and in light of its crucial role in age-teth
pathogenesis and therapy of disease (71,74, 188-492the harmful proinflammatory milieu critically
intersects the age-dependent decline of Wnts aeidittefficient signaling mechanisms in a wide nambf
tissues and cells [65, 72,73], resulting in a fartifrailty” factor, thus increasing the vulnerditito a
panel of noxious challenges, finally leading to alure to orchestrate a self-protective and reparat
program. Hence, with the ageing process, endogeastiocyte-derived Wnts decline in the hippocampus
[188-191], striatum and mesencephalon (64-66), aderthe expression of endogenous antagonists of
Whnt/B-catenin signaling, including Dickkopfl (Dkk1) ai&SK-33, is up-regulated thereby contributing to
the reduced neuronal survival and neurorepair ¢gpaand to the marked impairment of neurogenesis,
linking the decline of Wnts to the failure of midion dopaminergic neurons to compensate or to adapt

injury [73,74].

As reviewed in this work, two critical risk factorageing and MPTP exposure, promoted a long-lasting
decrease of Wrfifcatenin signaling components accompanied by upaggn of active GSK-B, likely

contributing to a chronic proinflammatory statusderlying increased DAergic neuron vulnerability.

Furthermore, age-dependent environmental streappear to lead to epigenetic DNA modifications, ahhi
cause aberrant gene expression. Specifically, ddbsBNA methylation in the promoter éfeaplgene
decreases Nrf2-dependent antioxidant protectionraslts in a redox imbalance altered towards diida

[101].

3.1.2 Failureof anti-oxidant self-defenses is dited by Nrf2/Wnt defeat in PD

In fact, in addition to the decline of Wpittatenin pathway, a major self-adaptive system,NH@-ARE-
axis decline with age and neurodegeneration. Ih the response of antioxidants to oxidative stiess

primary defense mechanism to combat noxious eftdabxidative insults andlirf2 is the master regulator of



the oxidative stress response due to its abilitintuce the transcription of antioxidant, antiémimatory
and phase 2 proteins, such as heme oxygenase),(HOMD(P)H quinone oxidoreductaseNQOJ),
superoxide dismutasesS@QD1 SOD?2) , glutathione S-transferageq(l), glutathione peroxidaseGPx),
glutathione reductas&R) and catalaseJAT), which together are capable to regulate the leelledox state

by decreasing ROS levels [59, 60,193-195]. Notabkidative stress can up-regulate the rate-limiting
enzyme in GSH production (i.e. glutamate cysteigask) and also increases the expression and meebra
targeting of multidrug-resistance associated pnete(MRP1) export pump, thus facilitating the efflaf
GSH from astrocytes, which promotes a robust ptimeaesponse to the changing redox milieu [195].
Importantly, the accelerated ageing phenotype ofilS6- mice is correlated to increased cellular seeece
associated with high levels of circulating proinfilmatory cytokines, IL-i and IL-6, as compared to Wt
mice, suggesting that the accelerated ageing pyyeamathown by the Sodl-/- mice could result from
increased inflammation arising from an accelerasedumulation of senescent cells, thereby supporting
increased inflammation and increased pathologyegsf&atures of ageing [196]. Of significance, Sodl-
mice are more frail than controls, whereas pradectagainst oxidative damage by overexpression of

antioxidant enzymes, delays the onset of frailsguiting in beneficial outcomes [172].

Reportedly, in PD patients, the genetic associatichow that a functional haplotype in the
humanNFE2L2gene promoter, which confers a certain increaseairscriptional activity, is associated with
decreased risk and delayed onset of PD [197]. fignily, the Nrf2 signature in PD patient brain,

represented by expression of NQO1, and HO-1 iseqilated, suggesting a likely effort to activdte self-

defense Nrf2-ARE axis to combat oxidative stresscerbation [198 and section 6].

Within this scenario, a key feature of astrocytaroprotective properties, is the activation of N#2-ARE
anti-oxidant self-defense program, but this respagssharply impaired with age. Indeed, DA oxidativ
metabolism represents a vulnerability factor for p&thogenesis [8], whereby astrocytes play a atitic
antioxidant self-protective role. In fact, whileidative stress can up-regulate the expression tob@gic
NF-E2-related factor 2Nrf2), which translocates to the nucleus and binds r-cxidant responsive
elements, ARE, this response declines with ageetheg, these functions are critical for mDAn, wharle

known to be particularly vulnerable to oxidativargsge [8,199-201]. Then, in addition to the VBrtAtenin



signaling failure, also the Nrf2-antioxidant axal$, leading to accumulation of ROS/RNS, and aiiga
stress, which is either causally linked or assediawith numerous health problems including diabetes
cardiovascular disease, neurodegenerative congliti@dzheimer's, Parkinson's, and Huntington), thus
targeting Nrf2 has been suggested as a promise@butical avenue in neurodegeneration [51-53]. As
recalled in section 2, Nrf2-deficiency is implicdtén regulating proteasome activity via Nrf2-inddce
regulation of autophagosome cargo protein p62 [g6#Be defeat of the Nrf2/ARE axis also importantl

contributes to the overall dysregulation of protenal and autophagy functions observed in PD [197].

Of note, ageing-induced decline of astrocyif2-ARE axispromotes an up-regulated expression of major
microglial proinflammatory cytokines, such ablF«, IL1S, IL-6 and Nos2both at striatal [64] and SNpc,
[61,72,74] levels, in face of a down-regulationtioé anti-inflammatory IL-4 and IL-10, thus exacdiba
oxidative stress and inflammation with harmful cempsences for DAergic neuronal survival (reviewed in

next sections).

3.1.3. Environmental exposures, life style and tRegf2/Wnt-immune link in PD

Following the first and most highly compelling egitte revealing a profound parkinsonian syndroner aft
intravenous use of street preparations of meperidimalogs contaminated with MPTP, recently reviewe
Langston [24], an increasing number of environmleméairotoxins has been shown to affect astrocyte an
microglial functions, exacerbating oxidative stressl the production of proinflammatory mediators, v
down-regulation oNrf2/Wntsignaling axis, thus contributing to DAergic degeation [17-24,40,196,199-
203]. Furthermore, life style, especially physiaativity, but also dietary factors, alcohol or droigabuse
consumption, in both pre-natal or post-natal ldeg recognized to influence idiopathic PD, as amha

“exposomemarkedly impacts ilNrf2/Wntsignaling networkKigure 2).

Various toxicants such as herbicides and pesticidelsted to rural living/occupation in agriculture
implicated as risk factors in PD, as well as ceridiugs can affect glial cell function and manytloése
compounds recapitulate PD pathology in animal mo{204-206] Remarkably, environmental PD toxins
and pesticides downregulate tNef2/Wntf-cateninsignaling cascade in rodent, non human primate and

human PD, corroborating dysfunctional Watiatenin signaling in PD physiopathology [71].



Recently, the herbicide paraquat (PQ) was found induce astrocytic senescence and pro-
inflammatory senescence-associated secretory pfEndSASP), capable of damageing neighboring cells
[207]. By contrast, senescent cell depletion cargat against PQ-induced neuropathology [207]. & luzda
suggest that exposure to certain environmentahsogromotes accumulation of senescent cells ilagleéng

brain, which can contribute to dopaminergic neugeteration [207].

Also the hormonal background plays an additionadiutatory role in PD physiopathology. Hence, eaifig-|
stress is a risk factor for later life developmexit PD. Due to the physiological vital role of the
hypothalamic-hypophyseal-adrenocortical axis (HBAJ glucocorticoids (GCs) in restraining inflamroati
and oxidative stress, glucocorticoid receptor (GRficient astrocytes and GR-deficient microglia of
transgenic mice bearing from early embryonic lif&R-antisense RNA [208], fail to protect mDAn when
exposed to an immunologic or neurotoxic challendge to the blockade of the GR-mediated down-
modulation of oxidative stress and inflammatiorsuténg in exacerbated ROS and RNS [209]. Here the
altered crosstalk between GR and oxidative andanmfhatory signaling pathways (i.e. GR-bound GCs-
INOS/NO crosstalk) promotes increased mDAn vulndtpband mDAn death [209-211]. One of the
strongest identified risk factors for developmehtP® is male gender. The prevalence of PD in males
higher in most populations studied, and data oeadis incidence suggest that men have at least-Blavo
greater risk of PD at all ages [see see 212-214Rafd herein]. Interestingly, looking at gene espien
profiling in SN of female and male post mortem PRi, Cantuti-Castelvetri [212] documented thategen
upregulated in females relative to males are maimiglved in signal transduction and neuronal metian,
protein kinase activity, and Wnt signaling pathwa$?2]. Importantly, sex steroids, particularly egjens,
are important in protecting midbrain astrocytes amopaminergic neurons against oxidative and
inflammatory insult, whereas their abrogation itragen-deprived mice, exacerbates the vulnerakbility
dopaminergic neurons, via a dysfunctional astreayiteroglia-neuron crosstalk [213-215]. Of note, den
differences are also present in the sensitivityntist environmental PD neurotoxin including rotenane
MPTP. Hence, females displayed significant lossDéfergic neurons in the substantia nigra and less
inflammation when exposed to MPTP [213-216] or motee [217]. Also at higher doses of the neurotoxin,
females did show less inflammation, and less actation of a-synuclein and transferrin, possibly as a

result of preserved autophagy [217].



Thus, genetic factors interacting with early lifeests such as exposure to hormones, endotoxins or
neurotoxicants, modifying astroglial functions, nfayally influence disease predisposition and/oresiy

[17, 218-220]. As a consegence, an altered dialbgiereen the neuroendocrine and the immune systems
via the HPA and reproductive axes, during develogmmay irreversibly shape glial cells and «progsam
long-term effects in the mechanisms regulating imentesponsiveness to inflammation and oxidativesstr
[17]. In this connection, and most interestingliycadian rhythms and clock genes significantly ictpan
oxidative stress, thus playing roles on critical meostaic mechanisms, regulating lifespan,
neurodegeneration, and cancer, possibly via majaptave pathways, including the Nrf2-ARE and Vgnat/

catenin pathway, to foster cell survival duringunyj or block tumor cell growth [100].

Last, but not least, life style, espegiadhysical activity, but also dietary factors, dob or drug
consumption, besides others, are well known touérfte idiopathic PD and also impact Nmf2/Wnt
signaling Regarding physical activity, the hypothesis thegrcing promotes health and longevity is well
recognized by earlier and more recent studies \@swed by Vina and coworkers [171-174]. Hence, the
effects of exercise in health, have been repoxeddveral physiopathological conditions includagging,
osteoporosis, diabetes, depression, atherosclesndiPD [173-175, 221-228]. Given its role in radgc
ageing-associated “fraility”, exercise has beerppsed to be considered as an important supplemener
treatments for improving healthy ageing [173,1H8ving also beneficial effects in modifying the méul
neuroimmune responses [175]. Currently, exercisacieasingly being considered to be a complemegntar
strategy to PD medications [see 224]. Notably, maysactivity appears particularly important to dumgh
mitochondrial alterations and oxidative stress gbuating to PD progression, and also to reducerigieof
PD, having positive impacts on both motor and nailmmsymptoms of PD [229,230]. Importantly, emerging
data increasingly link Nrf2-mediated redox adaptadito beneficial effects of exercise, with thispense
being significantly impaired with age [223,232].pEsially, physical activity during/following exess

affect the Wnt signaling path of the locomotor eyps{233].

Notably, exercise activates Nrf2 antioxidant systerprotect the nigrostriatal DAergic neurons frbfRP*
toxicity [225]. Hence, while the neurotoxin MPP+dirced early decreases in total glutathione level an

Nrf2/yGCLC (catalytic subunit of GCL) expression, treadmill exercise for 4 weeksioetl upregulation of



Nrf2 and yGCLC expression, and also prevented the MR&uced nigrostriatal DAergic degeneration.
Accordingly, the protective effect of exercise wascked by the knockdown of Nrf2 using a lentivirus
carried shNrf2 delivery system, supporting an etiglenole of Nrf2 in the exercise-mediated DAergic
protection against the MPfhduced toxicity [225]. Using the 6-hydroxydopami(6-OHDA) rat model of
PD, Chuang and co [225] evaluated the effect afdmall training and observed improved performante o
gait parameters and also reduced methamphetandoeed rotation. Importantly, this training improved
DAergic neuron viability associated to the recovefynitochondrial function, mitigating oxidativersss in
PD rats. The mechanism has been suggested to ddated with the facilitation of mitochondrial tuver,
including facilitation of mitochondrial fusion, 8&n, and clearance accompanying increased qusnbfi
mitochondria [226]. Finally, exercise, enriched iemwemt and dietary factors, modulate brain maiatee
and plasticity including neurogenesis, synaptogsnenhanced metabolism and angiogenesis, at ileast
part via a beneficial modulation of oxidative sfemflammation and Wnt signaling with consequédfeat

on neuronal survival, behavioral and cognitive fiors [65, 73,223, 234-236]

Therefore, an ever-growing panel of harmful anddfieral environmental factors can modulate the oesge
of the nigrostriatal DAergic system to basal gamghjury, via a major impact on the Nrf2-mediated

response to oxidative stress, and Wnt/inflammatascades.

All together, gene-environment interactions mayel& vicious cycle of oxidative stress and inflartiora
Notably, such feedforward cycle of chronic gliaieation and persistent damage of dopaminergic meuro
are likely to play a decisive role for the seveutynigrostriatal DAergic lesion and the overaltrifeental
effects upon SNpc neurons, including their capaddy neurorescue/neurorepair. Within this frame,
astrocytes can either cooperate with microgliaxaxerbate M1 phenotype and the consequent neucdioxi
or in the contrary, they can downregulate microgl@ivation, to support the imperilled/dysfunctibna
DAergic neurons and activate intrinsic cues forropair/neurorestoration. Yet, the factors deterngni
whether astrocytes will assume a beneficial or fidrphenotype are actively investigated, as reviue
next sections. The good news is the plasticity lu§ tintersystem crosstalk and the possibility to
revert/rejuvenate the dysfunctional neuron-glia samication network to promote neuron survival and

functional rescue in PD-based models (reviewedki sections).



4. Glia-neuron crosstalk links neuroinflammation to dopaminergic neuroprotection/repair in PD: old
and novel actors

4.1. The glial world of harmful and beneficial mealiors

Astroglial cells have been increasingly recogniasdmportant regulators of brain function and dseaa
bidirectional interactions with neurons [237-24Mbtably, neurons and glial cells communicating vétth
other by an array of molecules (e.g., neurotrariemit neuromodulators, neuropeptides, neuroimmune
regulatory molecules) can enhance or inhibit nealreminerabilty against various noxious stimuli, igh
poses the “To be or not to be inflammed” dilemmd][Astrocytes and microglia can protect neurons by
scavenging radicals and glutamate, by harboringptecs for endogenous antiinflammatory moleculgs, b
providing energy support, trophic factors, and tpotive’ cytokines, by stimulating neurorepair alsp
activating neurogenesis by expressing neurogemioifa Especially, “resting” microglia thanks to their
ramified protrusions continuously scann the neurani&roenvironment representing the most dynamic

surveillants of brain parenchyma in vivo [245-248].

As summarized in previous sections, according ¢optysiopathological condition, the genetic backg
together with a panel of environmental factors,agsttes and microglia loose their neuroprotectivections
and turn into an “harmful” proinflammatory phenogypo PD injury. Accordingly, a wide number of
preclinical researches demonstrates that antiimfiatory treatment may be effective to ease PD sympt

[17,39,169,183-187,249,250].

However, whether neuroinflammation and oxidativeest can be considered as contributors to, or
theconsequence of neurodegeneration, still remairisetdefined. Notably, astrocytes and microglialscell
are pivotal in modulating the stem cell niche thaimote neurogenesis, including the survival arhtitly

of neural stem/progenitor cell (NSC)-derived mDAmereby regulating adult NSC plasticity in neuragen
niches in the PD brain, but these functions arepdhalownregulated with the ageing process and PD
degeneration with harmful consequences for mDAnu&sepair [73]. Recent investigations have pravide
substantial evidence that a proinflammatory migedglytokine cocktail containing TNE; IL-1a and Clga
reprograms a subset of astrocytes to change thxpiression profile and phenotype, thus becoming

neurotoxic (designated as Al-astrocytes). Knoclwuantibody blockage of the three cytokines abolish



formation of Al-astrocytes, therefore, this pathwayof high therapeutic interest in neurodegenesati

diseases [251].

Hence, accumulating evidence clearly indicatesathibty of astrocytes and microglial cells to exeritical
neuroprotective and neuroreparative functions. Tlastrocytes harbor a powerful arsenal of neurbimp
and neuroprotective antioxidative molecules and roteaphic factors, and express receptors for
neurotransmitters, cytokines, chemokines, and hoesion cooperation with those produced by microglia

[252-257].

Activated astrocytes can support neuron survival @tovery of their synaptic input following modeera
neuronal damage [256,257]. Astrocyte inflammatagnaling through STAT3 plays a crucial role in thes
repair mechanisms, and is a hallmark of the privtechstrocyte phenotye [255-258]. Especially, the
relationship between reactive astrocytes and miierag bidirectional, with astrocyte activating moaglia
acting onto the astrocytes to modulate the extérthe® inflammatory response, and microglia, in turn
activating both neuroprotective or detrimental patis for the neighbouring neurons, according togiied
genotype and a plethora of environmental factorstably, a prolonged dysfunction of astrocytes and
microglia activation have been shown to acceletatge degeneration of SNpc dopaminergic neurons,
blocking the compensatory mechanisms of neuronaireduring early dysfunction induced by 6-OHDA
lesion in rats [259]). Reportedly, the M2 polarizedcroglia associates with the production of anti-
inflammatory cytokines (e.g., IL-4 and IL-10), netrophic factors (e.g., BDNF and IGF-1), and

extracellular matrix proteins (e.g., fibronecti@pp].

In the last decade, several lines of evidence editd Wingless-type MMTV integration site (Wift)/
catenin the Wnf-catenin signaling, a chief player in dopaminengeurodevelopment [67-71,261], as an
emerging pathway involved in bidirectional astr@sgeuron crosstalk contributing to dopaminergicraeu
survival. Astrocytes are known to release varioegian specific signaling molecules, such as sonic
hedgehog (Shh) and Wnts, which may interact wittheathers to dictate the neurogenic behavior in the
adult CNS [262-266]. Importantly, astrocytes hawsotal roles for defining the stem cell niche. Henc
E13.5 VM astrocytes, but not cortex (Cx) astrocytgress Wntl and Wnt5a and different DA-specific

transcription factors such as Pax-2, En-1, and 28ad increase the differentiation of VM embryonic



precursors into tyrosine-hydroxylase positive (THheurons,in vitro, suggesting that VM astrocytes

constitute part of the neurogenic niche that plagyarole in VM-DA neurogenesis [73, for review].

5. Astrocyte-derived Wnt signaling and the NRf2/ARKis orchestrate resilience of DAergic neurons in

PD

5.1.1. Wntl is a bidirectional signal for neuron suval and immunomodulation in basal ganglia injuice

mice

In the MPTP-based mouse model of basal gangliaying wide gene expression analysis of 92 mRNA
species involved in inflammation, immunity, stenms)eself-renewal, dopaminergic neurodevelopment, and
dopaminergic metabolism, indicated a major uprdgmaof certain pro-inflammatory chemokines, i.e.,
CCI3, CXCI10 and CxCllland a specific member of the Wnt signaling cascadée Wntl, during
neurotoxin (i.e, MPTP)-induced nigrostriatal degetien and self-recovery, suggesting Wnt signaiisgn
intrinsic response to dopaminergic neuron injurg][8n situ hybridization histochemistry demonstrated
colocalization ofWnt1with reactive GFAPastrocytes within the MPTP-injured midbrain asstiogato the
rescue of the imperilled/dysfunctional nigrostriateeurons [61]. Additionally, increased/ntl. mRNA
transcription was detected in astrocytes deriegdvivofrom MPTP-injured midbrain, and chemokine-

activated astrocytes express#dtl in vitro (Figure 4).

Of specific interest, another chief actor of Vatatenin signaling, GSKf3 was over-expressed both
preceding and during the active phase of DAergignéneration together with the up-regulation of the
active protein, pGSK-3-Tyr216 [61,62]. Such an owexpression and increased protein levels
corresponded to the peak of DAergic degenerationSMpc, and correlated to DAergic striatal
degeneration, striatal DA uptake levels and motdicd as revealed by behavioral analyses [61,6%2].
the other and significantly, the time-dependentdaisemical and functional recovery of nigrostriatal
DAergic neurons associated with a time-dependerntegplation of principal Wnf-catenin signaling
components, in face of a marked downregulatiorctff@a GSK3g, both at a gene and protein expression
levels within the SNpc [61].The previous evidentat WWnt signaling may be reinduced in the adult CNS

after injury [267], coupled to earlier findings sting Wnt's expression in astrocytes both during



development and in adult brain [268-269], then sstgd a potential glial compensatory mechanism
implicated in dopaminergic neuroprotection and/eunorescue [61]. We then hypothesized that such a
mechanism might contribute to the recognized c#épacf nigrostriatal neurons to mount a
compensatory/self-adaptive response upon injurg, [iter,178,270-273]. In fact, astrocyte and micieogli
activation, including the expression of proinflamorg cytokines and neurotrophic factors during
dopaminergic nigrostriatal recovery upon injury aesreviously underlined [274-277]. Strikingly, a
persistent increase of GFARstrocytes in VM, and a robust GFABtrocyte-TH neuron crosstalk
characterized the nigrostriatal DAergic recovenagsh as evidenced by biochemical, molecular and
motor behavior data [61]. Especially, the remarkaliH’ fiber sprouting and GFAP-to-TH neurons cell-
to cell contacts, accompained nigrostriatal neyraire which persisted long after MPTP ins(Figure

5).

Intuitively, the astroglial cell compartment appshra critical actor for mDAmesilience as many
adaptive changes occuring at this level serve ¢ease the defense against oxidative stress, teweed
inflammation, to improve mitochondrial performante,increase neurotrophic support, and to activate
adult neurogenesis [240, 274-278, and Refs in pusvisections]. Activation of endogenous
compensatory mechanisms is recognized to maskfti®baoefore the appearance of the first clinical
symptoms [274], which raises the possibility thame individuals with PD suffer from a reduction of
these neuroprotective mechanisms and that treasmidwatt boost these mechanisms may provide
therapeutic benefit [272]. The striking increaseasfrocyte’sWntl and microglial-derived chemokines,
CCI3, CXCI10 and CxCl1Xurther linked reactive astrocytes and \Brtatenin signaling to nigrostriatal
injury/and repair, and suggested astrogdliaitlas a novel compensatory rescue signal for meskalep
DAergic neurons [reviewed in 43]. In support ofitairole of WntS-catenin pathway, pharmacological
activation of Wnt signaling by in vivo treatmenttivia specific GSK antagonist efficiently mitigated
nigrostriatal dysfunctions, both at the SNpc amdhistl levels, and reverted the MPTP-induced motor
dysfunction observed in ageing mice [61,62].

Corroborating a pro-survival role for Wpttatenin signalingjn vivo, antagonism of Wntl signal
transduction by blocking Fzd1 receptor with Dkkjeation in the intact young adult SNpc, sharply

reduced dopaminergic neuron survival [62], inditgitastrocyte-neuron crosstalk via Wnt signalingas



potential astrocytic neuroprotective mechanismhig adult midbrain [61,62]. Several lines of evidenc
then supported these vivofindings, as Wntl was reported to exert robustoyrotective effects iniri
vitro” PD cellular models (i.e., primary mesencphalic Bfi@ neurons, expressing the dopamine
transporter, DAT, and exposed to diferent oxidasitressors and specific PD neurotoxins, such astMPP
and 6-OHDA) [62], whereas knocking down of eitlffiecatenin or Fzd-1 receptor [62] resulted in the
abrogation of neuroprotection. These findings usdaned that Fzd receptors affidcatenin are
‘physiological check-points’ for DAergic neuron sival, and corroborated the possibility that asliedg
derived Wntl might provide a compensatory mechamistimit the degenerative process and/or activate

the spontaneous SNpc self-repair program, as oddérvvivd' [61,62].

So far, a wide panel of conditions affecting midbrdopaminergic neurons in rodent models of basal
ganglia injury have shown to strongly impair camahiWntf-catenin signaling, while an increasing number
of pharmacological, immunomodulatory agents, anlll tberapies affording neuroprotection have been
recognized to activate the canonical V@rtatenin signaling pathway, promoting DAergic neescue and

immunomodulation, and counteracting the impairnameurogenesis in PD injured brain [summarized in

section 6.1.2].

Of special interest, Wnt signaling also cifmites to the modulation of inflammation in thedimiain via
bidirectional glia-neuron crosstalk, thus providmguroprotection also via immunomodulation [65]neke,
atrocytes and macrophage/microglial cells in tharhrand immune cells in the periphery express Vants
harbour a panel of Wnt's receptors thereby modudiith an autocrine/paracrine fashion immune resggmns
both at central and peripheral levels [65,280-288}urn, Wnt receptors are present in glial caltsl Wnt
ligands can exert both anti- and pro-inflammatoffeas. Then, when microglia is activatedvivo by
MPTP exposure and acquires the M1 phenotype, esipresevels of cytokines (TNE-and IL-18) and
chemokines, together with the concurrent generafdROS and RNS, are rapidly and robustly upregalat
as a result of NikB induction Figure 6). MPTP also induces upregulation of the pro-infizetory GSK-
3B that further exacerbates microglial reaction [833,94,289]. Reportedly, the NdB and the Wnf-
catenin pathway interact to differentially regulatdlammation, with GSK-B playing a central role in

between(Figure 6). While GSK-3 is a negative regulator @fcatenin, it positively regulates N& by



targeting IkB, the major inhibitor of NkB, to proteasomal degradation [65,93]. On the otheard, -
catenin itself can form a complex with the p50 subaf NF«B, thereby preventing NkB transcriptional
activity. The complexity of Wnt's immunomodulatids further underscored by the proinflammatory rafle
the non-canonical Wnt5a, which constitutes one part of a self-pegtelg cycle, via autocrine
Wnt5A/CamKIl activation and paracrine stimulatiohTehelperl (Th-1)- cytokines, inducible nitric obe

synthase (iNOS) and cicloxygenases (COX2) [280-288]

5.1.2. Nrf2/HO-1/NF«#B/Wnt crosstalk restrains astrocyte-microglia exabated proinflammatory

phenotype in PD

Within the Nrf2-ARE axis,HO-1 is a key mediator of cellular adaptive (i.e. axant and anti-
inflammatory) responses [59,193,194]. This proisiinduced by hypoxia, cytokines, and oxidativesst
amongst other factors. HO-1 is itself an antioxtdarotein that protects cells from oxidative damdgye
downregulating ROS levels. In turn, HO-1 plays avdaegulatory role in NkeB nuclear translocation,
thereby downmodulating NkB-dependent proinflammatory cytokine expressior0]2%herefore, astrocyte
upregulation ofHO-1 during oxidative stress and inflammation represeat critical regulatory level,
whereby astrocytes can mitigate M1 exacerbatedqgifpea and the heighthened levels of proinflammatory

cytokines Figure 6]

Besides, HO-1 indirect modulatioWNrf2-NF«B interplay is recognized to contribute to regulatiof
immune response under oxidative stress and inflaramaimed at counterbalancing the exacerbated
inflammation. Of specific mention, Nrf2 and NiB- are central transcriptional activators and Keapd
IkB-a are regulatory proteins which induce proteasonegjradation of these transcriptional factors under
stress conditions [291]. Interestingly, duringlanfimation, botiNrf2 andNF-xB are coordinated effectors
of the Rho family, GTP-binding Protein RAC1, a na&dr in the execution of the inflammatory innate
program, including NADPH oxidase-dependent produrctif ROS [291]. Hence, adding a further level of
control, RAC1 can induce the anti-inflammatoxyf2/HO-1 pathway. Additionally, NReB activity is
induced by active RAC1, and in turn, Nrf2 can madielthis effect, thus uncovering a new mechanism of

regulation of inflammatory events trougfiRAC1/NRF2/HO-Bxis [291].



Of note, aged microglia over-expressing ROS, RN8 anpanel of proinflammatory cytokines, when
challenged with inflammatory and/or neurotoxic tdades, also exhibits up-regulated GSKHidvels in face
of B-catenin downmodulation [72]F{gure 6). Here, astrocyte-microglia dialogue is likely ptay an
important restraining role, via botlirf2-AREaxis activation and vi&#Vntimmunomodulation. Accordingly,
activation of Wnt signaling with either GSK33antagonists, or astrocyte-derived Wntl resultsain
significant reversal of oxidative stress and inftaation, both in vivo and in vitro [72]. Additiongll given
the high sensitivity of microglial cells to Nrf2 ta@tion, astrocyte Nrf2-ARE signaling further prde a

down-regulatory mechanism to shut down inflammagkigure 6).

Together, a close interrelationship between NrfZEARVNt signaling and glial pathways are at play and
collaborate to monitor oxidative stress and inflaation, to maintain and protect the vulnerable DAezogll

population, via bidirectional astrocyte-neuron asttocyte microglia reciprocal crosstatkdure 6.

5.1.2 Resilience of Nrf2-HO1/Wngtcatenin neuroimmune axis shape DAergic neuron giagy in PD

With age, the described failure of the astrocytid2Mintioxidant axis response upon inflammation and
oxidative stress dramatically impact in VM astr@epticroglia-neuron interactions. At the SNpc level,
ageing-induced decline of astrocytitf 2 gene expression promotes an up-regulation of nmjoroglial
proinflammatory gene transcripts, suchTasF, IL13, IL-6 and Nos2both at striatal [64,187,188] and
SNpc [61,65,72,74] levels, exacerbating oxidatitess and inflammation. Concurrently, Wsatatenin
genes are sharply downregulated in face of an gpegssion of endogenous Nrf2- and Wnt-antagonist
genes, including, the expression of GSK-8everal Dickkopf (Dkk) and the Fzd-related membsFRPS),
whose proteins are able to bind to Wnts directiystinhibiting Wnt signaling transduction afdtatenin
nuclear translocation and trancriptional activit{74] Figure 7). Particularly, ageing and MPTP exposure
downregulated the antioxidant gem#)1, together withSOD1in the aged MPTP-injured VM as compared
to younger and saline-treated counterparts, undengcthat with age, failure to activate an antidant self-
defense response to the MPTP challenge contritatedAn death [74]. Further evidence for such &fai
with age and MPTP exposure was the observationttiganicotinamide adenine dinucleotide phosphate
(NADPH) oxidases, Nox2, a predominant oxidase famember expressed in astrocytes [201], both the

MRNA and protein level, were robustely up-regulabydan almost 3-fold over non MPTP-treated aged



(saline-injected) mice, supporting failure Mff2-HO1 and Wntj3-catenin axis with age and basal ganglia

injury as pivotal factors for mDAnN degeneration,[74] (Figure 7).

Accordingly, when VM astrocytes from aged-MPTP-teghmice were isolatedeX vivo”, their metabolic
activity showed a significant reductis saline-treated counterparts, in line with the gptation of both
ROS and RNS produced by VM astrocytes derived faged and MPTP treated mice [74]. By contrast, the
specific INOS-NO inhibitor, L-Nil, efficiently coueracted the sharp increase in oxidative and raitinzes

stress of aged astrocytes, with beneficial effeanitochondrial reductase activity [74].

Given the decline of astrocyte-derived Wnts witle,age asked whether Wgitatenin signaling activation
might affect the exacerbated redox status of agsio@tes. Remarkably, we found a significant
counteraction of both ROS and RNS up-regulationnW\ntf3-catenin signaling was activated by treament
with a specific GSK-B-antagonist, in turn resulting in increased ast®eyetabolic activity [74]. Thus, the
exacerbated oxidative/nitrosative status of astescyrom aged MPTP-injured SNpc can be reversed by
activation of Wnt signaling. In turn, this resultiedincreased of Nrf2-antioxidant gene expressiriving a
switch in the proinflammatory and oxidative SN moenvironment towards and A2 and M2 anti-

inflammatory, neuroprotective phenotype [7Bigure 7).

All together, these findings argue in favour ofipeccal astrocytes/microglial/neuron interactioasd
implicate resilience of theNrf2/HO1/WntS-catenin axis as a critical mediator in promoting

neuroprotection.

Regarding neurogenesis in PD, the role Wht/Nrf2 signaling pathways in subventricular (SVZ),
hippocampal subgranular (SGZ), and midbrain peueagctal NSC niches of the adult and ageing bra h
been recently reviewed and the contribution ofdkacerbated oxidative and inflammatory status withe
ageing niches expanded to the decline of astrogiteédependent regulation, ultimately leading to NSC

neurogenic impairment and loss of NSC plastici¥ fjar an extensive reviewl].

[73]. As highlighthed in this article, Wnts andetltomponents of Wifi/catenin signaling are not only

widely expressed in the adult niches, but most mambly they respond to MPTP injury and are reqliie



trigger neurorepair programs in MPTP-induced PDhkikato the “Wnt/immune crosstalk dialogue” with
glial cells in strict collaboration witiNrf2/HO1 axis, as a means to boost neurogenesis promotidynm
neurorestoration [63-66]. Particularly, ageing-degent mitochondrial dysfunction in synergy with
neurotoxin exposure negatively impact on the agtrodNrf2-driven HO-1 response within the SVZ niche
[63-66,73]. Remarkably, this process, resultingrfran age-dependent dysregulation of astrocyte-jiero

interactions, can

6. The Therapeutic Impact: a Glial Avenue for Nigrestriatal Resilience in PD?

From the presented findings, astrocytes, she-shapedcells, extensively interacting with neurons and
microglia, are at the forefront of neurorescue rampair and regeneration therapies. In particadprain
astrocytes are uniquely positioned to drive newtgative and regenerative programs in PD. Therefore
targeting not only diseased neurons, but spedyficalanipulating astroglial cells may provide a new
approach for drug development for the treatmemeafrological diseases, as PD [293-299p(re 8). As
herein reviewed, an increasing number of studid&@tes the possibility to convert the hostile @sjte’s
and microglial midbrain environment to rescue thjgried mDAns harnessingrf2/Wntsignaling, by either
molecular or pharmacological correction of gliall termful phenotype, to improve neuronal surviead
promote DAergic neurogenesis. Astrocytes may bgetad with existing and novel-anti-oxidant, anti-
inflammatory, and anti-apoptotic drugs, serving@asperones” to promote optimal recovery, and nay a
be replaced by exogenous cell transplantation oinbyeasing the production of endogenous astrocyte

precursors, as herein discussed.

6.1. Harnessing the Nrf2/Wnt signaling axis in PD

6.1.1. Astrocyte-specific overexpression of Nrf4adrf2 activators to fight PD

Following the earlier studies of Vargas and co [3@@oducing the therapeutic potential for astitedyrf2
activation to mitigate neurodegeneration in experital models of familial amyotrophic lateral sckiso
(ALS), several reports focused on the ability ofr@syte-Nrf2 to counteract PD neurodegeneration in

various experimental models of the disease. Ushamsgenic mice over-expressing Nrf2 selectively



in astrocytes, the authors showed the ability of f2Mistrocytes to reverse the toxicity
of astrocytes expressing ALS-linked mutant hSODlenvltocultured with motor neurons. This effect
resulted from increased glutathione secretion fastnocytes. The authors suggested that
Nrf2 activation in astrocytes is a viable therapetarget to prevent chronic neurodegeneration J[3@0the
alpha-synuclein mutant (A53T) mouse model [200JcréasedNrf2 selectively overexpressing Nrf2
in astrocytes (GFAP-Nrf2) delayed the onset an@redéd the life span of the hSYN(A53T) mice, which
correlated with increased motor neuron survivatluced oxidative stress and gliosis [200]. Furtheemo
Nrf2 in astrocytes delayed chaperone-mediated autopdnadjynacroautophagy dysfunction observed in the
hSYN(A53T) mice, indicating thafNrf2 in astrocytes provides neuroprotection against N@&B3T)-
mediated toxicity by promoting the degradation 8fYIN(A53T) through the autophagy-lysosome pathway
in vivo [200]. Interestingly, the study of Skibinski anohworkers [132], further expands the biologicakrol
of Nrf2 in neuroprotection,by showing its ability to mitigate LRRK2- and a-Syn-induced
neurodegeneration hyotently promoting neuronal protein homeostasg2]1Here, Nrf2 reduced PD-
associated protein toxicity and activated distimegichanisms to handle different misfolded proteit22].
Nrf2 decreased steady-state levelsoebyn in part by increasing-Syn degradation. In contrast, Nrf2
sequestered misfolded diffuse LRRK2 into more iasld and homogeneous inclusion bodies [132].
Together,both astrocyte-dependent and neuron-spehbiffé mechanisms are at play in improving
neuronal survival against PD toxicity caused byhbututant LRRK2 and-synuclein.

In the study of Sigfridsson et al. [301], astreegpecific overexpression biif2 can protect against optic
tract damage and behavioural alterations in a mows#el of cerebral hypoperfusion. Here, transgemae
overexpressin§lrf2 (GFAP-Nrf2) and wild type littermates were subgetto bilateral carotid artery stenosis
or sham surgery. The results of the study showed while pro-inflammatory gene expression was
significantly upregulated in the optic tract of loygerfused Wt mice, in Tg mice, overexpressioiNd® in
astrocytes repressed inflammation, supporting thiternpial use of Nrf2-activators in the amelioratioh
cerebrovascular-related inflammation and white enategeneration [301].

A vast panel of Nrf2 activators are being studikdnks to their ability to modulate all critical mbA
processes and to maintain mitochondrial homeostasiseurons [51-53 and 302-304]. Hence, Alarcon-

Aguilar, et al. [305] determined if cortical astytes derived from old rats are able to respontéttbuthyl-



hydroquinene (tBHQ pretreatment to stimulate the Nrf2-antioxidanspense pathway thus inducing an
antioxidant strategy against MPxicity. This study showed an age-dependencystroayte susceptibility

to MPP toxicity, and further reported that a pretreatmeith tBHQ efficiently transactivated\rf2,
increasing antioxidant enzymes and developing leellprotection [305] Synthetic triterpenoids (TPsjre
robust activators olrf2 activity. Using a novel Neh2-luciferase report€ajdery et al. [306], showed that
TP upregulated a number of cytoprotective geneduding those involved in glutathione biosynthegis,
vitro. When structurally modified to penetrate the brdiR-induced messenger RNA and protein levels for a
battery of Nrf2-dependent cytoprotective genes [30®is effect associated to reduced MPTP-induced
oxidative stress and inflammation, and amelioratExpaminergic neurotoxicity in mice [306]. The
neuroprotective effect of these TPs against MPTWRatexicity was dependent on Nrf2, since treatnweitt

TP in Nrf2 knockout mice failed to block against WHP neurotoxicity and induce Nrf2-dependent

cytoprotective genes [306].

Dimethyl fumarate (DMFE)a drug already in use for the treatment of midtigclerosis, was shown to
increase nuclear levels of actidef2, with subsequent upregulation of antioxidant tagganes and to reduce
the 6-OHDA-induced neuronal death in mice, in vigod in the human DAergic cell line SH-SY5Y, used a
an in vitro model of the disease [307]. These ¢dfessociated with a reduction of ROS induced @&-by
OHDA treatment. By contrast, treatment withif2 siRNAfailed to block 6-OHDA neurotoxicity in SH-
SY5Y cells [307]. By alkylating cysteine residueskeap1lDMFO disrupts the interaction between Keapl
and Nfr2, in turn resulting in Nrf2 translocatiamthe nucleus and activation of mitochondrial biwegs in
multiple sclerosis [307] and MPTP-induced modeP&f. Recently, pharmacological targeting of Nrf2 was
tested in rodent after stereotaxic injection obrabinant adeno-associated viral vector expressimgaimo-
synuclein, showingi-synucleinopathy, mDAn death, oxidative stress, aedroinflammation [198]. Here,
DMF, protected mDAns againstSyn toxicity and decreased astrocytosis and miisig, whereas the
protective effect was not observed in Nrf2-knockmite [198]. Importantlyin vitro studies indicated that
DMF-induced neuroprotection associated with altesgilation of several autophagy markers with aft'sh
in microglial dynamics toward a less pro-inflammgt@nd a more wound-healing phenotype” [198].

Supporting the critical role of an efficient Nrf2ig, in postmortem samples of PD patients, the



cytoprotective proteins associated with Nrf2 expi@s, NQOL and p62, were partly sequestered in Lewy

bodies, thus supporting impaired neuroprotectiyEcay of the NRF2 signature in PD [198].

The molecular mechanism of DMF action was furthiedied in mouse hippocampus, and shown to involve
KEAP1 but also PISK/AKT/GSK-3-dependent pathways5]]9 Reportedly, DMF modulates TAU
phosphorylation, neuronal impairment measured llyiredin-D28K and BDNF expression, as well as the
associated inflammatory processes involved in gktsis, microgliosis and pro-inflammatory cytokine
production, thereby highlighthing neuroprotectiVieets of DMF via crosstalk of the KEAP1/NRF2/GSK3

signaling [95].

[5-(3,4-Difluorophenyl)-3-(6-methylpyridin-3-yl);2,4-oxadiazole], is a novel Nrf2 activator targgtthe
brain, that has been recently shown to protecnagdMPTP-induced subacute Parkinson's diseasece loyi
inhibiting the NLRP3 inflammasomé vivo, and to protect PC12 cells against oxidative stf8$0]. Here,
DDO-7263 improved the behavioral abnormalities ceth by MPTP in mice, significantly attenuated
MPTP-induced Daergic neuron death in SN and striatassociating with a downmodulation of
inflammatory markers [310]. In a cellular systenC{R cells) widely used as an in vitro cell cultumedel
for PD, DDO-7263 was able to promote neuroprotectigainst HO,-induced oxidative damage via the
activation of Nrf2-ARE signaling pathway and thehilrition of NLRP3 inflammasome activation,

suggesting a therapeutic potential for this nouwd2 Mctivator [310].

Tauroursodeoxycholic aciTUDCA) has been shown [311] to prevent MP&nda-Syn-induced oxidative
stress, through Nrf2 activation, in vitro, in humAergic cell (SH-SY5Y cells) model and in vivo, ihe
MPTP mouse model of PD, TUDCA treatment increasedexpression of Nrf2, Nrf2 stabilizer DJ-1, and
Nrf2 downstream target antioxidant enzymes HO-1 @i, suggesting that TUDCA may be a promising

agent to limit ROS-mediated damage, in differendets of PD [311].

Tert-butylhydroquinondtBHQ) enhanced angiogenesis and astrocyte aictivétirough Nrf2 pathway in
mice with permanent distal middle cerebral arterglasion (AMCAO) [312]. tBHQ significantly reduced
the infarct volume, enhanced post-stroke angiogemesl astrocytic endfeet covered ratio in the-jrearct

area [312]. The Nrf2/HO-1/VEGF pathway was actidaby tBHQ in the angiogenesis process, but not in



Nrf2” mice, where the Nrf2 deficiency blocked the effectf tBHQ on angiogenesis process and

neurological recovery indicating a beneficial effetactivating Nrf2 pathway after cerebral ischarfd@12].

Matrix metalloproteinase (MMP)-8 inhibitprM8I, can control neuroinflammation in lipoteichoacid
(LTA)-stimulated rat primary astrocytes [31BJere, treatment with LTA, a major cell wall compohef
Gram-positive bacteria, led to astrocyte activaionl induced the expression of inflammatory molkesul
such as iINOS, COX-2, and pro-inflammatory cytokjres well as MMP-1, MMP-3, MMP-8, MMP-9, and
MMP-13 in rat primary astrocytes [312]. M8I inhibit LTA-induced NFRe¢B, MAP kinase, and Akt
activities, while it increased the anti-inflammatd?PARy activities. Moreover, M8l showed antioxidant
effects by suppressing ROS production in LTA- gDHstimulated astrocytes. M8l increased the exprassio
of phase Il antioxidant enzymes such as hemeoxggebaNQOL, catalase, and MnSOD by modulating the
Nrf2/ARE signaling pathway [312]. Reportedly, seaddrf2 activators regulate mitochondrial biogeséni

different tissues and model systems, as recentigwed by Gureev and coll [304, 313].

Piperine analoguesctivativating the Nrf2/keapl pathway have bearemdy identified and optimized by
Wang et al. [314], evaluated as neuroprotectaninagaydrogen peroxide @8,) induced damage in the
neuron-like PC12 cells. Among these analoguesxBibied the most potent protection afforded bygehd
antioxidant enzymes, such as HO-1 and NQO1 aatiwvaf814]. Inin vivo study, oral administration
attenuated PD-associated behavioral deficits in MHHuced mouse model of PD and protected TH
dopaminergic neurons. These results provided evilémat compund “3b” might be a promising candidate

for Parkinson's disease treatment [314].

6.1.2. Harnessing astrocyte-derived Wnt and V@ntatenin activators in PD experimental models “in

vivo” and “in vitro”

Notably, astrocyte-derivedVnts can rejuvenate the microenvironment thus promotiegroprotection,

immunomodulation, and activates DAergic neurogendsuring ageing and inflammatory conditions,
endogenous astrocytes reduce Wntl expression tpdbigir neuroprotective functions against MPP
induced DAergic neuron death. Hence, co-cultureth wiged-astrocytes induced an inhibition of “TH

neurons and DA uptake levels compared with co-oaltwith young-astrocytes [61,62,72,74], which



promoted instead a significant increase in* Ti¢uron survival and functionality, as a resultVeéht1/3-
catenin signaling activation [66, 72,74]. Youngrasytes pre-treated with TNl + IL-13 or conditioned
media from aged-microglia significantly decreasethbl’H" neuron survival and DA uptake levels, whereas
aged-astrocytes pre-treated with CCL3 + CXCL11, chwinduced an increased expression of Wntl,
efficiently counteracted the MP#hduced reduction of TH neuron survival and DAakgt [72]. In stark
contrast, pre-treatment of neurons with the Wnagaist, Dkk1, inhibited these effects, therebypsupng

that astrocyte-derived Wnfittatenin signaling contributed to TH neuroprotet{io2].

Studies in human NSCs implicated Wnt activatiommeurotrophin-induced NSC growth, as Yang et al.
[315] showed the ability of BDNF to promote therogth via GSK-B-mediated crosstalk with the Wg#/
catenin signaling pathway, and Li et al. [316] ilveal the contribution of the PISK/Akt/GSKBB-catenin
pathway in BDNF-induced neuron and NSC growth. Glaorating these studies, cultured rat midbrain
astrocytes abundantly expressing Wnts, spondinfPXO¢3), a secreted protein of the R-spondin family,
which activates Wnfi-catenin signaling, by preventing clearance of #hézzled—LRP-Wnt receptor
complex promoted DAergic neurogenesis from embiyqiiil0) VM precursors [317]. Additonally, a
number of anti-inflammatory cytokines and multi@atioxidant genes was upregulated in the cultured
astrocytes [317]. Of specific importance, the fdrddurrl+Foxa2 expression in VM-astrocytes further
promoted the astrocyte-mediated dopaminotrophiorst[317]. Hence, VM-astrocytes transduced with
Nurrl+Foxa2-expressing lentiviruses a greater n@otective ability, as THneurons were more resistant to
the toxic insult induced by 4@, treatment than differentiated TBIA neurons cocultured with the control-
astrocytes [317]. Consistently, significantly geraintracellular glutathione levels were manifestedhe
Nurrl+Foxa2-VM-astrocytes compared with the contdll-astrocytes, in accord with the upregulated
secretory ROS scavenging fact@®sd3andGpx3 ROS levels in mDAns [317]. These findings colileety
indicated that the enhanced ROS scavenging capacitiv-astrocytes by Nurrl+Foxa2 also contributed t

VM-astrocyte—mediated neuroprotective actions [317]

In accord with the contribution of Wnt signalingopmoting neuroprotection, an ever growing repertoire
of DAergic neuroprotective drugs in different rodemodels of PD are increasingly being discovered to

act via the activation of astrocyte-derived Wnt nsigng in  mDAns, promoting



neuroprotection/neurorescue, mitigating inflammatiand/ or activating neurogenesis. Different sadi
focused on the neuroprotective capacity of Wntlngie and pharmacological inhibitors of GSK-3

Wei et al [318] supported the ability of exogendustl-induced activation of Wit/catenin pathway, to
protect SH-SY5Y cells against 6-OHDA-induced DAitaty, and Zhang and co [319] corroborated the
protective role of enhancingrcatenin activity to afford neuroprotection of PXCdells against rotenone
toxicity. Here, GSK-B inhibitors LiCl and SB216763 leading tf-catenin stabilization afforded
neuroprotection via the induction of the mDAergianiscription factor, orphan nuclear receptor, Nurrl
crucially involved in the survival and maintenarmfeanDAergic neurons [319]. Amongst others GSK-3
inhibitors, bromoinduru-30-oxime-(6-BlO) was shotaprotect hippocampal neurons from the apoptotic
effects of amyloid3 (AB) oligomers via a direct activation of Wpt¢atenin pathway [320]. Interestingly
enough, different classes of pharmacological agemaisiding statins (simvastin) [321], opioids [322]
nicotinic receptor modulators [323], were reportedprotect neuronal cells, including mDAnNs, against
apoptosis, in eithem vivo or in vitro models of PD, via the activation &/nt/3-catenin signaling
pathway, thus supporting the critical role of thignaling system for the protection of mDAergic rons
against cytotoxicity.

Other studies indicated the potential of Wntl-ldgonist, such as Wntl inducible signaling pathway
protein 1 (WISP1), a downstream target in the Whatthway, to block neurodegeneration [324]. WISP1,
also known as CCN4, is a member of the six secrextchcellular matrix associated CCN family of
proteins that mediate a wide panel of critical tiores including the ability to prevent apoptosisntol
caspase activation, and oversee autophagy [324].n€hroprotective mechanism of WISP1 was shown
to involve pivotal pathways controlling neuronabtt@survival, such as phosphoinositide 3 kinase/ Akt
apoptotic mitochondrial signaling and included B&hx, Bim, and Bcl-xL [324]. Thus, targeting
downstream pathways of Wntl, such as WISP1, mayesept po tential avenues for neurorepair upon
CNS injury. Additionally, antagonizing Wnt signagininhibitors, such as sFRP3, can improve
age Irelated cellular changes in BubR1 progeroid againgse [325].

Wnts and Wnt-agonisteay offer a therapeutical potential, albeit thare risks and concerns for direct
modulation of Wnfeta-catenin signaling, regarding both the safety selectivity [105]. The field of

small molecules as potential tools to selectiveljvate or inhibit Wnt-catenin signaling is increasingly



recognized [326-329], with a number of both estdtdd and novel modulators, including Wnt3a-like
agonists, siRNAs and inhibitors targeting GSK-#xin-LRP5/6 or transcription factor complexes
(recently reviewed in 73]. Additionally, manipulati of Wntfeta-catenin signaling has become an
attractive strategy to amelioraite vitro differentiation protocols for increasing the fiaat of midbrain

DAergic neurons [see 260 and Refs herein].

6.1.3. Herbal derivatives targeting Nrf2/Wnt sigmiad) cascades against PD

Herbal derivatives (primarily from the Traditional Chinese Medicine@ndowed with pharmacological
properties (including anti-cancer, anti-bacterehd anti-oxidant activities) are being studied tioeir
neuroprotective potential, at least in part viaobust effect on Nrf2/Wnt signaling cascades with
beneficial effects on neuron survival, proliferatiammunomodulation and neurogenesis [33@}3
Flavonoids such asCurcumin ameliorates DAergic neuronal oxidative damage agéivation of the
Akt/Nrf2/Nfkb pathway and WntB-catenin crosstalk([333-335]. In particular, in a 6-OHDA rodent
model of PD,Curcumin enhanced viability, survival and attenuated apsipt@f primary cells by
activating the Wnp-catenin signaling pathway [335]. Higher Wnt3a gndatenin mRNA and protein
expressions, enhanced SOD and glutathione perexi@SH-Px) contents, and elevated mitochondrial
membrane potential were observed, by contrast,ganizing Wnt signaling with Dkk1 efficiently
reversed curcumin-induced neuroprotection [335kVemtro] is well recognized to alleviate oxidative
stress and inflammatipnand h SAMP8 mice, treatmenwith resveratrolreverted ageing and
neurodegenerative conditions mitigating mitochaadrilysfunction andimmune overactivity, and
activated Wnt signaling [336]. Rhodiola extractsl aalidroside exhibit anti-oxidant properties aating

the Wntp-Catenin signaling pathway in rats with Parkinsdbisease [337]Naringenin (NAR)displays
anti-oxidant, cardioprotective, anti-inflammatormdaneuroprotective activities, and may also confer
neuroprotection in primary rat midbrain neuron-gtia-cultures, via the activation of astroglial Nrf2
[338], thus targeting astroglial Nrf2 to supportpdminergic neuronsBruceine D one of the active
components of Brucea javanica, which is widely usetleat cancer in China, was recently shown J[339
to activate Nrf2 to restrain Parkinson's diseasemice through suppressing oxidative stress and

inflammatory responseGinsenoside Rgik a major bioactive ingredient in Panax ginsengt thas low



toxicity and has been shown to have neuroproteatiffects alsothrough the Wnf-catenin signaling

pathway in bothn vivo and in vitromodels of Parkinson's disedS8#0].

6.1.3. Blocking Al astrocyte exacerbated phenotypED

Specifically targeting glial activation states wtlSAIDs and other anti-inflammatory drugs as adbeutic
option to mitigate DAergic degeneration of PD hasgl been studied in an ever-increasing number pre-
clinical/clinical models [33,37-39,93,166,184-187]polarizing” the interest in targeting inflammatio
dependent neurodegeneration, recently reviewedght bf the dual harmful/beneficial switch of glial
phenotypes [260], and often intersecting the mdahuiaof Wnt signaling patway [65,67,72-74, 343]vast
panel of therapeutic opportunies has been disclasisdase-modifying and symptomatic therapies under
development for PD, including anti-inflammatory gsurecently discussed by Elkouzi and co. [344 agi$ R
herein]. Recent studies target the Al proinflammyastatus, with novel compounds, exploiting asttecy

immunomodulatory potential of neurotransmitterepors and transcription factors, as summarized.

As recalled in section 4, LPS-activated microgkarsting proinflammatory cytokines, including 1i3-And
TNF-a, can switch astrocyte benefical status into alizigitotoxic phenotype, resulting in the inhibitiof
astrocyte’s property to promote neuronal survialfgrowth, and synaptogenesis [251]. Conversely,
blocking of Al astrocyte conversion by microglisegxneuroprotective functions in models of PD [42,7
For example, a novel glucagon-like peptide-1 remepgonist, NLYO1 [345] prooved its neuroprotective
effects in two mouse models of PD, in a glia-degahdnanner [346]. NLYO1 prevented microglia from
releasing inflammatory mediators known to convettaytes into a neurotoxic Al reactive subtypes]34
Also, both ex vivoand in vitro studies indicated the possibility to rejuvenatedagnicroglia cells by
treatment conditioned media from young astrocyttest, efficiently reverse the up-regulated levelINF-

a, IL1-B and RNS of microglial cells acutely isolated frahve aged midbrain, whereas Whitlatenin

antagonism abolished the Wnt-induced cytokine sggion, supporting Wnt intermediacy (72,74].

6.1.4. Activating astrocyte neurotransmitter receg in PD



Activation of astrocytic neurotransmitter receptbigs been recently gained attention in light otimber of
findings showing a robust immuno-modulatory roleasfrocyte neurotrasmitter receptors [347-353].dden
the a7 nicotinic acetylcholine receptora-nAChRs) expressed in glial cells [348] has besported to
represent a potential link between inflammation aedrodegeneration in PD, with a potential intenaey
of the Nrf2/WntB-catenin signaling activation [348-350]. Also, rioe can exert a protective effect on
H,O,-induced astrocyte apoptosis and glial cell-derimedrotrophic factor (GDNF) downregulation, while
this effect was abolished by a7-nAChR-selective antagonist [349]. The underlymgchanisms might
involve alleviation of mitochondrial membrane pdiahloss, stabilization of the Bax/Bcl-2 balanead
inhibition of cleaved caspase-9 activity and Nrf2MActivation, throughu7-nAChR activation [349].
Recently, the same authors showed the ability oftimie to increase expression levels of \Bhgttenin
signaling proteins in the PD mouse model or inSkeSYS5Y cells treated by 1-methyl-4-phenylpyridimiu
and these effects were also reverseda@ysiRNA treatmentin vivo or in vitro, which suggested a

contribution of Wntf-catenin signaling in endogenotig-nAChR neuroprotective mechanisms [323, 349].

Serotonin receptors on astrocytes have been atgmged as potential therapeutic targets in PD B35,
Stimulation of astrocyte serotonin 1A (5-HT1A) rptars promotes astrocyte proliferation and upregria

of the antioxidant molecules metallothionein (MT}1 which protect dopaminergic neurons against
oxidative stress [351-353]. Rotigotine, an antipaonian drug that can bind to dopamine and 5-HT1A
receptors, was reported to increase the numbestifcytes and MT-1,2 expression in cultured astexcy
Pretreatment with conditioned media from rotigotireated astrocytes significantly inhibited 6-OHDA.-
induced dopaminergic toxicity, and these effectgewblocked by co-administration with a 5-HT1A
antagonist [353]. Thus, astrocytes targeting 5-HT&A&eptors may contribute to neuroprotection, thhou

upregulation of MT expression in astrocytes [358]35

6.1.5. Activating astrocyte transcription factors

Activation of glial transcription factorsuch asNurrl (originally known as a transcription factor specfbr
developing and adult mDAnN), has been shown to ptateighboring mDAns by reducing synthesis and
release of astroglial proinflammatory cytokines43355]. Two antimalarial drugs, amodiaquine (AQ¥a

chloroquine stimulated the transcriptional functiasf Nurrl and enhanced the Nurrl-dependent



transcriptional activation of DA-specific genestelrestingly, they further enhanced transrepressibn
neurotoxic proinflammatory gene expression in ngtieo [354,355]. Of specific interest, pharmacol@adic
stimulation of Nurrl causes both neuroprotectioth amti-inflammatory effects in the 6-OHDA lesion ded

of PD [354]. In this study a novel Nurrl agonisf(025, was tested for both its efficiency to inelube
transcription of dopaminergic target genes in vara prevent dopaminergic neuron degeneration in an
inflammation exacerbated 6-OHDA-lesion model of [BB4]. Here, the neuroprotective effects of SA00025
in this mDAn degeneration model were associateti witanges in microglial morphology indicative of a
resting state and a decrease in microglial spelfic1 staining intensity in the SNpc and reducstt@cyte

IL-6 levels, underscoring the potential of small lesmles targeting neuronal and glial Nurrl as

neuroprotective strategy for PD [354].

6.1.6. llluminating astrocytes

Light stimulation of astrocytes witbptogenetictias now being applied to reveal the function ofcgstes

in physiology and pathology. This novel approach dulates the bidirectional interactions
between astrocytes and neurons in both synapticnandonal networks [356, 357]. This strategy allows
specific cell stimulation by external illuminatiamhich may remotely manipulate intracellular paths/ay
single cells, using channelrhodopsin-2 (ChR2) atitiv to allow cationic currents to depolarize gaxadly
targeted cells [356, 357, and Refs herein]. Optegieractivation of VM astrocytes was used by Yahgle
[358], showing that it can enhance the DAergicatidhtiation of stem cells and promote brain repafPD
modelsin vivo and in vitro with basic fibroblast growth factor (bFGF) beirdemtified as a prominent
mediator. As recently reviewed by Xie et al. [35T7§cent findings highlight the possibility to use
optogenetics to control the release of gliotrangmstand regulate astrocytic membrane channelss, The
capability of modulating the bidirectional interiacts between astrocytes and neurons in both synapt
neuronal networks via optogenetics represents alneay to manipulate astrocytes that might repreaen
feasible and be an effective way to investigatepiiential therapeutic strategy for PD and othessNEb6,
357]. Mederos and co [356] used a new approactdb@sselective expression of melanopsin, a G-pretei
coupled photopigment, in astrocytes to triggef @analing. Using the genetically encoded ‘Gadicator

GCaMP6f and two-photon imageing, the authors shoviedt melanopsin, a G-protein-coupled



photopigment expressed by a small subset of maramaktinal ganglion cells, is both competent to
stimulate robust IP3-dependent’Csignals in astrocyte fine processes, and to eawnk@TP/Adenosine-

dependent transient boost of hippocampal excitagyryaptic transmission [356]. In vivo, melanopsin-
astrocyte activation enhances episodic-like memeuggesting melanopsin as an optical tool thatccoul
recapitulate the wide range of regulatory actiohastrocytes on neuronal networks in behaving alsima

[356].

Interestingly, Zhao et al. [359] reported that ogltidepolarization of young neuroblast, i.e., DCressing
cells, induced cognitive recovery and maturationnefvborn neurons after traumatic brain injury via
Whnt/Beta-catenin signaling pathway activation. MorepWént signaling also plays a key role in contraglin
neuron activity-regulated neurotrophic factor (Bzinf) expression [360], supporting Wnt signaling as a
potential actor in neural stimulation, and likelyderlying beneficial effects on neurogenesis arghitive

functions [reviewed in 73].

6.1.7. Astrocyte genetic manipulation for GF deliye co-transplantation and reprogramming therapies

for PD

The possibility of modifying the pathologic brainvironment by utilizing the neurotrophic propertiels
astrocytes is being actively pursued using differapproaches, including derivation of astrocyte
differentiated from NSCs or hiPSC sources, or cosige of fibroblasts directly into astrocytes, asyte
co-transplantaion and astrocyte reprogramming [28#: Genetic manipulation of astrocytes to deliger
the location of active neuropathology potential nepuotective molecules was studied by differentacg
Gene therapy approaches for PD can deliver negfuitdactors such as GDNF or neurturin via neuronal
transgene expression. Drinkut and co [361] expte$3BNF exclusively in astrocytes and evaluated the
efficacy of this approach in the mouse MPTP- artd6r@HDA models of PD. Here, astrocytic GDNF
expression showed a localized but efficient altiveao current gene therapeutic strategies foitrisament

of PD, suggesting astrocyte neurotrophic factorresgon as novel venues for neurotrophic factoedas

gene therapy targeting severe diseases of the [3Giih



In the study of de Pin et al [362], the conditioBDNF delivery from astrocytes was shown to rescue
memory deficits, spine density, and synaptic priogein the 5XFAD mouse model of AD. Brulet ef263]
used the transcription factor NEURODL, previougipwn to convert reactive glial cells to neuronghia
cortex, to determine whether astrocyte-to-neurandifferentiation can occur under physiological
conditions. Here, using adeno-associated virus AV@®, which crosses the blood-brain barrier without
injury, to deliver NEUROD1 to astrocytes throughiatravascular route, the athors found that a srbali
significant number of non-reactive astrocytes coi@geto neurons in the striatum, but not the corsaxd
suggested that a single transcription factor caude astrocyte-to-neuron conversion under physicibg

conditions, potentially facilitating future clinicapproaches long after the acute injury phase][363

Transplantation of astrocytegenerated in vitrdoy directed differentiation of glial precursor (GPéells,
producing multiple agents including BDNF, GDNF, rtedn and IGF1, into the 6-OHDA-lesioned rat
striatum was addressed by Proshel et al. [364] celea rescue of parvalbuiGABAergic interneurons,
the expression of the synaptic modulatory protéinsmbospondin-1 and 2, and the increased express$io
the synaptic protein synaptophysin was observe@-@HDA-lesioned striatum of GPA-transplanted rats,

suggesting multiple benefits of GPA transplant$autt requiring prior genetic manipulation [364].

Co-grafting astrocytederived from the midbrain remarkably enhance NS€etaell therapeutic outcomes
along with robust DA neuron engraftment in PD raddf95]. To improve the therapeutic outcomes 0€ENS
transplantation, Song and coworkers [295], explbitiee neurotrophic actions of astrocytes coupled to
Nurrl/Foxa2 functions in this cell type, using tBeOHDA rat model of PD. Hence, Nurrl+Foxa2
engineering in astrocytes further improved astiodyinction to protect midbrain neurons againsiriexin
vitro [295]. The authors identified potential neurotrigpbytokines, Wnt signaling molecules, extraceliula
matrix (ECM) proteins, and antiinflammatory andiexidant factors that may mediate the actions of co
transplantation of VM astrocytes with embryonic \fWecursors in the rat striatum [295]. Hence, sdvera
growth/neurotrophic factors @af, Nt3, Shh Wnt1 Wnt3 Wnt5, trophic ECM proteinsCol6a2 Fn1l, Thbs-

1), and antioxidant proteinsGpx3andSod3 was upregulated in the striatum transplanted Wityi-
astrocytes compared with the striatum grafted withtrol cortex astrocytes/NPCs (or cortex astra)yae 1

month after transplantation [295]. In addition, tbepression of a panel of anti-inflammatory markers



(Iifnb, Ccl17, II-1r2, 1I-1rn, Ym1 andll-10) was also greater in brains grafted with VM-Asthil the
expression of pro-iffammatory genes did not inceeaand some gen@dOS II-15, Cxclll) were

downregulated [295].

Adult NSC transplantatiomto the aged MPTP-injured SN showed [72] thadrgé fraction of transplanted
NSCs acquired an astrocytic phenotype both at thde8el and at the midbrain peri-aqueductal regions
where a robust migration of NSCs and NSC-derivebagtes to the Wnt-sensitive midbrain dopaminergic
niche accompanied a time dependent dopaminergiorescue [72]. Remarkably, in NSC-grafted mice, the
NSC-derived astrocytes and the endogous astroey@essedVntl, mediating dopaminergic neurorescue
and microglia down-modulation. Herhe expression levels of various pro-inflammatoepes involved in
inflammation-dependent DA neurotoxicity were uptiedged 4-8-fold in SNpc tissues from MPTP/PBS
mice, vs. saline/PBS mice [72]. In contrast, MPTP/NSC mibevged a significant down-regulation of all
these inflammatory mRNA species, includifgf andTnfrsfla 111, Nos2 Nfkb andthe phagocyte oxidase
Cybb (gp91pho¥, vs. MPTP/PBS controls [72]. Additionally, looking ate astrocytid\Nrf2-Hmoxaxis, it
was found NSC grafts promoted a significant up-t&ipn of both genegs. MPTP/PBS mice. This finding
suggested an ability of NSC grafts to normalize tidalance of pro-inflammatory and oxidative stress
markers in the aged MPTP-lesioned SN milieu [7He Dverall gene and protein expression profilinthda
suggested that NSC grafts induce major changesvieral oxidative/inflammatory and Nrf2/Wpitatenin-

dependent genes within the SN of aged MPTP mick [72

Grafting primary VM astrocytesvas also approached [74] to address the abilittrafisplanted VM
astrocytes, by themselves, to promote DAergic megowe,n vivo. Using primary mouse post-natal (P2-3)
VM astrocytes as a graft source for unilateral gpdantation above the subtantia nigra (SN) of naextied
MPTP mice after the onset of motor symptoms, Sdeapnd co [74] addressed their potential to anagkor
the aged and MPTP-injured microenvironment, thugating nigrostriatal toxicity. Here, grafting VM
astrocytes was shown to rejuvenate the SN microemvient via a downmodulation of microglial pro-
inflammatory status and the resilience of astrotyi2/Wnt-signaling axis [74]. Importantly VM-As-gfts
promoted an enriched expression of canonigat signature genes in the middle-aged MPTP-injured, VM

which includedwntl, f-catenin,and Fzd1receptor, thus triggering a\nt-ori state, likely contributing to



DAergic neurorescue [74]. Accordingly, a numbereafiogenous Wnt signaling antagonists, sucaK-
36, Dkk1 and sFrpiwere downregulated by 1 wpt in the grafted VM-AY @ssues and As-cultures, when
compared to their MPTP/PBS-As counterparts exmipita significant up-regulation of endogenous Wnt

antagonists, supporting the/ht off state of the aged MPTP-injured midbrain [74].

Activating Nrf2/Wntf-catenin signaling, as observed in VM-As-graftedenand VM-As-derived cultures,
or MPTP/PBS-As-derived cultures treated with the K&B-antagonist, powerfully reverted
oxidative/nitrosative stress markers promoting Binvival and growth. Hence, Wfttatenin activation in
VM astrocyte—grafted mice was suggested to pronaoteeneficial effect, switching the microglial M1
phenotype to a likely more quiescent anti-inflammmatstate, whereas a lack of astrocyte-derived Wnt-
microglial dialog as observed in aged MPTP-inju&dpc, likely contributed to the loss of major Nrf2-
antioxidant genes, in turn responsible for astedgilure to protect and rescue/repair the injubgkh of
middle-aged MPTP mice [74]. Together, these findingargue in favor of reciprocal
astrocyte/microglial/neuron interactions, suppartiresilienceNrf2/HO1/Wntg-catenin axis as a critical

mediator in promoting neuroprotection in astroaytafted mice [74].

Reprogrammindnas emerged as a powerful approach for cell replanetherapy that would avoid the use
of cell transplantation. Earlier and more recendis, provided strong evidence that a persistgmtession

of neurogenic fate determinants, driven by silegeigsistant retroviral vectors, can instruct adteofjom

the postnatal cortexin vitro, to mature into fully functional, synapse-formingeurons [369-374].
Additionally, both rodent and human fibroblasts éaveen reprogrammed into induced dopaminergic
neurons capable of promoting some functional regowadter transplantation to animal models of basal

ganglia injury [365-370].

In the work of Rivetti di Val Cervo et al [294fhree transcription factors, NEUROD1, ASCL1 and
LMX1A, and the microRNA miR218 (designated NeAL218)re used to reprogram human astrociies
vitro, and mouse astrocyt@s vivo, into induced dopamine neurons [294]. The repmognang efficiency
was also improved by treatmeirt vitro with small molecules activating Wnt signaling, lokesi other
pathways. Especially, in a mouse model of Parkilssdisease, NeAL218 alone reprogrammed adult aitriat

astrocytes into induced dopamine neurons that xaiable, being also capable to correct some aspct



motor behaviorin vivo [294]. With the optimization of this approach, tleithors suggest a novel
therapeutical potential that may enable clinicaréipies for Parkinson's disease by delivery of geather
than cells [294]. Importantly, the possibility tergerate patient-specific astrocytes capable opitdating a
patient's genetic background and disease phenotype permits to investigate the role of astrocyte
dysfunction in human disease when addressing newosstalk in coculture paradigms with patient ki
neurons [371, 372]. Accordingly, PD patient-deriveells and tissue show increased oxidative stress,
impaired mitochondrial function and downregulat@nWnt/B-catenin signaling, at least in part resulting
from astrocyte dysfunction. Hence, healthy astregytan protect and attenuate mitochondrial dysifomst

in human iPSC-derived dopaminergic neurons frompBents [371, 372], thus corroborating the critica
role of astrocyte-neuron crosstalk, oxidative straxsd Whnt signaling in human PD physiopathologyerih
using both patient-derived neurons and astrocypeesent a challenging approach for drug-screeag

discovery.

Together, and increasing number of treatmentsercpnical PD models, are being reported to upsiaig
Nrf2/Wnt pathways, exerting anti-oxidant/anti-inflammatorgtians, associated with neuroprotective
activities, supporting astrocytérf2/Wnt resilienceas therapeutic target in neuroinflammatory-dependen

neurodegeneration.

7. Conclusive remarks and future directions to “cue” PD

Oxidative stress and inflammation-driven neurotitxibave long been suggested to play a centralinaliee
progression of various NDs, including PD, whereivation of innate immune responses engender a
dangerous crosstalk with harmful consequenceshervulnerable mDAnNs innervating the striatum, and
responsible for the inesorable degeneration ofnigeostriatal dopaminergic pathway responsible tfae
neuropathogical hallmarks leading to the classitaitor features of PD. PD treatment options are
conventionally focused on dopamine replacementpaodsion of symptomatic relief, but do not modihe
progressive neurodegenerative cell loss assocvwitbdPD that, in many cases, results in debiligtande-

effects.



Herein, in summarizing the compelling evidence usdaring glia and its mediators as vital actorBn we
highlight Nrf2, the master regulator of cellular defense agairistative stress and inflammation, avht/s-
cateninsignaling cascade, a vital pathway for mDAN nearagis and neuroprotection, emerging as critical
intertwinned actors in mDAn resilience. Hence, malar mechanisms oNrf2/Wntp-catenin/GSK-8
signaling regulation highlight an intense crosstéthportantly in PD, the significance of this ciitty is
suggested in different PD model systems indicagimgntricateNrf2/PI13-K/Akt-Wnig-catenincooperation in
the regulation of mDAn homeostasis, immunomodutatamd neurogenesis. Hence a decline aflid@&/\Wnt
prosurvival axis with age underlies PD mutationd arvariety of noxious environmental exposuresingv
PD neurodegeneration. Notably major PD-associgates, includingNCA PRKN PINK1, DJ-1, and
VPS35are linked to theNrf2/Wnt signaling axis, and contribute to abnormal immuasponses, via a
dysfunction of mitochondrial, lysosomal, proteosbraamd autophagic pathways. Such a pathological
interplay finally triggers a self-perpetuating ayobf oxidative stress, inflammation and neuronadtlle
Importantly enough, besides the vast array of halrerivironmental factors, life style, especiallyemising,
may promote a panel of self-protective anti-agemerhanisms with beneficial effect in PD, at leaspart

via activation ofNrf2/Whntresilience

In fact, theNrf2/Wntsignaling system crosstalks with major pathwaysilemg astrocyte-microglia and
glia-neuron interactions, in response to ageintarinmation and PD neurodegeneration. Remarkablhen
one hand, Nrf2/HO-1 and NiB affect each other to coordinate anti-oxidativel afflammatory responses
determining the fate of innate response. On therdtiand, M1 pro-inflammatory microglia status, d¢sn
mitigated by astrocyte-microglia crosstalk via VGB®K-3 and Nr2/HO-1 interplay, aimed at

counterbalancing the hostile inflammatory microeowment.

Resilience ofNrf2/Wnt signaling axis crosstalk can restrict inflammati@nd oxidative stress, prevents
neuronal loss, rescuing the dysfunctional or imlggfineurons and contributing to dopaminergic jdtésgtin

the adult brain. Rejuvenating the dysfunctionalraastte-neuron communication network in PD-based
models by specifically manipulating astrocytes, mmavides a new approach for drug developmentifer t
treatment of neurological diseases, as PD. A realdekpotential exists to revert some of the desdrifige-

dependent changes, including molecular, cellulad pharmacological correction of glial dysfunction.



Harnessing astrocyte-derivéttf2/Wntsand neurotrophic factors, or blocking A1 harmfhkepotype with
glucagon-like peptide-1 receptor agonist, NLYOZL;tiveding glial Nurrl, or activating, astrocyte
neurotransmitter receptors; as well as by antaganiZlGSK-3 in either neurons and glial cells.
Fascinatingly, “astrocyte’sl rouge” brings back td\rf2/Wnt resilienceas a potential and robust mean to
boost anti-oxidant, anti-ageing, self-protectivel @amo-regenerative programs for NDs, and in pasicBD

(Figure 8).

Novel frontiers regard the use optogenetics tanihate astrocytes, thus promoting their neuroptote@nd
proneurogenic functions. Additionally, genetic nmnation of astrocytes and co-grafting techniques t
improve the injured microenvironment, activate dopeergic neurogenesis and incite neurorepair anegbe
studied. Hence, derivation of astrocyte differdetiafrom NSCs or hiPSC sources, or conversion of
fibroblasts directly into astrocytes, astrocyterogpamming into neurons, represent some of thesg ve
challenging new research areas. Coupled to thsilplity to generate patient-specific astrocytepatsde of
recapitulate a patient’s genetic background andadis phenotype on the one hand, and using co-ultur
techniques with PD-specific neurons, it also pdestb screen new molecules for drug discovery and
therapeutical applications to treat neurologicakdses. Al together efforts in the underpinningstfocyte-
neuron crosstalk at a molecular and cellular lewells be fundamental to the identification of novel

diagnostic tools and treatments for NDs to pronfatetional recoveryFigure 8).
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Abbreviation List

6-OHDA
a-syn
ALS
APC
AQ
Ag-PVR
AR
bFGF
BDNF
BrdU
CHIR
CK1la
CPu
CRD
CSF

DA

DAN
DAT
DDO-7263
EGF
DCX

Dkk

6-hydroxydopamine
a-synuclein
amiotrophic lateral sclerosis
adenomatous polyposis coli
amodiaquine
aqueduct-periventricular region
AR-A014418

basic fibroblast growth factor
brain-derived neurotrophic factor
bromodeoxyuridine
CHIR99021
casein kinaseol

corpus striatum
cysteine-rich domain
cerebrospinal fluid
dopamine
dopaminergic neurons

dopamine transporter

[5-(3,4-Difluorophenyl)-3-(6-metipylridin-3-yl)-1,2,4-oxadiazole]

epidermal growth factor
doublecortin

Dickkopf



DG dentate gyrus

Dvl Dishevelled

Fzd Frizzled

GBAl B-glucocerebrosidase 1

GFAP glial fibrillary acidic protein

GDNF glial-derived neurotrophic facto

GF growth factor

GSH Glutathione

GSK-33 glycogen synthase kinasg 3

Hmox1 heme oxygenase 1

IBA1 ionized calcium-binding adapter molecule 1
icv intracerebroventricular

iINOS inducible nitric oxide synthase

iPSC induced pluripotent stem cell

Keapl Kelch-like ECH-associated pirote

L-DOPA levodopa

LEF lymphoid enhancer binding factor

LGR leucine-rich repeat-containing G-protein cadbteceptors
LRP low-density lipoprotein receptor-related pnote
LRRK2 leucine-rich repeat kinase 2

MAP2a microtubule-associated protein 2a

MMF Monomethylfumarate

mDAnN midbrain dopaminergic neurons

mMNSC mid brain neural stem progenitor cells

MPP 1-methyl-4-phenylpyridinium

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MtDNA mitochondrial DNA

ND neurodegenerative disorder



NLYO1 glucagon-like peptide-1 receptgoaist

Nrf2 nuclear factor erythroid-2-related factor 2
NSAID non-steroidal anti-inflammatory drug
NSC neural stem cell

Nurrl nuclear receptor-related factor 1
PCP planar cell polarity

PD Parkinson’s disease

PHOX phagocyte oxidase

PI3K phosphoinositide 3-kinase

PINK1 PTEN-induced putative kinase
PP2A protein phosphatase-2A

PTX paclitaxel

RNS reactive nitrogen species

ROS reactive oxygen species

Rspo R-spondin

SAMPS8 senescence associated mouse prone 8
sFRP secreted Fzd-related protein

SGZ subgranular zone

Shh sonigedgehog

SN substantia nigra

SNpc substantia nigra pars compacta
SPO-2 spondin-2

Cpu caudate putament

Svz subventricular zone

TCF T cell factor

TH tyrosine hydroxylase

TNFa tumor necrosis factar

VM ventral midbrain



VTA ventral tegmental area

WIF Wnt inhibitory factor
WIP1 wild-type p53-induced phosphatase 1
wntl

wingless-type mouse mammary tumor virus irgegn sitel
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Figure Legends

Figure 1. Nigrostriatal dopaminergic pathway and neuropathologcal hallmarks of Parkinson’s disease
(PD). A. In the left hand-side, a sagittal schematic vawnigrostriatal dopaminergic (DAergic) neurons
originating (in red) in the subtantia nigra parspacta (SNpc) of the mesesencephalon, and prajetdin
the corpus striatum (CPu), which includes the ceudad putamen nuclei. The major neuropathological
hallmarks of PD are boxed on the right-hand sileSchematic drawing of coronal brain sections at th
level of the striatum and SNpc showing the trajgctin red) of the nigrostriatal DAergic pathway-D:
Confocal laser scanning microcoscopic images of &mli SNpc in coronal brain sections stained with th
dopamine marker tyrosine hydroxylase (TH, in gréerigtact, saline-treated mice (C ) and after expe to
the PD neurotoxin, MPTP (D). Note the severe Ids§H’ fibers in Cpu and of THcell bodies in SNpc,

occurring in MPTP-induced PD (Dpcale barspanel C( Striatum 25um SNpc 100un), parel D

(Striatum 25um SNpc 100pn).

Figure 2. The Nrf2-ARE and Whntg-catenin/GSK-g intertwined signaling cascadesA. In normal
conditions, Nrf2 is inactive (rf2-Off”) and resides in the cytoplasm bound to Keapl.ekponse to
oxidative stress and inflammation, the modificat@inKeapl cysteine residues leads to inhibitiorNd®2
ubiquitylation and stabilization dfirf2, allowing Nrf2 to accumulate in the cytosol and then to transéoca
into the nucleus where it binds to a small Maf emotand activates transcription of genes containing
antioxidant response elements (ARES) in their gy regions Nrf2-On”) [76-78]. In addition to its
interaction withNrf2, Keapl also binds Cullin 3 (Cul3), which forms @e E3 ubiquitin ligase complex
through an association with Ring-box1 protein (Rbatko called Rocl) [76-78]. Besides Keapl-mediated
regulation, two other E3 ubiquitin ligases haverb&snd to regulate the protein level of Nrf2. Nif
controlled by two distincB-TrCP recognition motifs in its Neh6 domain, oneadfich can be modulated by
glycogen synthase kinasf 85SK-3B) activity phosphorylating a group of Ser residirethe Neh6 domain

of Nrf2 [81, 82, see text]. B. In Wiicatenin pathway, Wnt signal activation is tightigntrolled by a
dynamic signaling complex, constituted by clasz#eid (Fzd) of the G-protein-coupled receptor (GBCR

superfamily, the LDL receptor-related protein (LR®Y6 coreceptors and Dishevelled (Dvl) and Axin



adapters [75].In the absence of a Wnt ligandVit-of) the signaling cascade is inhibited. Cytoplasfhic
catenin is phosphorylated and degraded via proteasoediated destruction, which is controlled by the
“destruction complex”, consisting of GSR3casein kinasedl(CKla), the scaffold protein AXIN, and the
tumor suppressor adenomatous polyposis coli (AFG]. [As a result, the translocation into nucleus is
inhibited. Interruption of Wnf-catenin signaling also occurs in the presencaéeikk’ and secreted FZD-
related proteins (sFRPs) families of Wnt-antagsnist Wnt inhibitory protein, WIF. Conversely, Wnt
ligand binding to Fzd receptors at the surfaceaofdt cells \Wnt-or) triggers a chain of events aimed at
disrupting the degradation complex via Dvl phospladion [75]. Thenp-catenin is separated from the
destruction complex, resulting in its accumulatom stabilization in the cytoplasm. Subsequeftiyatenin

is imported into the nucleus where it can intenaith the TCF/LEF family of transcription factors dan
recruit transcriptional co-activators, p300 andZ&P (CREB-binding protein), as well as other congrus

to transcribe a panel of downstream target genasdiGons that can direct tdrf2/Wnt-On(Nrf2-activators,
GSK-3-antagonists, Wntl-agonists..) tor Nrf2/Wnt-/Off (PD gene mutations, ageing, inflammation,
environmental toxins..) are indicated. Because @fKrosstalk with both Nrf-ARE and canonical Wnt-
signaling, inhibition of GSK-B activity by molecular compounds and various enz/nepresents a potential
means to activate the anti-oxidant, anti-inflammgatoprosurvial, neuroprotective and neurogenic

downstreanNrf2/Wrt gene cascades (for details, see the text).

Figure 3. NRf2/Wntjg-catenin interconnected pathways and gene-environment intections in
Parkinson’s disease (PD)Scheme of the reciprocal gene-environment intevastimpacting on nuclear
factor erythroid 2 -like 2NFE2L2/ Nrfg and Wnt3-cateninsignaling cascades in PD. The expression of
SNCA PRKN PINK1, DJ-1, andLRRK2in astrocytes and microglial cells affect theanfimatory response,
endoplassmic reticulum (ER) stress, mitochondrighosomal, ubiquitin-proteasome system (UPS),
autophagic and Wnt signaling functions. Genetic atiabs powerfully interact with a panel of
environmental factors, including ageing, neurotosiposures (i.e., rotenone, paraquat, MPTP, dofigs
abuse), the hormonal background (the stress ambdegtive hormones) and life style. Central to the
dopaminotoxic cascades, is the dysfunctiomNt#/Wntsignaling axis, critically involved in providingnha-

oxidant and anti-inflammatory self-defenses, anohyating the survival and protection of the vulndgab



midbrain dopamine neurons (mDAnNS) via bidirectioaatrocyte-neuron crosstalk. In light of the ingiin
vulnerability of mDAns as a result of DA oxidativaetabolism associated to the specific microglial
environment within the SNpc, a combination of genahd environmental factors, leading to astroaytd
microglia overactivation, and consequent generabioa panel of cytotoxic mediators, further exaeseb
inflammation and oxidative stress. PD mutationstkigir impact in astrocyte and microglia cells b/,
their inter-relations with mitochondridiirf2 and Wnt3-catenin/GSKg signaling predispose the brain to
reach a critical threshold of inflammation and roitondrial dysfunction, in turn acting as a driviegce to

exacerbate the progression of inflammation-mediagdodegeneration of PD.

Figure 4. Wntl is a novel actor in astrocyte-neurorcrosstalk. A : scheme of ventral midbrain astrocytes
(VM-AA) isolation, purification and direct (co-cuite) or indirect (AS-conditioned medium, ACM) cuku
paradigms with purified primary mesencephalic dopangic neurons (mDAn), in the absence or the
presence of the PD neurotoxin, MPBurvival, dopamine (DA) uptake and caspase 3yasage used to
monitor mDAn death and functionalityB: In situ hybridization histochemistry coupled to confocaddr
scanning microscopy and dual immunofluorescennistgiwith the astrocyte cytoskeleton marker, glial
fibrillary acidic protein (GFAP, in red) and Wnt1RNA (in green) showing the expression of Wntl in
primary GFAP cells (orange-yellow)C: Astrocyte-neuron crosstalk with primary mDAns.ncal image

of TH" neurons (in green) in co-culture with VM-AS (ied), showing THneurons with long and branched

TH" neuronal processes, interacting with GFARr-shaped astrocytes. Fg. Scale bargarel B: 25um

Box: 10um parel C: 50um.

Figure 5. Dopaminergic neurorepair upon MPTP injury is directed by glial fibrillary acid protein
(GFAP") astrocytes.A reconstruction of representative confocal imagfesnidbrain coronal sections at the
SNpc level, stained with tyrosine hydroxylase pesitneurons (TH in green) and GFAP (in red) from
MPTP-treated mice, 65 days post injury is shownteNthe robust TH neurorepair, as revealed by
fluorescence immunohistochemistry. Within the resc8Npc, bright THneurons extending long processes
can be observed running together with bright reactGFAP astrocytes, coursing intermingled with

TH" neurons (boxed magnification) and seemingly ggjdime dopaminergic neurorestorative process. By



100 days upon MPTP, GFARstrocytes are still present at high numbers wittie repairing SNpc,

accompaining the ongoing TH neurorescue.VTA: vémégmental are€Scale bat00um

Figure 6. Nrf2/Wnt/immune crosstalk in oxidative sress and inflammation in PD. Schematic
illustration of astrocyte-microglia crosstalk. Upantivation by neurotoxins, endotoxins, brain igjand
ageing, macrophage/microglia produce a panel ofirglammatory cytokines (TN and IL-18) and
chemokines (CCL3, CXCI10 and CXCL11). Up-regulatadnmicroglial PHOX-derived ROS, iNOS-derived
NO, and GSK-B, a known regulator of NF-kB-dependent gene trapson, further exacerbates microglia
reaction. Wnt5a constitutes one part of a self-giegting cycle, via autocrine Wnt5A/CamKIl activatiand
paracrine stimulation of Th-1- cytokines, INOS &@@X2 [280-2282]. To restrain microglia exacerbation
up-regulation of astrocyteNrf2/HO-1 and Wntlp-catenin, mitigate the inflammatory milieu and faxa
down-regulation of cytokines expression. MB- and the Wnfl-catenin pathway also interact to
differentially regulate inflammation, with GSK33laying a central role in betweerWhile GSK-3 is a
negative regulator d¥-catenin, it positively regulates N&B by targeting IkB, the major inhibitor of NiB,

to proteasomal degradation. On the other hfrmhtenin itself can form a complex with the p50 wubof
NF-«B, thereby preventing NEkB transcriptional activity. Besides, HO-1 indirenbdulation,Nrf2-NF«B
interplay contributes to the regulation of immuesponse under oxidative stress and inflammatiorciat
counterbalancing the exacerbated inflammation. Tlastrocyte upregulation dfirf2/HO-1 and Wnt1p-
cateninduring oxidative stress and inflammation represeattical regulatory level, whereby astrocytes ca

mitigate M1 exacerbated phenotype and the heighthvels of proinflammatory cytokines .

Figure 7. Astrocyte-microglia interactions and Nf2/Wntl/g-catenin resilience in mDAnN
neuroprotection. Major environmental factors including ageingflammation, neurotoxin exposure
(MPTP/MPP, 6-OHDA, pesticides), in synergy with genetic ntisias results in dysfunctional astrocyte-

microglial crosstalk associated to the exacerbgemtiuction of proinflammatory mediatord'he glial
switch to the A1/M1 harmful astrocyte and microglienotype is the result of the inhibition of
Nrf2/Wntp-cateninsignaling (Nrf2/Wnt off). In these conditions, reactive astrocytes no lomgeunt

an efficient resilience program for the vulneratmiBAns. Hence, the crucial anti-oxidant and anti-



inflammatory Nrf2/HO-1 and dopaminotrophic factonemely Wntl, are sharply inhibited. As a
result,active GSK-B is up-regulated in mDAnR$eadng to B-catenin degradationT hen, in the absence
of an efficient Nrf2-ARE axis at play, tHérailty” of mDAnsincreass in turn leading tanDAN
degeneration. By contrast, astrocyte upregulatfoNrf2/HO-1 and Wnt1p-cateninduring oxidative stress
and inflammation represeat critical resilience program for DAns. Then, irased astrocyte-derived
wntl (and Wntl-like agonists, such a#/ntl, Rspoor Norrin, ) activaesFzd-1receptors “‘Wnt on”),
leading to theblockade of GSK-B-induced phosphorylation (P) and proteosomal dediaa of the
neuronal pool of-catenin. Stabilize@-catenin can translocate into the nucleus and sgsowith a family

of transcription factors and regulate the expressiad Wnt target genes involved in DA neuron
survival/plasticity, neuroprotection and repgircatenin may also function as a pivotal defenseemdé
against oxidative stress, and can act as a cotmtifar several nuclear receptors involved in the
maintenance/protection of DA neurons. The hypothaéttontribution of various endogenous Wnt agonists
(Respondin, Rspo, Norrin) or antagonisBkKopf, Dkk1,Wif, frizzled-related proteins, SFRp) are also
indicated. Resilience of Nrf2/Wrip-catenin program can be activated by several treatments,
including GSK-3 antagonist, Wntl-like agonists, nitric-oxideNO)-anti-inflammatory non-
steroidal drugsNSAID). Different conditions/treatments can inhibitf2/Wnt beneficial signaling
cascades, including gene mutations, ageing, inflanom, endogenous Wnt-antagonist expression,

leading mDAnN degeneration (see the text for details

Figure 8. Astrocyte’s “fil rouge” targeting Nrf2/Wnt resilience cascadesManipulating astrocytes
provides a new approach for drug developniemteurological diseasesSchematic representation of a panel
of manipulation®f astrocytes for DAn neurorepair and regenerafldme potential exists to revert some Al
age-dependent changes, including pharmacologicakatimn of glial dysfunction harnessing astrocyte-
derived Nrf2/Wnts and neurotrophic factors, or Blog A1 harmful phenotype with glucagon-like peptitl
receptor agonist, NLYO1; activating glial Nurrl, activating astrocyte neurotransmitter receptors;
antagonizing GSK{3 in either neurons and glial cellyy GSK-3-antagonists, as well as physical activity

and exercising. Novel frontiers regard the use ggietics to illuminate astrocytes, promoting their



neuroprotective and proneurogenic functions. Addaily, genetic manipulation of astrocytes and co-
grafting techniques to improve the injured micraesvment, activate dopaminergic neurogenesis acitein
neurorepair are being studied. Derivation of asgtedifferentiated from NSCs or hiPSC sources;ocagte
reprogramming into neurons, represent some of thkese challenging new research areas. Additionally
generating patient-specific astrocytes capableeofpitulate a patient's genetic background andadese
phenotype and using co-culture techniques with p&sidic neurons, may help screening new molecues f

drug discovery and therapeutical applicationseattneurological diseases.
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Highlights

* Nrf2/Wht signalosome dysfunction mediates the effect oegeanvironment interactions in PD.

* Nrf2/Wht resilience boosts anti-oxidant, anti-inflammatory and prostalastrocyte’s properties

» Astrocytes focused therapies to fight ageing andaRDpromote functional recovery.
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