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a b s t r a c t
Emerging evidence points to reactive glia as a pivotal factor in Parkinson's disease (PD) and 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mouse model of basal ganglia injury, but whether
astrocytes and microglia activation may exacerbate dopaminergic (DAergic) neuron demise and/or contribute
to DAergic repair is presently the subject of much debate. Here, we have correlated the loss and recovery of
the nigrostriatal DAergic functionality upon acute MPTP exposure with extensive gene expression analysis at
the level of the ventral midbrain (VM) and striata (Str) and found a major upregulation of pro-inﬂammatory
chemokines and wingless-type MMTV integration site1 (Wnt1), a key transcript involved in midbrain DAergic
neurodevelopment. Wnt signaling components (including Frizzled-1 [Fzd-1] and β-catenin) were dynamically
regulated during MPTP-induced DAergic degeneration and reactive glial activation. Activated astrocytes of the
ventral midbrain were identiﬁed as candidate source of Wnt1 by in situ hybridization and real-time PCR in
vitro. Blocking Wnt/Fzd signaling with Dickkopf-1 (Dkk1) counteracted astrocyte-induced neuroprotection
against MPP+ toxicity in primary mesencephalic astrocyte–neuron cultures, in vitro. Moreover, astroglialderived factors, including Wnt1, promoted neurogenesis and DAergic neurogenesis from adult midbrain
stem/neuroprogenitor cells, in vitro. Conversely, lack of Wnt1 transcription in response to MPTP in middleaged mice and failure of DAergic neurons to recover were reversed by pharmacological activation of Wnt/βcatenin signaling, in vivo, thus suggesting MPTP-reactive astrocytes in situ and Wnt1 as candidate components
of neuroprotective/neurorescue pathways in MPTP-induced nigrostriatal DAergic plasticity.
© 2010 Elsevier Inc. All rights reserved.

Introduction
The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mouse model of basal ganglia injury recapitulates many of the
pathogenetic processes operative in Parkinson's disease (PD), a common
neurodegenerative disorder characterized by the progressive loss of
dopaminergic (DAergic) neurons in the subtantia nigra pars compacta
(SNpc) and astrogliosis (Jackson-Lewis and Przedborski, 2007). The
neurotoxin MPTP, converted into its active metabolite,1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPP+) in astrocytes, is selectively
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transported into striatal DAergic terminals via the DA transporter, DAT,
where it induces oxidative stress, the opening of mitochondrial
permeability transition pore (mPTP), the release of cytochrome c, and
the activation of caspases (Abou-Sleiman et al., 2006; Jackson-Lewis and
Przedborski, 2007). In synergy with these early events accounting for
approximately 10% of DAergic neuronal death (Wu et al., 2002), glial
inﬂammatory mechanisms are thought to contribute to nigrostriatal
DAergic degeneration (Benner et al., 2004; Gao and Hong, 2008; Hu et
al., 2008; Hoang et al., 2009; Hirsch and Hunot, 2009).
Astrocytes and microglia normally play neuroprotective roles;
however, upon MPTP-mediated neuronal injury, activated microglia
produce a panel of cytotoxic mediators including reactive oxygen and
nitrogen species as well as proinﬂammatory cytokines that may
perpetuate/exacerbate glial activation, thereby increasing neuronal
vulnerability and/or promoting DAergic cell death (McNaught and
Jenner, 1999a,b; Vila et al., 2001; Wu et al., 2002; Streit, 2002; Gao

F. L'Episcopo et al. / Neurobiology of Disease 41 (2011) 508–527

et al., 2003; Hauwel et al., 2005; Marchetti and Abbracchio, 2005;
Grifﬁths et al., 2007; Hu et al., 2008; McGeer and McGeer, 2008).
Astrocytes are known to secrete both inﬂammatory and antiinﬂammatory, as well as neurotrophic and survival factors, and may
play a role in modulating microglial activity, but in severe neurodegenerative conditions, they may lose their neuroprotective functions
(McGeer and Mc Geer, 2008; Sandhu et al., 2009; Chen et al., 2009;
L'Episcopo et al., 2010).
In response to MPTP injury, the nigrostriatal DAergic system
exhibits compensatory mechanisms, but the degree of plasticity
becomes reduced with age (Ricaurte et al., 1987; Hornykiewicz, 1993;
Blanchard et al., 1996; Ho and Blum, 1998; Bezard and Gross, 1998;
Stanic et al., 2003; Jacowec et al., 2004). Age-related alterations,
including increased DAergic neuron vulnerability, increased microglia
activation/dysfunction, altered glia–neuron crosstalk, and/or impaired neurogenesis represent potential contributory factors
(Butovsky et al., 2006; Miller and Streit, 2007; Grifﬁths et al., 2009;
Streit, 2010; Boger et al., 2010; Njie et al., 2010; Sharpless, 2010).
Recently, the wingless-type MMTV integration site1 (Wnt)
pathway has emerged as an essential signaling cascade that regulates
multiple processes in developing and adult tissues, including differentiation, neuron survival, axonal extension, synapse formation and
plasticity, neurotrophin transcription, and neurogenesis (Patapoutian
and Reichardt, 2000; Ciani and Salinas, 2005; Maiese et al., 2008;
Inestrosa and Arenas, 2009). The extracellular Wnt molecules signal
into the cell via three different pathways: the “canonical” Wnt/βcatenin and “non-canonical” Wnt/planar cell polarity (PCP) and Wnt
(Ca2+) pathways (Ciani and Salinas, 2005). Common to all three
pathways is binding of the Wnt ligand to the seven-pass transmembrane receptors of the Frizzled (Fzd) family. The hallmark of Wnt/βcatenin pathway is the stabilization of cytosolic β-catenin, which
enters the nucleus and activates the transcription of Wnt target genes
involved in cell survival, proliferation, and differentiation (Gordon
and Nusse, 2006). Recent pieces of evidence clearly indicate that Wnt/
β-catenin signaling plays a central role in midbrain DAergic
neurodevelopment both in vivo and in vitro (Castelo-Branco et al.,
2003, 2004; Prakash and Wurst, 2006; Joksimovic et al., 2009), but
very little is known on Wnt1/β-catenin signaling in the adult PD
midbrain.
To elucidate some of the molecular mechanism(s) underlying MPTPinduced injury and self-recovery, we used extensive gene expression
analysis of a total of 92 mRNA species involved in inﬂammation,
immunity, stemness, self-renewal, DAergic development, and DA
metabolism and identiﬁed a major upregulation of pro-inﬂammatory
transcripts and Wnt1. We herein provide pieces of evidence indicating
Wnt1/β-catenin signaling and MPTP-reactive astrocytes as candidate
components of neurorescue pathways involved in nigrostriatal DAergic
plasticity.
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High-performance liquid chromatography (HPLC) determination of
striatal neurochemicals and high-afﬁnity [3H]dopamine uptake assay
At the indicated time intervals, mice were sacriﬁced by cervical
dislocation, the brains were rapidly removed and immediately placed
on ice-cold saline. The right and left striata were then dissected on an
ice-cold plastic dish and processed as described in full details (Serra
et al., 2002). Dopamine, dihydroxyphenylacetic acid (DOPAC), and
homovanillic acid (HVA) were determined by HPLC as reported in full
details (Serra et al., 2002). Synaptosomial, high-afﬁnity dopamine
uptake was assessed in the presence of 10 μM mazindol, according to
Morale et al. (2004).
Motor behavior analysis with the rotarod
An accelerating rotarod (ﬁve-lane accelerating rotarod; Ugo Basile,
Comerio, Italy) was used to measure motor coordination in mice. Mice
have to keep their balance on a horizontal rotating rod (diameter,
3 cm), and rotation speed was increased every 30 s by 4 rpm. Five
mice were tested at the same time, separated by large disks. A trial
starts when the mouse is placed on rotating rod, and it stops when the
mouse falls down or when 5 min is completed. Falling down activates
a switch that automatically stops a timer. On testing day, each mouse
is submitted to 5 trials with an intertribal interval of 30 min. Mice
housed ﬁve per cage were acclimated to a 12-h shift in light/dark cycle
so that the exercise occurred during the animals normal wake period.
Saline- and MPTP-treated mice (10/experimental group) were
assessed for their Rotarod performance on day −7, 1, 7, 14, 21, 28,
and 35 after MPTP injection.
Gene expression analysis and real-time PCR
TaqMan Low-Density Array cards (Applied Biosystems) conﬁgured
into four identical 96-gene sets, each set containing the housekeeping
gene GAPDH as control, were performed onto both striatum (Str) as
well as the ventral midbrain (VM, containing the substantia nigra pars
compacta, SNpc) tissue samples derived from controls and MPTPtreated mice.
RNA extraction
At due time points, RNA extraction was carried out in tissue
samples homogenized in 1 ml of QIAzol Lysis Reagent (Qiagen,
#79306) using a rotor-stator homogenizer. Total RNA was isolated
from homogenized tissue samples using RNeasy Lipid Tissue Kit
(Qiagen, #74804) including Dnase digestion. At the end, RNA samples
were redissolved in 30 μl of RNase-free water, and their concentrations were determined spectrophotometrically by A260 (NanodropND 1000).

Materials and methods

Reverse transcription

Mice and treatments

cDNA synthesis was performed using Ready-To-Go You-Prime
First-Strand Beads (GE Healthcare, #27-9264-01) and Random
Hexamer (New England BioLabs, #S1230S) according the manufacturer's instructions.

Eight- to ten-week-old male C57Bl/6 (Charles River, Calco, Italy)
(body weight 24–26 g) received n = 4 intraperitoneal (i.p.) injections
of vehicle (saline, 10 ml/kg) or MPTP–HCl (20 mg kg−1 free base;
Sigma) dissolved in saline, 2 h apart in 1 day, according to the acute
MPTP injection paradigm (Jackson-Lewis et al., 1995). Mice were
sacriﬁced at either early (e.g., 3, 6, 24, 72 h), mid (e.g., 5, 7, and
14 days), and late (e.g., 21, 28, 35, 42 days) time points upon MPTP
administration (Table 1). MPTP was handled in accordance with the
reported guidelines (Jackson-Lewis and Przedborski, 2007). Studies
were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH) and approved by the Institutional Animal
Care and Use Committee.

TLDA design and preparation
For each low-density array, there are eight separate loadings ports
that feed into 48 separate wells for a total of 384 wells per card. Each
2-μl well contains speciﬁc, user-deﬁned primers and probes, capable
of detecting a single gene. The TaqMan strategies for each gene have
been developed as TaqMan Gene Expression Assays by Applied
Biosystems. In this study, the TLDA cards were conﬁgured into four
identical 96-gene sets and each set also contains three housekeeping
genes, β-actin (ACTB), glyceraldehydes-3-phosphate dehydrogenase
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Table 1
Schematic representation of MPTP time course, animal number, and experimental determinations per time point (tp).
MPTP time course
Analyses
Gene expr.
Behavior
Neurochem.
Histopathol.
Western blot
In situ hybrid.

Mice no.
6/tp
10/tp
6/tp
6/tp
4/tp
4/tp

−7
+

0
+
+
+
+
+
+

+ 3h
+

+ 6h
+

+ 24h
+
+
+

+

+ 3 days
+

+
+
+

+ 7d
+
+
+
+
+

+ 14d
+
+
+
+
+

+ 21d
+
+
+
+

+ 28d
+
+
+
+

+ 35d
+
+
+
+

+ 42d
+
+ 24h
+
+
+ 24h

Eight- to ten-week-old male C57Bl/6 received n = 4 intraperitoneal (i.p.) injections of vehicle (saline, 10 ml/kg) or MPTP–HCl (20 mg kg−1 free base; Sigma) dissolved in saline, 2 h
apart in 1 day, according to the acute MPTP injection paradigm (Jackson-Lewis et al., 1995). Mice number used for the experimental protocol is indicated for each set of analyses per
time point (tp). Motor behavior with the Rotarod was analyzed before (−7 days) and at the indicated time intervals after MPTP administration. Striatum and ventral midbrains
tissues were processed as reported according to the different determinations. For in situ hybridization and immunohistochemical analyses, on the day of sacriﬁce, mice were
anesthetized and transcardially perfused, the brains were processed as indicated. See Material and methods section for details.

(GAPDH), and 18S ribosomal RNA (a mandatory control designed into
each array by the manufacturer). In this study, however, GAPDH was
used exclusively as the housekeeping gene. For each sample, we
designed a duplicate assay. Pools of cDNA from samples at the same
time point and contained the same amount of RNA were prepared;
50 μl of water solution containing 0.5 μg of each pool was added to an
equal volume of 2× TaqMan Universal PCR Master Mix (Applied
Biosystems) and loaded into each of eight ports on the TaqMan LowDensity Array (Applied Biosystems).
Real-time PCR was performed on an ABI Prism 7700 Sequence
detection system (Applied Biosystems, USA) using the TaqMan
Universal PCR master mix (# 4304437); the primers and the
ﬂuorogenic probes for each target by Applied Biosystems the relative
expression ratios were evaluated; for the statistical analysis, the
analysis of variance (ANOVA) with repeated measures was used, as
described (SAS Institute, Cary, NC, USA, www.statview.com).
Immunohistochemistry
On the day of sacriﬁce, mice were anesthetized and transcardially
perfused with 0.9% saline, followed by 4% paraformaldehyde in
phosphate buffer (pH 7.2 at 4 °C), the brains were carefully removed
and processed as described in full details (Morale et al., 2004).
Tissues were frozen and stored at −80 °C until further analyses.
Serial coronal sections (14 μm thick), encompassing the striatum
(Bregma 1.54 to bregma −0.46) and the SNpc (Bregma −2.92 to
bregma −3.8 mm) according to Franklin and Paxinos (1997) were
collected, mounted on poly-L-lysine-coated slides, and processed as
previously described in full details (Gallo et al., 2000; Morale et al.,
2004). The following pre-absorbed primary antibodies were used:
rabbit anti-tyrosine hydroxylase (TH, Chemicon International, USA),
the rate-limiting enzyme in DA synthesis; rabbit anti-TH (Peel Freez
Biochemicals, Rogers, AR); mouse anti-TH (Boehringer Mannheim
Bioc., Philadelphia, USA), rat anti-dopamine transporter (DAT,
Chemicon, Int. USA); mouse anti-neuron-speciﬁc nuclear protein
(NeuN, US Biologicals, Swampscott, Massachusetts); rabbit anti-glial
ﬁbrillary acidic protein (GFAP, Dako, Cytomation, Denmark), mouse
anti-glial ﬁbrillary acidic protein (GFAP, Sigma, S. Luis MO, USA) as
astrocyte-speciﬁc cell marker; goat anti-ionized calcium-binding
adapter molecule 1 (IBA1, Novus Biologicals, Littleton, CO), as
microglia-speciﬁc marker; rabbit anti-β-catenin (Abcam, Cambridge, UK), a key intermediate in the canonical Wnt1 signaling
pathway (Logan and Nusse, 2004), rabbit anti-glycogen synthase
kinase-3β (GSK-3β, S. Cruz, CA, USA); mouse anti-GSK-3β phosphoTyr216 (BD, Biosciences). Degenerating neurons were labelled with
Fluorojade C (FJC, Chemicon, USA) as described (Schmued et al.,
1997). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) in mounting medium (Vector Laboratory, Burlingam,
CA). Sections were washed extensively and incubated with ﬂuorochrome (FITC, CY3, CY5)-conjugated species-speciﬁc secondary
antibodies for immunoﬂuorescent detection. TH immunoreactivity

was also detected using biotinylated secondary antibodies (Vector
Laboratories) and diaminobenzidine (DAB, Vector Laboratories) as
the developing agent as described (Gallo et al., 2000; Morale et al.,
2004). Cresyl violet was used to visualize Nissl substance. In all of
these protocols, blanks were processed as for experimental samples
except that the primary antibodies were replaced with PBS.
Cell counts and image analysis
Quantitative analysis of DAergic neurons in the SNpc was carried out
by serial section analysis of the total number of TH-positive (TH+) and
NeuN-positive (NeuN+) neurons throughout the entire rostro-caudal
axis of the SNpc (Franklin and Paxinos, 1997) as previously described
(Morale et al., 2004; Conti et al., 2005). Total numbers of TH− and cresyl
violet (CV)-stained neurons in adjacent tissue sections were estimated
in parallel to validate TH+ neuron survival, using Abercrombie
correction (Abercrombie, 1946). The total number of FJC-stained cells
in SNpc was calculated for each side, averaged for each animal, and
normalized to the number of TH+ neurons in SNpc per section.
Striatal TH and dopamine transporter (DAT)-immunoreactive (IR)
ﬁber staining was assessed in n = 3 coronal sections at three levels
(bregma coordinates : + 0.5, + 0.86, and 1.1 mm, respectively) of
caudate-putamen (CPu), in n = 6 mice/group/time (Burke et al., 1990).
Fluorescence intensity (FI) of TH and DAT-staining was above a ﬁxed
threshold using the corpus callosum for background subtraction.
Cell counts were obtained for ameboid IBA1+ microglial cells
(Kreutzberg, 1996) and GFAP+ astrocytes. For SN cell counts, at least
three sections were obtained from each animal representing each of
the ﬁve representative planes from −2.92 to −3.8 mm relative to
bregma according to the stereotaxic coordinates of Franklin and
Paxinos (1997). Cell counts in striatum were assessed as above.
GFAP+ astrocyte and IBA1+ microglial cell number per unit of surface
area was determined in 8–10 randomly selected ﬁelds/section on both
sides, the counts averaged for each animal and the mean number of
cells per millimeter squared were estimated.
Fluorescence microscopy and image analysis were carried out with
a confocal laser scanning microscope LEICA TCS-NT (Version 2.5, Build
1227, Leica Microsystems GmBH, Heidelberg, Germany, equipped
with image analysis software), with an argon/krypton laser using 10×,
20×, and 40× and 100× (oil) immersion objectives (Morale et al.,
2004; Gennuso et al., 2004). Measurements of FI were carried out by
computer-assisted image analysis software (LEICA), and changes in
average FI (mean ± SD) were expressed as percentage (%) of salineinjected controls.
Western blot analysis
Protein extracts were prepared for striatum and ventral midbrain
(which included the SNpc) (left and right sides) at the indicated timeintervals after saline or MPTP injections (n = 4 per group). The tissue
samples were homogenized in lysis buffer (0.33 M sucrose/8 mM
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Hepes, pH 7.4 and protease inhibitors) and quantiﬁed using the BCA
protein determination method (Bio-Rad, Hercules, CA). Protein
samples were diluted to equivalent volumes containing 20 μg of
protein and boiled in an equal volume of Laemli SDS boiling buffer
(Sigma) for 10 min. Samples were loaded into a 9–12% SDSpolyacrilamide gel and separated by electrophoresis for 3 h at 100 V.
Proteins were transferred to polyvinylidene diﬂuoride membrane
(Amersham Biosciences, Piscataway, NJ) for 1.5 h at 300 mA. After
blocking of nonspeciﬁc binding with 5% nonfat dry milk in TBST, the
membranes were then probed with the following primary antibodies:
rabbit anti-TH (Chemicon), rat anti-DAT (Millipore), rabbit anti-GFAP
(DAKO), rabbit anti-Wnt1 (Abcam), mouse anti-β-catenin (Transduction Labs), mouse anti-GSK-3β (Transduction Laboratories),
mouse anti-GSK-3β phospho-Tyr216 (BD Biosciences), goat antiFzd-1 (Santa Cruz Biotechnology, Inc), β-actin (Cell Signaling). After
incubation at room temperature for 1 h, membranes were washed
and treated with appropriate secondary antibodies conjugated with
horseradish peroxidase (HRP) and blot were exposed onto radiographic ﬁlm (Hyperﬁlm; Amersham, Bioscience). Membranes were
reprobed for β-actin immunolabeling as an internal control. The
bands from the Western blots were densitometrically quantiﬁed on
X-ray ﬁlms using a software to determine the levels of immunoreactivity (ImageQuantity One). The data from experimental bands were
normalized to β-actin. Values of GSK-3β phospho-Tyr216 were
normalized for its respective control, GSK-3β, before statistical
analysis of variance and values were expressed as percent (%) of
saline-injected controls.
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(C57CL/J) mice were prepared according to Schwartz and Wilson
(1992), as described in full details.
Astrocyte monolayers received a pretreatment with PBS (UAstro)
or increasing doses (50–1000 ng/ml) of one each chemokine (CCL3,
CXCL10, CXCL11, TAstro) whose mRNA was found to be hyperexpressed in MPTP mice. All treatments were carried out for only one
time, and after 24 h, the cells were processed for RT-PCR.
Adult neural stem/precursor cells (NPCs) from subventricular zone (SVZ)
and midbrain (MB) derivation and culture

In situ hybridization was performed using FITC AntisensRNA
probes (Sigma Aldrich) speciﬁc for Wnt1 and GAPDH used as the
control probe. The sequences of Wnt1 and GAPDH correspond to
GeneBank NM021279 Loc.2106 and NM008084 Loc. 7.
Midbrain cryosections (12 μm) at the level of the SNpc were
treated with PBS for 10 min, 15 μg/ml proteinase K for 5 min at 37 °C,
TEA (triethanolamine) 0,1 M PH 8 for 10 min, 1% acetic acid/0,1 M TEA
for 10 min, and were then gradually dehydrated in EtOH up to 100%.
Hybridization was carried out at 56 °C O/N in a humid chamber,
the hybridization solution contained 50% deionized formamide,
5× SSC (standard saline citrate), 50 μg/ml yeast RNA, 1 M DTT
(dithiothreitol), and 500 ng/ml RNA probe.
After hybridization, the slides were washed with 4× SSC, then
treated with RNase A for 30 min at 37 °C, washed with 2× SSC for
10 min, SSC 1× for 5 min, SSC 0,1× for 30 min at 56 °C then 0.1× SSC
10 min at room temperature. The slides were then processed for GFAP
immunohistochemistry, as described above.

Green ﬂuorescent protein (GFP)-expressing adult neural/stem
precursor cells (aNPCs) derived from the subventricular zone (SVZ)
were obtained as previously described in full details (Pluchino et al.,
2003, 2005). For aNPCs derivation from the midbrain/hindbrain, adult
male C57BL/6 mice were killed by cervical dislocation and their brains
were removed and placed in PBS. The midbrain and hindbrain region
was microdissected using a dissection microscope and aseptically
prepared (Hermann et al., 2006). The tissue was minced and then
incubated for digestion at 37 °C, 5% CO2 for 40 min in Earle's balanced
salt solution containing 0.94 mg/ml papain (Worthington, Lakewood,
NJ), and 0.18 mg/ml of L-cysteine and EDTA. After centrifugation at
1100 rpm for 12 min at room temperature, the tissue was mechanically dissociated by pipette trituration. Cells obtained from single-cell
suspensions were plated (8000 cells/cm2) in 25-cm2 Falcon tissueculture ﬂasks (BD Biosciences) in NPC-culturing medium [Dulbecco's
modiﬁed Eagle's medium (DMEM)/F12 medium (Gibco/Invitrogen)
containing 2 mM L-glutamine, 0.6% glucose, 9.6 μg/ml putrescine,
6.3 ng/ml progesterone, 5.2 ng/ml sodium selenite, 0.02 mg/ml
insulin, 0.1 mg/ml transferring, 2 μg/ml heparin (all from Sigma),
ﬁbroblast growth factor 2 (FGF2, human recombinant, 20 ng/ml), and
epidermal growth factor (EGF, human recombinant, 20 ng/ml). The
number of primary spheres was counted after 7–10 DIV. For cell
ampliﬁcation (8000 cells/cm2) were plated at each sub-culturing
passage in untreated tissue culture ﬂasks. After 4–5 days, neurospheres were harvested, mechanically dissociated, counted, and replated under the same culture conditions. aNPCs from either the SVZ
or midbrain at passage numbers 8–12 were used in all in vitro
experiments. The differentiation of aNPCs was initiated after 3–
12 weeks by removal of mitogens and plating the cells on PDL
(monotypic cultures), or onto astrocyte monolayers (co-cultures). For
analyzing DA differentiation capacity of aNPCs, a number of
experimental settings, including absence or presence of FCS (2.5–
20%), direct addition of exogenous factors such as chemokines (i.e.,
CCL3, CXCL10, CXCL11), or DA-speciﬁc factors (i.e., GDNF, BDNF at
20 ng/ml) were tested. However, only the co-culture setting between
midbrain aNPCs and VM astrocytes promoted DA neurogenesis.

Astrocyte cell cultures and treatments

Astrocyte–aNPCs co-cultures and treatments

Primary astroglial cell cultures were obtained from mouse ventral
midbrain (VM), at postnatal days 2–4 (P2–P4) as described in full
details (Gallo et al., 2000; Gennuso et al., 2004). The cultures were
allowed to grow and differentiate until they reached conﬂuency at
which time (13–15 days in vitro, DIV) the loosely adherent microglial
cells were separated by shaking for 2 h at 37 °C and 190 rpm. The
attached cells were then washed with sterile PBS and incubated for
1–2 h at 37 °C incubator, at 5% CO2, before overnight shaking at 37 °C
and 210 rpm. The supernatant media containing oligodendrocyte
precursors and other cell types were discarded. The glial (more than
95% of the cells were GFAP-IR astrocytes) monolayers were then
rinsed with sterile PBS and replated a ﬁnal density of 0.4–0.6 × 105
cells/cm2 in poly-D-lysine (10 μg/ml)-coated 6, 12- or 24-well plates,
or in insert membranes (0.4 μm polyethylene terephthalate) for
indirect co-culture (BD Biosciences). Cultures of type 1 astrocytes
isolated from VM of 8- to 10-week-old saline- and MPTP-treated

Twenty-four hours after treatment of the glial monolayers with
the different chemokines, residues of the growth medium and the
chemokines were washed off by rinsing twice with fresh serum-free–
N2 medium and each of the untreated or treated astrocyte cell
preparation was freshly co-cultured with dissociated aNPCs from SVZ
or MB for either 3 or 7 DIV. For proliferation studies, the nucleotide
analogue bromodeoxyuridine (BrdU, 5 μM) was added at different
time intervals and cells ﬁxed after 24 h. For Wnt antagonism studies,
the soluble Wnt inhibitor, Dikkhopf-1 (Dkk-1, R&D Systems, MN, USA,
100 ng/ml), was applied to NPCs just prior to start the co-culture with
astrocytes. For DA differentiation, NPCs were grown alone, or layered
on the top of u-astro or t-astro in differentiation medium containing
2.5% FCS instead of BSA, for 3 DIV, at which time the medium was
changed and replaced with fresh differentiation medium (N2 medium
without serum, containing 1 mg/ml BSA and 200 μM ascorbic acid),
and cells were maintained for additional 4 days.

In situ hybridization
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After 3 and 7 DIV, the cultures were ﬁxed and processed for
ﬂuorescent immunocytochemistry. Brieﬂy, cell cultures were ﬁxed in
4% paraformaldehyde in PBS or with paraformaldehyde/PBS followed
by ice-cold acidic ethanol and HCL for BrdU staining (Gennuso et al.,
2004). The following markers were used: mouse anti-Tuj1, an early
marker of differentiating neurons, rabbit anti-Tuj1 (both from
Covanche, Richmond, CA), rabbit anti-TH (Pel-Freez, Rogers, AR),
rabbit anti-TH, rabbit anti-GFAP (both from Chemicon), rat-anti BrdU
(Abcam), mouse anti-BrdU (DAKO). Nuclei were counterstained with
DAPI. Analyses were performed using a confocal laser microscope
and computer-assisted image analysis (Leica). For quantiﬁcation of
the amount of cells expressing a given marker or marker combinations, the number of Tuj1+ cells was determined relative to the total
number of DAPI/PI-labeled nuclei or relative to GFP+ cells; the number of TH+ cells was determined relative to the total number of Tuj1+
cells, the number of BrdU+ cells was determined relative to the total
number of Tuj1+ cells or GFP+ cells, using the Leica lite Software and
three-dimensional overlay to avoid false-positive/negative overlay
and double counting.

R&D Systems) was also tested and demonstrated to be without effect
on TH+ neuron survival and served as control. DAergic neuron
survival was estimated after 24 h, by counting the number of TH+
neurons over the DAPI-positive nuclei, and TH+ neurons expressed as
percent (%) of control (-MPTP), and by determination of [3H]DA
incorporation, which reﬂects DAergic cell count and functionality.
Uptake of [3H]DA was performed essentially as previously described,
by incubating the cell cultures for 20 min at 37° with 1 μM [3H]DA in
Krebs-Ringer buffer (16 mM sodium phosphate, 119 mM NaCl,
4.7 mM KCl, 1.8 mM CaCl2, 1.2 mM MgSO4, 1.3 mM EDTA, and
5.6 mM glucose (PH 7.4). Non-speciﬁc DA uptake was blocked by
mazindol (10 μM). Cells were then collected in 1 N NaOH after
washing in ice-cold Krebs-Ringer buffer. Radioactivity was determined by liquid scintillation and speciﬁc [3H]DA uptake calculated by
subtracting the mazindol counts from the wells without the uptake
inhibitor.

Primary midbrain astroglial–neuron cultures and enriched
neuronal cultures

In order to link Wnt signaling pathway to the recovery process,
in vivo, we took advantage of the lack of recovery of middle-aged mice
observed after MPTP acute exposure (Ho and Blum, 1998). Middleaged (9–11 months of age) C57Bl/6 (Charles River, Calco, Italy) male
mice were then used to address (i) the effect of age in Wnt/β-catenin
signaling in response to MPTP and (ii) the effect of pharmacological
activation of Wnt/β-catenin signaling in nigrostriatal neurorescue. In
order to exogenously activate Wnt/β-catenin signaling, we used the
speciﬁc GSK-3β inhibitor, AR-AO14418, as above (Wang et al., 2007).
AR (10 mg/kg twice a day) was systemically (i.p.) injected starting
72 h after MPTP discontinuance for 3 weeks (i.e., during the temporal
window of Wnt1 expression observed in younger mice). Groups of
age-matched MPTP mice received physiologic saline, while groups of
saline-injected mice received AR. Mice were sacriﬁced 3, 14, and 42
after MPTP and processed as described for gene expression,
neurochemical and histopathological determinations.

Primary midbrain astrocyte–neuron cultures were prepared from
the brain of embryonic days 13–14, as described (Gao et al., 2003).
Brieﬂy, the ventral midbrain portion of embryonic brains was
dissected out under a microscope and kept in cold MEM. Mesencephalic tissues were isolated and dissociated with gentle mechanical
trituration. Cells were diluted to 1.5 × 106/ml in maintenance medium
(MEM supplemented with 10% heat-inactivated FBS, 10% heatinactivated horse serum, 1 g/l glucose, 2 mM glutamine, 1 mM sodium
pyruvate, 100 μM nonessential amino acids, 50 U/ml penicillin, and
50 μg/ml streptomycin) and seeded into 24-well culture plates
precoated with poly-D-lysine (20 μg/ml). Plates were maintained at
37 °C in a humidiﬁed atmosphere of 5% CO2 and 95% air. Seven-dayold cultures were used for treatment. The composition of the cells at
the time of treatment was 53% astrocytes, 6% microglia and 41%
neurons with 1 % of the neurons being TH+ neurons.
To obtain neuron enriched cultures, cytosine β-D-arabinofuranoside (Ara-c) was added to the ﬁnal concentration of 6 μM 36 h after
seeding the cells, to suppress glia proliferation. Cultures were changed
back to maintenance medium 2 days later and were used for
treatment 7 days after initial seeding. Neuronal enrichment was
veriﬁed by immunocytochemistry using GFAP and TH and NeuN-Abs
as described. ARA-C treatment reduced glial expression by 95%. Both
puriﬁed neuronal cultures and astroglial–neuron cultures at 7 DIV
received increasing doses (5, 25, and 100 μM) of MPP+. For
Wnt antagonism studies, the Wnt inhibitor, Dkk-1 (R&D Systems,
100 ng/ml) was applied in puriﬁed neuronal cultures and astroglial–
neuron cultures, as described. Conversely, exogenous activation of
Wnt/β-catenin signaling in VM astrocyte–neuron MPP+-treated
cultures was carried out with the speciﬁc GSK-3β antagonist, ARAO14418 [N-(4-methoxybenzyl)-N′-(5-nitro-1,3-thiazol-2-yl)urea]
(AR, of 5 μM Osakada et al., 2007). The speciﬁcity of astrocyte
neuroprotective effect and the contribution of Wnt1 were further
tested in puriﬁed neuronal cultures exposed to astrocyte inserts
(indirect astrocyte–neuron co-culture). In this experimental paradigm, the inserts containing the astrocyte monolayer were added on
the top of the puriﬁed neurons. These inserts allowed diffusion of
factors from the glia monolayer to the mesencephalic neurons and
vice versa, without direct contact between cells (Gallo et al., 2000).
Wnt1 antibody (2 μg/ml) or the Fzd antagonist, Frizzled-1-cysteinerich domain (Fzd-A, 200 ng/ml, R&D Systems, Osakada et al., 2007),
that bind to the Wnt ligand preventing its interaction with the Fzd
receptor were added to the neuronal cultures prior MPP+ application.
The effect of an unrelated antibody (anti-prolactin polyclonal IgG,

Pharmacological activation of Wnt/β-catenin signaling in middle-aged
mice

Data analysis
Statistical signiﬁcance between means ± SEM was analyzed by a
two-way analysis of variance (ANOVA). Experimental series performed on different days were compared by the Student–Newman–
Keuls t-test. A value of p b 0.05 was considered to be statistically
signiﬁcant.
Results
The model
In order to elucidate some of the molecular mechanism(s)
underlying the MPTP-induced injury of nigrostriatal DA neurons,
we ﬁrst conﬁrmed that the acute MPTP-dose regimen resulted in the
expected markers of DAergic toxicity and glia activation. Spatiotemporal analyses in both striatum (Str) and ventral midbrain (VM)
supported the early and profound nigrostriatal impairment followed
by a substantial recovery. Hence, after a signiﬁcant motor deﬁcit
assessed with the rotarod (Fig. 1A), MPTP-treated mice performed as
well as the control mice starting from 14 days on. At Str level, MPTP
induced the recognized early and long-lasting decrease of dopamine
(Fig. 1B) and its metabolites (DOPAC + HVA, Fig. 1C), compared
with saline-injected controls (p b 0.05) for all the duration of the
experiment. At a functional level, high-afﬁnity synaptosomial DA
uptake underwent comparable decreases 1–14 dpt (Supplementary
Fig. 1A). With time, however, the degree of dopamine (B) and
DOPAC + HVA (C) depletion observed at both 28 dpt and 42 dpt was
signiﬁcantly (p b 0.05) reduced as compared with 1–7 dpt. Likewise
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Fig. 1. MPTP-induced injury and spontaneous recovery of nigrostriatal DAergic endpoints and glia activation. (A) Motor performances on Rotarod of saline- (black dots) and MPTPtreated (white dots) mice (n = 10/group). Time of permanence on revolving bars (ordinate) is plotted against pre- and post-treatment days (5 trials/day) during which experiments
were performed. Mean and SEM values are reported. Establishment of a motor deﬁcit (1–7 dpt) is followed by recovery from motor impairment by 14 dpt. (B–C) HPLC analysis of
dopamine (B), its metabolites DOPAC + HVA (C) in the striatum (Str) of saline and MPTP mice (n = 6/time point). Differences were analyzed by ANOVA followed by Newman–Keuls
test and considered signiﬁcant when p b 0.05. (B) *vs. saline; #vs. 1–14 dpt; (C) *vs. saline; #vs. 1dpt. (D) TH and DAT-IR in striatum (Str) assessed by immunoﬂuorescent staining and
image analysis by confocal laser microscopy in saline and MPTP mice (n = 6/time point). Fluorescence intensity values (FI, means ± SEM) are expressed as percent (%) of saline.
**p b 0.05 vs. ct, °p b 0.05 vs. 1–14 dpt. (E) Representative confocal images show loss TH-IF (revealed by FITC, green) in Str of MPTP mice at 14 days and a substantial recovery of TH-IF
by 42 dpt. (F) DAergic cell bodies in SNpc. Representative confocal images of dual staining with TH+ and NeuN + of coronal midbrain sections at the level of the SNpc showing the
recognized loss of TH+ NeuN +cell bodies 14 dpt and a partial recovery observed by 42 dpt. (G, I) Astrocyte and microglial cell numbers at different time intervals after saline and
MPTP injection (n = 4/experimental group) in Str and SNpc. (H) Representative confocal images of dual staining with GFAP+ (red) and TH (green) in saline, 3 and 42 dpt.
(L) Representative confocal images of dual staining with IBA1+ (red) and TH (green) in SNpc. Nuclei are counterstained with DAPI (blue, insets). Differences were analyzed by
ANOVA followed by Newman–Keuls test and considered signiﬁcant when p b 0.05. **p b 0.05 vs. saline.

striatal DA uptake levels gradually returned to pre-MPTP levels
starting from 21 dpt (Supplementary Fig. 1). At a protein level, after
the recognized decreases of TH and DAT-IR measured 1–14 dpt
(N−80%), a gradual return to almost control levels was reached by
42 dpt (Fig. 1D and Supplementary Fig. 1B–D). Within the VM, at the
SNpc level, dual staining with TH+ and NeuN+ conﬁrmed the
signiﬁcant loss of DAergic cell bodies (Fig. 1F). Estimation of the
total number of TH+ Nissl+ neurons (Supplementary Fig. 1D)
showed N60% loss 14 dpt (from 8120 ± 439 of saline to 3015 ± 290
of MPTP mice estimated by 14 dpt), whereas an approximate 40%

decrease was estimated by 42 dpt (4810 ± 310 of TH+ Nissl+),
indicating an attenuation of TH+ neuron decrease by this time. The
recognized increases in hypertrophic GFAP+ astrocytes (G–H) and
ameboid-shaped IBA1+ microglia (I–L) were restricted to both Str
and SNpc levels, starting as early as 1 dpt and reaching a peak at 3
dpt. After this time, GFAP+ astrocytes, slightly decreased, but
remained still signiﬁcantly greater in numbers until 42 dpt (G–H),
whereas activated IBA1+ cells started to subside, to reach control
levels after 21dpt (I–L), thereby supporting the site-restricted and
time-speciﬁc MPTP-induced glial reaction.
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MPTP-dependent regulation of mRNA species in DAergic injury and
recovery uncovers Wnt1 upregulation
Wide TaqMan® Low-Density-based Array (TLDA)-based gene
expression proﬁling was carried out in the acutely dissociated VM
and striata of MPTP- and saline-treated mice at the indicated time
points, from MPTP insult (Fig. 2). Ninety-three different mRNA species
involved in stemness, inﬂammation, immunity, self-renewal, neural
differentiation, migration, and DA metabolism were measured (see
Supplementary Information, gene card).

In the VM of MPTP-treated mice, differences of gene expression
with saline-treated mice were mostly seen starting at 3 and 6 h
and peaking at 24 h post-MPTP (r2 = 0.38; r2 = 0.54, and r2 = 0.15,
respectively), when compared to 7 and 42 days post-MPTP (r2 = 0.90
and r2 = 0.70, respectively) (Fig. 3A).
In the striata, differences of gene expression with saline-treated
mice were again mostly seen as early as 3 h while peaking at 6 h
post-MPTP (r2 = 0.10 and r2 = 0.05, respectively) and then slightly –
though progressively – recovering at 24 h post-MPTP (r2 = 0.46),
when compared to later time points at which differences in striatal

Fig. 2. MPTP administration induces expression of pro-inﬂammatory chemokines, DA transporters, neurogenic patterning factors, and homeobox genes responsible for survival and
identity of telencephalic precursor cells in both ventral midbrain (containing the SNpc) (A–B) and striatum (C–D). Groups of 6 mice/time interval received intraperitoneal injections
of MPTP–HCl, 20 mg/kg, 4 times in a day at 2-h intervals. Mice were sacriﬁced on the indicated days after MPTP treatment. Real-time PCR was used for semi-quantitative analysis of
selected mRNAs. In SNpc, 8 selected genes showed signiﬁcant (fold induction ≥ 1) upregulation (A) and 9 selected genes signiﬁcant (fold induction ≤ −1) downregulation (B) at any
time point in comparison to saline-treated controls. Wnt1 gene resulted upregulated up to day 21, and from day 35 to day 42, but downregulated from day 21 to day 35. In the
striatum, 14 selected genes showed signiﬁcant upregulation (C) and 6 selected genes signiﬁcant downregulation (D) at any time point in comparison to saline-treated controls.
Wnt1 was downregulated, with the exception of 3-h time point.
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not change their levels of expression at any time point. Only 7.5%
(7/93) of VM genes were upregulated – compared to saline-treated
mice – very early after the administration of MPTP (namely 3–24 h
post-MPTP), among which we identiﬁed at least two major proinﬂammatory chemokines, such as CXCL10/IP-10 and CCL3/MIP-1a the
advanced glycosylation end product-speciﬁc receptor (ager) member of
neural cell adhesion molecules (N-CAM L1), the mitochondrial carrier
uncoupling protein (ucp) 2, the dopamine receptor (Dr) 2, the T-box
brain gene (Tbr) 1 responsible for instructing immature neural
progenitors trough dorsal telencephalic identity.
Of special interest, a major and long-lasting upregulation of the
midbrain-patterning factor Wnt-1 (Castelo-Branco et al., 2003) was
observed (Fig. 2A). The VM gene expression proﬁle of both CXCL10/IP-10
and Wnt-1 turned to be bi-fasic with a trend towards downregulation at
very late (e.g., 42 days) time point post-MPTP. A single gene out of 93
(1%) – the interferon (IFN) γ-inducible pro-inﬂammatory chemokine
CXCL11/I-TAC – show 4-fold upregulation very late (35 days post-MPTP)
upon the acute administration of MPTP (Fig. 2A). By contrast, 9.6%
(9/93) of VM genes showed persistent downregulation – compared to
saline-treated mice – at most screened post-MPTP time points. Among
these latter genes, we identiﬁed the two homeobox transcription factors
Engrailed (En) 1 and 2 – which have been shown to be required for the
survival of mesencephalic dopaminergic neurons (Simon et al., 2001) –
and the two DA transporters Slc6a3 and Slc18a2. The steroid nuclear
hormone receptor Nr4a2/Nurr1 and the neurotrophin (NT) 3 were
downregulated only very early post-MPTP (e.g., 3–24 h), while the
transcription factor Paired box gene (Pax) 5 and the tyrosine hydroxylase
(TH) showed late (e.g., from 21 days on) peak of downregulation
(Fig. 2B). Interestingly enough, Wnt-1 was also found to be signiﬁcantly
7-fold downregulated at 35 days post-MPTP (Fig. 2B).
On the other hand, the 16.1% (15/93) of genes were not expressed in
the striatum, while 41.9% (39/93) of striatal genes did not change their
levels of expression at any time point. Fifteen percent (14/93) of striatal
mRNAs were upregulated – compared to saline-treated mice – very
early after the administration of MPTP (namely 3–24 h post-MPTP),
among which we identiﬁed the very same pro-inﬂammatory chemokines – CXCL10/IP-10 and CCL3/MIP-1a – as in the SNpc, the heme
oxygenase (Hmox) 1 promoting oxidative mitochondrial damage (Song
et al., 2006), the DA transporter Slc18a2, the mitochondrial carrier ucp 2,
and TH being signiﬁcantly upregulated very early after MPTP. Other
mRNA species, such as Tbr1, the transcription factor Sox 1 speciﬁc for the
telencephalic neurons of the ventral striatum (Ekonomou et al., 2005),
and the three semaphorins (Sema) 3b, 4a, and 4f showed a proﬁle of
expression which turned to upregulation at later (e.g., from 21 to
28 days post-MPTP on) time points (Fig. 2C). Only 6.4% (6/93) of striatal
genes showed remarkable downregulation, compared to saline-treated
mice. We identiﬁed again Tbr1 and the three steroid nuclear hormone
receptors Nr4a1, Nr4a2, and Nr4a3 (Fig. 2D). Finally, the striatal levels of
Wnt-1 reached a peak of upregulation early after MPTP and then turned
to downregulation at all later time points (Fig. 2D).
Fig. 3. Systemic administration of MPTP induces pro-inﬂammatory chemokines, DA
transporters, and neurogenic transcription factors in the SNpc and corpus striatum at mRNA
level. Bivariate scatter plot analysis of gene expression levels of 96b format TaqMan® lowdensity-based array (TLDA) performed onto acutely dissociated SNPc (A) and striatum
(B) from MPTP-treated mice (y-axis) compared to saline-treated controls (x-axis).
Differences in gene expression were seen in the SNpc of MPTP-treated mice starting at 3
and 6 h and peaking at 24 h post-MPTP (r2 =0.38; r2 = 0.54 and r2 =0.15, respectively),
when compared to 7 and 42 days post-MPTP (r2 = 0.90 and r2 =0.70, respectively). In the
striata, differences were seen in MPTP-treated mice again starting at 3 h post-MPTP and
peaking at 6 h post-MPTP (r2 = 0.10 and r2 = 0.05, respectively), then slightly recovering at
24 h post-MPTP (r2 =0.46), when compared to time points at which differences in striatal
gene expression were only minor, such as from 7 days post-MPTP on (r2 =0.97) Data are
expressed as mRNA arbitrary units (AU) over whole adult healthy mouse brain.

Accumulating evidence clearly indicates a vital role for Wnt signaling
pathway in neuronal cell survival and homeostasis (Inestrosa and
Arenas, 2009; Maiese et al., 2008).The highly signiﬁcant and sustained
upregulation of Wnt1 transcript levels among 92 mRNA species studied
associated to the sharp increase of pro-inﬂammatory chemokines
prompted us to address MPTP-regulation of Wnt1 signaling during
DAergic injury and glia activation.

gene expression were only minor, such as from 7 days post-MPTP
on (r2 = 0.97) (Fig. 3B).
The gene expression analysis in the VM showed that 4.3% (4/93) of
screened genes were not expressed, while 59.1% (55/93) of genes did

Freezled receptor-1 (Fzd-1)
Given that the ﬁrst step in Wnt signal transduction is binding of the
Wnt ligand to its receptors, the seven-pass transmembrane Fzd
proteins (Gordon and Nusse, 2006), we used real-time PCR and

MPTP-induced dynamic changes in prototypic elements of canonical
Wnt signaling during DAergic injury and glial activation
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identiﬁed Fzd-1 gene expression within the adult VM. Temporal
analysis in MPTP mice showed an early and sharp downregulation of
Fzd-1 receptor transcript at 12 h and 1 dpt (Fig. 4A). After this time,
Fzd-1 transcript showed a recovery by 3 dpt, and upregulation at 14
dpt. Western blotting showed comparable down- and up-modulation
of Fzd-1 protein levels (Fig. 4C), as indicated by the early decrease 12 h
and 1 dpt, followed by a signiﬁcant increase observed by 14 days. Thus,

Fzd-1 was upregulated within the temporal window of Wnt1 mRNA
expression in the injured VM of MPTP mice.
β-Catenin
Fzd-1 receptor provides the best discrimination of the Wnt1/
β-catenin pathway (Gordon and Nusse, 2006), spatio-temporal
analyses were next conducted in order to correlate β-catenin

Fig. 4. MPTP-induced dynamic changes in Wnt signaling components during DAergic degeneration and glial activation. (A–B) Temporal analysis of Fzd-1 and β-catenin mRNA
expression in the VM of saline and MPTP mice (n = 4/group) was carried out by real-time quantitative PCR performed using TaqMan™ Assay Reagents on an Step One Detection
System (Applied Biosystems) according to manufacturer's protocol with speciﬁc primers for Fzd-1 receptor (assay ID: Mm00445405_s1) and β-catenin (ID: Mm00483039-m1). The
housekeeping gene, β-actin, was used as normalizer and embrionic mouse brain as calibrator. Results are expressed as arbitrary units (AU) and represent mRNA levels detected in
VM tissue samples from saline (-MPTP) and 12 h, 1, 3, 14, and 42 dpt. *p b 0.05 vs. -MPTP. (C–D) Temporal analysis of Fzd-1 and β-catenin protein levels within the VM of saline and
MPTP-treated mice (n = 4/time point) by Western blot (wb), showing comparable downregulation of Fzd-1 and β-catenin starting 12 hpt, whereas a gradual trend towards a
recovery is observed from 3 dpt on. Data from the experimental bands were normalized to beta-actin, and values were expressed as percent (%) of saline-injected controls. *p b 0.05
vs. -MPTP. (E) Dual staining with β-catenin and the dopamine transporter, DAT, in the SNpc showing loss of β-catenin-IR signal 1 day post-MPTP, as opposed to β-catenin-IR signal
localized abundantly beneath the cell nucleus of saline-injected controls. (F) Degeneration of SNpc neurons. The total number of Fluorojade C (FJC)-stained cells in SNpc was
calculated for each side, averaged for each animal (n = 4/time point) and normalized to the number of TH+ neurons in SNpc per section. *p b 0.05 vs. -MPTP. (G) Active GSK-3β (GSK3β phospho-Tyr216) protein levels (n = 4/time point) as determined by wb are maximally upregulated by 12 h–3dpt, paralleling DAergic degeneration (D). Data from the
experimental bands were normalized to beta-actin, as above, values expressed as percent (%) of saline-injected controls. *p b 0.05 vs. -MPTP. (G) Dual staining with GSK-3β and DAT
indicated a sharp increase of active GSK-3β-IF signal in DAT-IF neurons within the SNpc already 6 h after the 2nd MPTP injection, thereby preceding SNpc degeneration.
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by real-time PCR (Fig. 4B), Western blotting (Fig. 4D), and
immunohistochemical analyses (Fig. 4E). Gene expression analysis
indicated an early and sharp downregulation of β-catenin transcript
12 h and 1 day after MPTP, which was followed by a gradual
recovery starting from 3 dpt on (Fig. 4B). Dual immunoﬂuorescent
(IF) staining with β-catenin and DAT indicated a severe decrease in
β-catenin-IF signal as early as 1 dpt, as opposed to β-catenin-IF
signal localized abundantly beneath the cell nucleus of salineinjected controls (Fig. 4E). Western blotting (wb) further supported
loss of β-catenin protein levels at both 12 h and 1 dpt (Fig. 4D),
thus within the temporal window of the active degeneration phase,
as revealed by the selective increase in the percentage of Fluorojade
C- (FJC)-stained cells within the SNpc (Fig. 4F), starting 12 hpt,
reaching a peak 2 dpt, and then subsiding by 5 dpt. On the other
hand, starting by 3 dpt on, thus within the temporal window of
Wnt1 upregulation and Fzd-1 recovery, a gradual return of βcatenin mRNA (Fig. 4B) and protein (Fig. 4D), reaching control
levels by 42 dpt, was observed in the MPTP-injured VM. Given the
critical role of β-catenin in cell survival and neuroprotection (Li et
al., 2007), these results, therefore, suggested β-catenin downregulation as an early signal linked to SNpc degeneration, whereas
its recovery might contribute to limit MPTP-induced DAergic
degeneration.
Glycogen synthase kinase-3β (GSK-3β)
In the absence of Wnt ligand, β-catenin is constantly phosphorylated by a destruction complex consisting besides others, of GSK3β, thereby targeting it for ubiquitination and subsequent degradation via the ubiquitin-proteasome system (Aberle et al., 1997).
Here, MPTP-induced activation of GSK-3β (Fig. 4G and H),
evidenced by increased tyrosine phosphorylation at residue 216
(p-Tyr216-GSK-3β), preceded β-catenin loss within SNpc DATneurons, starting already 6 h after the second MPTP injection, when
dual staining with DAT indicated a sharp increase of active GSK-3βIF signal in DAT-IF neurons within the SNpc (Fig. 4H). Western
blotting indicated increased active GSK-3β protein levels 12 h after
MPTP discontinuation (Fig. 4E), paralleling DAergic degeneration
(Fig. 4G) and the time course of microglial activation (Fig. 1I). On
the other hand, between 3 and 14 dpt, a signiﬁcant decline of active
GSK-3β levels (Fig. 4G) was measured, when ameboid IBA1+
microglial cells in Str and SNpc (Fig. 1I) were signiﬁcantly reduced,
whereas an initial recovery of β-catenin was observed (Fig. 4B
and D).
Together these results indicated MPTP-induced GSK-3β activation
and β-catenin downregulation within the temporal window of active
DAergic degeneration and microglial activation.
MPTP-dependent Wnt1 expression in the injured VM and VM astrocytes
We thus correlated Wnt1 mRNA expression with Wnt1 protein
levels in VM, using embryonic (E-14) brain as a control tissue (Fig. 5A
and B), and the recombinant Wnt1 protein as an internal control (not
shown), only a very faint band corresponding to the expected size for
Wnt1 (41 kDa) was revealed in VM of saline-injected controls as
opposed to the signiﬁcantly higher amount of the endogenous protein
present in E-14 brain (Fig. 5B). Temporal analysis of Wnt1 protein in
the VM of MPTP mice showed a signiﬁcant increase in Wnt1-IR band
detected already 1 dpt with a peak reached 3 dpt. Wnt1-IR band still
remained signiﬁcantly higher at both 7 and 14 dpt, thereby within the
temporal window of initial β-catenin recovery (Fig. 4C and D). Thus,
Wnt1 expression appeared associated to the temporal window of
GSK-3β inhibition (Fig. 4G), Fzd-1 upregulation (Fig. 4A), and βcatenin recovery (Fig. 4C and D), namely within the temporal window
of astrocyte activation (Fig. 1G).
The question therefore arose as to the potential source of Wnt1
expression in the MPTP-injured VM. While little is known on the
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source Wnts in adult brain, recent ﬁndings indicate the expression of
Wnt's components in adult astrocytes (Lie et al., 2005; Cahoy et al.,
2008). We next conducted Wnt1 mRNA analysis in astrocytes
derived ex vivo from MPTP-injured VM (3 dpt) and found increased
Wnt1 mRNA transcription by RT-PCR, compared to Wnt1 transcription of uninjured VM astrocytes (Fig. 5B and C). In situ hybridization
histochemistry further conﬁrmed colocalization of Wnt1 with
reactive GFAP+ astrocytes within the MPTP-injured VM (Fig. 5D
and E), thereby implicating, MPTP-reactive astrocytes as candidate
elements of Wnt/β-catenin signaling.

Activated astrocytes and Wnt1/β-catenin signaling rescue
mesencephalic DAergic neurons from MPP+-induced TH+
neuron toxicity
All together these informations raised the possibility that astroglial-derived Wnt1 might provide a compensatory mechanism to limit
the degenerative process and/or activate the spontaneous SNpc selfrepair program.
Indeed, astrocytes represent a vital source of survival and
neurotrophic factors for several types of neurons, including DAergic
neurons (Engele and Bohn, 1991; Takeshima et al., 1994; Gallo et al.,
2000; Castelo-Branco et al., 2006; Blackburn et al., 2009). We thus
investigated the ability of VM astrocytes to afford DAergic neuroprotection against MPP+ through Wnt/β-catenin activation. To this end, we
took advantage of cell culture systems to study the toxic effect of MPP+
in puriﬁed primary mesencephalic neurons as opposed to astrocyte–
neuron cultures, in vitro. In enriched primary mesencephalic neuronal
cultures at 7 DIV, MPP+ induced a signiﬁcant time-dependent loss of βcatenin protein levels preceded by a sharp increase of active GSK-3β
starting 0.5 h following MPP+ treatment, with levels remaining
elevated for 2 h (not shown). MPP+ induced the recognized DAergic
toxicity as demonstrated by the dose-dependent decrease in the
number TH+ neurons paralleled by inhibition of [3DA] incorporation
(Fig. 6A–E). By contrast, when MPP+ was applied to astrocyte–neuron
cultures, a signiﬁcant degree of protection was observed at MPP+ dose
range of 5–25 μM, whereas at 50 μM dose of MPP+, astroglial
neuroprotective effect was sharply impaired (Fig. 6H–O). By contrast,
blocking Wnt/Fzd signaling with the prototypic inihibitor of canonical
Wnt signaling, Dkk1 (100 ng/ml) sharply antagonized VM astrocyteinduced neuroprotection, as demonstrated by the signiﬁcant decrease
in the number of TH+ neurons and [3DA] incorporation (Fig. 6H and I).
On the other hand, exogenous activation of Wnt/β-catenin signaling in
VM astrocyte–neuron MPP+-treated cultures by the speciﬁc GSK-3β
antagonist, AR-14418 (5 μM), signiﬁcantly magniﬁed astrocyte neuroprotective effect at all MPP+ doses tested (Fig. 6H, I, P, Q). Consistently,
direct application of Wnt1 (100 ng/ml) to puriﬁed mesencephalic
neurons 1 h before MPP+ resulted in a signiﬁcant protection against
MPP+ toxicity (Fig. 6F and G), whereas Dkk1 application, while inactive
by itself, efﬁciently antagonized Wnt1-induced DAergic neuroprotection (Fig. 6A). Likewise, in the indirect co-culture paradigm, addition of
increasing MPP+ doses to puriﬁed mesencephalic neurons exposed to
astrocyte inserts, increased by about 2-fold TH+ neuron survival
(Figs. 6R and S) as opposed to puriﬁed neurons alone (Fig. 6A, D, E). On
the other hand, the addition to the puriﬁed neurons of a blocking
antibody against Wnt1 (Wnt1-Ab, 2 μg/ml), or a Wnt/Fzd antagonist
(Fzd-A, 200 ng/ml), which binds to the Wnt ligand preventing its
interaction with the Fzd receptor, while inactive per se (not shown),
reduced TH+ neuron survival upon MPP+ application (Fig. 6R and T),
indicating that the protective effect of astrocyte inserts is at least in part
induced by the Wnt ligand and not by another component. Together,
these results suggested that activated astroglial cells and Wnt1
activation of Wnt/β-catenin signaling are critical contributors of VM
astrocyte-induced protection of mesencephalic DAergic neurons
against MPP+ toxicity.
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Fig. 5. Wnt1 expression in MPTP-injured VM and VM astrocytes. (A) Western blot analysis of Wnt1 protein in saline (-MPTP) and at different time intervals after MPTP (n = 4/time
point). Embryonic (E-14) brain was used as a control tissue. Data from the experimental bands were normalized to beta-actin, as above, values expressed as percent (%) of salineinjected controls. *p b 0.05 vs. -MPTP. (B–C) Wnt1 mRNA transcription in astrocytes derived ex vivo from MPTP-injured VM (3 dpt). Total RNA was extracted and processed as
described, and 250 ng of cDNA was used for semi-quantitative polymerase chain reaction (RT-qPCR) using speciﬁc primer pairs for Wnt1 (F: ccgagaaacagcgttcatct;
R: gcctcgttgttgtgaaggtt; amplicon: 252 bp) and β-actin (F: cttttccagccttccttctt; R: tcaggaggagcaatgatctt; amplicon: 220 bp). Embryonic (E-14) brain was used as a control tissue.
Samples from PCR reactions were separated electrophoretically on 2% agarose gel containing 0.2 μg/ml of ethidium bromide. Fluorescent bands of ampliﬁed gene products were
captured by using Gel Logic 200 Imaging System (Kodak). Note the sharp increase in Wnt1 mRNA transcription (B, C) in samples derived from VM astrocytes of MPTP mice as
opposed to controls (-MPTP). (D–E) In situ hybridization with Wnt1 probe was carried out in midbrain sections (at the level of the SNpc) overnight as described, using FITC antisense
RNA probe (Sigma Aldrich) speciﬁc for Wnt1. GFAP-Ab was then applied for dual localization, in saline (-MPTP) and 2 dpt (n = 4/group). Wnt1 signal (green) was not revealed in
uninjured VM or GFAP+ astrocytes (red, D), whereas after MPTP (E) Wnt1 mRNA signal (green) and GFAP+ astrocyte signal (red), colocalized (orange–yellow).

Chemokine-activated astrocytes and Wnt1 promote neurogenesis and
DA neurogenesis from NPCs of the adult midbrain (MB)
In view of the delayed SNpc neurorecovery herein observed in vivo
upon acute MPTP injury, and given the critical role of Wnt/β-catenin
in regulating the proliferation and differentiation of midbrain DAergic
neuroprogenitors during development (Castelo-Branco et al., 2003),
we thus investigated a potential role of VM astrocytes and Wnt/βcatenin signaling in promoting adult midbrain neurogenesis. Indeed,
emerging evidence clearly indicates that astrocyte-derived Wnts have
instructive effects to induce adult neurogenesis (Lie et al., 2005; Yu et
al., 2006). To mimic the in vivo inﬂammatory condition, we ﬁrst tested
the modulation of Wnt1 expression in VM astrocyte cultures by
various inﬂammatory factors and found that the pro-inﬂammatory
chemokines over-expressed in MPTP-injured VM, i.e., CCL3, CXCL10,
and CXCL11, dose-dependently stimulated Wnt1 expression, both
by real-time PCR (Fig. 7A) as well as by in situ hybridization, (Fig. 7B
and C).

We next addressed whether untreated (UAstro) or chemokinetreated (TAstro) VM astrocytes and Wnt1 might promote adult
neurogenesis and DA neurogenesis from NPCs derived from mouse
midbrain/hindbrain (MB). For comparative studies, green ﬂuorescent
protein (GFP)-expressing NPCs derived from the SVZ (Pluchino et al.,
2003, 2005) were treated in parallel.
By culturing NPCs derived from adult midbrain/hindbrain (MB,
Hermann et al., 2006), using the neurosphere culturing technique
similar to those used for propagation of NPCs derived from the SVZ
(Pluchino et al., 2003, 2005), we found that the phenotype of these MB
NPCs was similar to those derived from the SVZ. Accordingly, nestin, a
marker for precursor cells in adult brain, and BrdU, a marker for cell
proliferation, were expressed during in vitro clonal expansion of NPCs
from the adult MB (Fig. 7D). In NPCs cultures from both MB (E) and SVZ
(F), grown in PDL alone in N2 medium, and in the absence of exogenous
factors, only rare Tuj1+ neurons could be detected after only 3 DIV as
compared to direct co-culture of NPCs with UAstro (Fig. 7E and J), which
produced a signiﬁcant increase in the number Tuj1+ cells. This ﬁnding

Fig. 6. Astrocytes and Wnt1/β-catenin signaling rescue mesencephalic DAergic neurons from MPP+-induced TH+ neurotoxicity. Enriched mesencephalic neuronal cultures at 7 DIV,
prepared as described, received increasing doses of MPP+ and the number of TH+ neurons (A) and [3H]DA incorporation (B) analyzed after 24 h, the data expressed as percent (%) of
control values (see Materials and methods). Wnt1 (100 ng/ml, A–B, F) or the Wnt antagonist, Dkk1 (100 ng/ml), were applied either alone or in combination. In this case, application
of Dkk1 preceded Wnt1 administration. (G–L) Differences were analyzed by ANOVA followed by Newman–Keuls test and considered signiﬁcant when p b 0.05. °p b 0.05 vs. -MPP+
within each respective group; *p b 0.05 vs. PBS, within each respective group; #p b 0.01 vs. Wnt1, within each respective group. (C–E) Representative immunocytochemical images
showing puriﬁed mesencephalic TH+ neurons (red) in control (Ct) conditions (-Mpp+, C) and 24 h after MPP+ at 5 μM (D) or 50 μM (E). Nuclei were counterstained with DAPI
(blue). Note the marked neuroprotection afforded by Wnt1 treatment at both doses (F–G). (H–I) Astrocyte–neuron cultures at 7–9 DIV received increasing doses of MPP+ and
DAergic toxicity analyzed as above both in the absence or the presence of a concomitant treatment with the speciﬁc GSK-3β antagonist AR (5 μM, Osakada et al., 2007). For Wnt
antagonism, Dkk1 (100 ng/ml) was applied prior MPP+ application. (L–Q) Representative immunocytochemical images showing astrocyte–neuron cultures at 7–9 DIV. (L) Control
culture stained for TH+ (red) and counterstained with DAPI (blue). Differences were analyzed by ANOVA followed by Newman–Keuls test. °p b 0.05 vs. PBS, within each respective
group; (M–Q) representative confocal images of dual staining with TH+ (green) and GFAP (red) of astrocyte–neuron cultures without (M) and 24 h after 5 (N) or 50 μM (O) of MPP+.
Note the increased branching and varicosities of control TH+ neurons in the presence of astrocytes (M–N), and the signiﬁcant protection afforded by astrocytes at 5 μM (N) and
25 μM (H–I) MPP+ doses. In addition, exogenous activation of Wnt signaling with the GSK-3 inhibitor sharply magniﬁed astrocyte neuroprotective effect (P–Q). Note the increased
process length and branching of TH+ neurons even at the highest (50 μM) MPP+ dose (Q). (R–T) Puriﬁed mesencephalic neurons were exposed to astrocyte inserts (i.e., indirect coculture paradigm) and increasing doses of MPP+ were applied, both in the absence and the presence of a blocking antibody against Wnt1 (Wnt1-Ab, 2 μg/ml) or the Wnt/Fzd
antagonist, Fzd-A (200 ng/ml). Differences were analyzed by ANOVA followed by Newman–Keuls test. °p b 0.05 vs. PBS, within each respective group. Note the ability of astrocyte
inserts to increase by twofold TH+ neuron survival (R, S) as opposed to puriﬁed neurons alone (A, D, E), whereas this effect is counteracted by Wnt1 blocking antibody (T), or Fzd-A.
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was in accordance with earlier studies carried out with adult SVZ
precursors cultured on type 1 astrocyte monolayers (Lim and AlvarezBuylla, 1999) and further indicated the ability of VM astrocytes to
promote neurogenesis from NPCs derived from adult midbrain.
On the other hand, direct co-culture of NPCs with TAstro
signiﬁcantly increased the proportion of Tuj1+ cells out of the
DAPI+ nuclei, as compared to co-cultures with UAstro (Fig. 7E, K and
F, G), indicating the ability of TAstro to sharply increase the neurogenic potential of NPCs, whereas UAstro or TAstro cultured alone for
either 3 or 7 DIV failed to induce any Tuj1+ cells (Fig. 7E and P). We
next looked at changes in proliferation and found that in co-culture of
NPCs isolated from the MB and SVZ, with U/TAstro, within 24 h of BrdU
pulse, a signiﬁcant increase in the number of Tuj1+ labeled with BrdU
was observed, indicating the proliferative origin for a certain
proportion of adult-derived Tuj1+ neurons (Fig. 7E, H, L). By contrast,
blocking Wnt/Fzd signaling with the Wnt's antagonist, Dkk-1, applied
to NPCs just prior to start the co-culture with astrocytes, resulted in a
signiﬁcant reduction of both UAstro and TAstro- induced increase of
Tuj1+/BrdU+ (Fig. 7E and P), thus suggesting that Wnt/β-catenin
signaling was required for astro-induced neurogenesis from multipotent NPCs of the MB.
We next veriﬁed the ability of exogenous Wnt1 to directly
promote neurogenesis from NPCs grown in the absence of astrocytes,
as above, and found that direct application of recombinant Wnt1
protein (100 ng/ml) signiﬁcantly increased the number of Tuj1+ cells
and the proportion of BrdU+ out of the total number of Tuj1+ cells in
NPCs (Fig. 7O). In midbrain aNPCs treated with Wnt1, staining with
β-catenin revealed increased β-catenin-IR signal (N) both at perinuclear (6–16 h, inset in N) and at membrane/cytoplasmic regions
(72 h, N).
These ﬁndings, therefore, indicated the ability of VM astrocytederived factors, especially Wnt/β-catenin activation, and exogenously
applied Wnt1, to promote neurogenesis from MB NPCs. We next
assessed the ability VM astrocyte-derived factors to promote DA
neurogenesis. A number of different experimental settings as
compared to direct co-culture with VM UAstro and TAstro, or direct
application of Wnt1, were investigated. Neither growing NPCs from
either SVZ or MB alone in PDL, both in the absence or the presence of
serum (2–20%), with or without different DAergic growth factors
(BDNF, GDNF), nor direct application of different chemokines or Wnt1
to NPC cultures did produce any TH+ neuron after 7 DIV. In addition,
U
Astro or TAstro co-cultures with aNPC derived from SVZ failed to
induce DAergic phenotype. On the other hand, when NPCs isolated
from the MB were co-cultured with UAstro/TAstro for 7 DIV, a certain
number of TH+ cells out of the total number of Tuj1+ cells could be
detected (Fig. 7P), albeit co-culture with TAstro (in particular CXCL11)
produced 3–4 times more TH+ cells out of the total number of Tuj1+,
as compared to u-astro (b3%). In TAstro (CXCL11)-NPCs co-cultures,
Tuj1+TH+ neurons extended long and branched TH+ processes with
numerous DAergic varicosities (Fig. 7Q–S). In sharp contrast, Dkk1
treatment induced a signiﬁcant inhibition in the number of TH+ cells
out of the total number of Tuj1 (Fig. 7P).
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Therefore, factors derived from astrocytes and chemokine activated astrocytes, including Wnt/β-catenin signaling, are likely contributing to the neuronal and dopaminergic differentiation of adult
midbrain progenitors, in vitro.
Dysregulation of Wnt signaling in middle-aged mice that fail to recover
from MPTP: reversal by exogenous activation of Wnt/β-catenin signaling
To address the relevance of Wnt/β-catenin signaling pathway to
the recovery after MPTP injury and establish a functional link between
Wnt signaling and DAergic neurorescue, in vivo, we investigated
Wnt1/Fzd/β-catenin signaling in middle-aged mice that fail to recover
after MPTP insult (Ricaurte et al., 1987; Ho and Blum, 1998). MPTP
administration in 9- to 10 month-old mice induced the recognized
long-lasting loss of TH+ neurons associated to the sharp increase of
reactive astrocytes within the injured SNpc (Fig. 8A and B). However,
despite a strong and persistent astrogliosis, the temporal analysis of
Wnt1 transcript revealed lack of MPTP-induced Wnt1 mRNA
upregulation in VM and VM astrocytes both by in situ hybridization
(Fig. 8C) and RT-PCR (D), indicating astrocyte impairment of Wnt1
response to MPTP with age. Dysregulation of Wnt signaling in middleaged mice exposed to MPTP was further supported by the long-lasting
downregulation of β-catenin and Fzd-1 transcripts in the VM of MPTP
mice thereby corroborating impaired Wnt/Fzd/β-catenin signaling in
response to MPTP in middle-aged mice. Since pharmacological
inhibition of GSK-3β enzyme activity results in activation of β-catenin
signaling, this enabled us to examine the functional importance of this
pathway in post-injury DAergic neurorescue in middle-aged mice. To
this end, the speciﬁc GSK-3β inhibitor, AR, was injected i.p. (10 mg/kg
twice a day) starting 72 h post-MPTP for 3 weeks (i.e., after the peak
of SNpc degeneration and during the temporal window of Wnt1
expression in younger mice, Fig. 4), and mice were sacriﬁced 14 and
42 days after MPTP. We ﬁrst veriﬁed the ability of systemic AR
treatment to reduce active GSK-3β protein levels in the MPTP-injured
VM. Consistently, treatment with AR reversed the MPTP-induced
p216GSK-3β upregulation (Fig. 8G), as well as the concomitant
downregulation of both β-catenin (Fig. 8F) and Fzd-1 (Fig. 8F) levels
in the injured VM, as opposed to levels measured in middle-aged mice
exposed to MPTP.
Immunohistochemistry revealed that MPTP/AR mice exhibited a
signiﬁcant recovery from MPTP insult as indicated by the signiﬁcant
increase in TH+ neurons by 42 dpt (Fig. 8H and J), as opposed to
failure to recover of MPTP/saline counterparts. AR-induced DAergic
neurorescue was not due to a difference in striatal MPTP/MPP+
metabolism, since no signiﬁcant changes were observed in striatal
MPP+ levels between MPTP/AR and MPTP/saline mice (not shown).
At striatal level, dopamine (Fig. 7K) and DAT-IR ﬁber density (Fig. 7L
and P) were signiﬁcantly increased by 42 dpt in middle-aged MPTP
mice treated with AR, as compared to age-matched MPTP/saline
counterparts (Fig. 7K, L, O), thereby corroborating a signiﬁcant degree
of nigrostriatal recovery induced by activation of Wnt/β-catenin
signaling pathway in middle-aged mice. Together these informations

Fig. 7. Chemokine-activated astrocytes express Wnt1 and promote dopaminergic neurogenesis from adult midbrain neural stem/precursor cells (NPCs) via Wnt/β-catenin
activation. (A) Expression levels of Wnt1 mRNA in untreated (UAstro) or treated (TAstro) ventral midbrain (VM) astrocyte cultures. VM astrocytes grown as described received a
pretreatment with PBS (UAstro) or increasing doses (50–1000 ng/ml) of one the chemokines (CCL3, CXCL10 or CXCL11, TAstro). Treatments were carried out only one time and cells
processed 24 hpt for real time PCR. (B–C) In situ hybridization with Wnt1 probe was carried in U/TAstro, as described, using FITC antisense RNA probe speciﬁc for Wnt1. GFAP-Ab was
then applied for dual localization, in control (pbs) UAstro (B) and 24 h after CXCL10 treatment (C). In control cultures, only a slight Wnt1 signal (green) was revealed in GFAP+
astrocytes (red), whereas after CXCL10 (D), a robust Wnt1 mRNA signal (green) colocalized with GFAP+ astrocyte signal (red). (D) Morphology and marker expression of aNPCs
derived from midbrain/hindbrain (MB) during in vitro expansion. Spheres were cultured for 2–3 h to allow attachment and then stained with nestin (panel Da, b) and BrdU (c).The
spheres were cultured in the presence of 5 μM BrdU for 24 h before plating. Nuclei were counterstained with DAPI. The respective marker protein is expressed in nearly all cells
within the neurosphere and after withdrawal of mitogens (d). (E) Effect of co-culture of U/TAstro with aNPCs derived from MB (E, and J–L) or SVZ (F–I). Tuj1+ cells was determined
relative to the total number of DAPI+ nuclei (E, %Tuj1+/DAPI+); the number of BrdU+ cells was determined relative to the total number of Tuj1+ cells (E, %BrdU+/Tuj1). Within 24 h
of BrdU pulse, approximately 25% of the Tuj1+ cells were labeled, an effect counteracted by Dkk1 treatment. Direct application of recombinant Wnt1 protein (100 ng/ml),
signiﬁcantly increased the number of Tuj1+ cells (see M, N, O), and the proportion of BrdU+ out of the total number of Tuj1+ cells in aNPC derived from MB (O) and SVZ (I). (P) VM
astrocytes promote DA neurogenesis in MB aNPCs. After 7 DIV, TAstro produced 3–4 times more TH+ cells out of the total number of Tuj1+, as compared to UAstro (b 3%). (Q–S)
Confocal images of a Tuj1+ TH+ neuron extending long TH+ processes with numerous varicosities. Differences between means were analyzed by ANOVA and considered signiﬁcant
when p b 0.05. *p b 0.05 vs. NPCs alone; **p b 0.05 vs. UAstro; °p b 0.05 vs. U/TAstro, within each respective group.

522

F. L'Episcopo et al. / Neurobiology of Disease 41 (2011) 508–527

established a causative link between nigrostriatal self-repair and
Wnt1 signaling activation in the injured midbrain (Fig. 9).
Discussion
We herein unveiled Wnt/β-catenin signaling and MPTP-reactive
astrocytes “in situ” as candidate components of neurorescue/repair
pathways in MPTP-induced nigrostriatal DAergic plasticity. First, wide
gene expression analysis of 92 mRNA identiﬁed a major upregulation
of pro-inﬂammatory chemokines and Wnt1 during MPTP-induced

DAergic degeneration and self-recovery. Next, spatio-temporal analyses within the injured VM showed a dynamic interplay between
prototypical proteins of canonical Wnt signaling pathway (e.g., Fzd-1
receptor, β-catenin, and GSK-3β), associated to DAergic degeneration
and glia activation. In situ hybridization histochemistry next revealed
MPTP-reactive astrocytes as candidate source of Wnt1 and in vitro
experiments further suggested activated VM astrocytes as likely
components of Wnt signaling pathway critically contributing to
DAergic neuroprotection against MPP+ toxicity. By contrast, blocking
Wnt/Fzd signaling with Dkk1 counteracted DAergic neuroprotection.
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Moreover, factors derived from VM-activated astrocytes, especially
Wnt1, promoted neurogenesis and DAergic neurogenesis from stem/
progenitor cells derived from the adult midbrain. By contrast, lack of
Wnt1 expression in older as opposed to younger mice and loss of
β-catenin correlated with failure to recover in response to acute MPTP
injury. The fact that nigrostriatal recovery was mimicked by postinjury activation of Wnt signaling via downregulation of GSK-3β next
established a functional link between Wnt signaling and DAergic
plasticity (Fig. 9).

Among multiple mechanisms at play Wnt1 is a candidate signal in
MPTP-induced nigrostriatal plasticity
The ability of nigrostriatal DAergic neurons to respond to injury by
triggering a panel of neurochemical, molecular, and morphological
compensatory mechanisms is well documented (Hornykiewicz, 1993;
Blanchard et al., 1996; Bezard and Gross, 1998; Finkelstein et al., 2000;
Stanic et al., 2003; Jacowec et al., 2004; Zigmond et al., 2009).
Astrocyte and microglia activation, including the expression of
proinﬂammatory cytokines and neurotrophic factors during DAergic
nigrostriatal recovery upon injury have been previously underlined
(Ho and Blum, 1998; Batchelor et al., 1999; Parish et al., 2002; Stanic
et al., 2004). In addition, spontaneous improvement in behavioral
functioning and motor recovery has also been reported after
nigrostriatal injury, both in rodents and non-human primates (see
Petzinger et al., 2006).
Activation of endogenous compensatory mechanisms is thought to
mask the appearance of PD before the appearance of the ﬁrst clinical
symptoms (Hornykiewicz, 1993; Bezard and Gross, 1998), which
raises the possibility that some individuals with PD suffer from a
reduction of these neuroprotective mechanisms and that treatments
that boost these mechanisms may provide therapeutic beneﬁt (see
Zigmond et al., 2009). Aging, the most critical risk factor for PD, is
associated to a gradual decline in the intrinsic capacity of DAergic
neurons to recover, at least in part via increased SNpc neuron
vulnerability and dysfunctional glia–neuron crosstalk (Ho and Blum,
1998; Marchetti et al., 2005a,b,c; Boger et al., 2010; L'Episcopo et al.,
2010).
Indeed, after injury, many adaptive changes occurring within the
astroglial cell compartment may serve to increase the defense against
oxidative stress, to reduce inﬂammation, to improve mitochondrial
performance, to increase neurotrophic support, and/or to activate
adult neurogenesis (Horner and Palmer, 2003; Barkho et al., 2006;
Sandhu et al., 2009; Chen et al., 2009; Voskuhl et al., 2009; Sofroniew
and Vinters, 2010). By contrast, age-related events within the SN
microenviroment, including increased oxidative stress and neuroinﬂammatory cascades (Miller and Streit, 2007), may reduce astrocyte
neuroprotective functions thereby limiting DAergic self-repair abilities, and/or reducing adult neurogenesis. The persistent expression of
Wnts in the adult brain, together with their role in neuroprotection,
the modulation of neurogenesis, and synaptic plasticity, indicates that
Wnt signaling may play a critical role in maintaining and protecting
neuronal functions, including nigrostriatal DAergic neurons (Toledo et

Fig. 9. MPTP-reactive astrocytes and Wnt/β-catenin signaling link nigrostriatal injury to
repair. A simpliﬁed scheme illustrating MPTP-dependent neuroinﬂammation and
astrocyte activation of Wnt1/Fzd-1/β-catenin neurorescue signaling cascade directing
towards DAergic neuron survival and/or promoting DAergic neurogenesis in the adult
injured midbrain. Dysregulation of astrocyte-dependent Wnt1/Fzd signaling as a result
of GSK-3β activation, Wnt antagonism or aging, may limit DAergic survival/recovery
upon MPTP/MPP+ and/or direct towards DAergic degeneration, while exogenous
activation of Wnt/β-catenin signaling promote neurorescue.

al., 2008; Inestrosa and Arenas, 2009; He and Shen, 2009). In addition,
astrocyte dysfunction and interruption of Wnt/β-catenin signaling
with the aging process may contribute to increase DAergic neuron
vulnerability and/or reduce neurogenic potential.
Differential regulation of Wnt/β-catenin signaling in the adult injured
midbrain may direct towards degeneration/neuroprotection
Emerging evidence clearly indicates a crucial role for Wnt
signaling pathway in neurodegenerative diseases, especially, Alzheimer's disease (De Ferrari et al., 2003; Toledo et al., 2008; Chacón et al.,
2008; Inestrosa and Arenas, 2009), and in particular, Wnt1 signaling
has been closely tied to the control of apoptotic cell injury (Chong and
Maiese, 2007; Li et al., 2007; Maiese et al., 2008). Of special interest,
the Wnt-Fzd signaling pathway forms a critical component for
midbrain DAergic development (Castelo-Branco et al., 2003; 2004;
Prakash and Wurst, 2006; Rawal et al., 2006; Joksimovic et al., 2009).
Here, the temporal analysis of Fzd1, which provides the best

Fig. 8. Dysregulation of Wnt1/β-catenin signaling and lack of nigrostriatal recovery of middle-aged mice are reversed by exogenous activation of Wnt/β-catenin signaling. (A–B)
Representative confocal images of midbrain sections at the level of the SNpc in middle-aged (9–11 months of age) mice showing dual labeling with TH− and GFAP-Ab 42 days after saline
(A) or MPTP (B) administration. (C) In situ hybridization with FITC antisense RNA probe for Wnt1 (carried out as described in the legend for Fig. 5) and immunolocalization of GFAP in
midbrain sections of middle-aged mice 2 days after MPTP (n = 3/group). Note the lack of Wnt1 expression after MPTP in aging mice. (D–F) Real-time PCR for Wnt1 (D), Fzd-1 (E), and
β-catenin (F) mRNA transcripts in VM samples of saline and MPTP mice in the absence or the presence of a systemic treatment with saline or the speciﬁc GSK-3β inhibitor (AR, 10 mg/kg
twice a day) starting 3 days after MPTP (arrow). Transcript levels were measured at different time intervals after MPTP/saline and MPTP/AR (n = 4/time point), as described. (G) Active
GSK-3β (GSK-3β phospho-Tyr216) protein levels as determined by wb (n = 4/time point). Data from the experimental bands were normalized to beta-actin, as above, values expressed as
percent (%) of saline-injected controls. *p b 0.05 vs. -MPTP; °p b 0.05 vs. -AR. (H) Loss of TH+ neurons within the SNpc at different time intervals in MPTP/saline and MPTP/AR (n = 6/time
point). *p b 0.05 vs. -MPTP; °p b 0.05 vs. -AR. (I–J) Representative confocal images showing dual localization of TH+ neurons (green) and GFAP+ astrocytes (red) in saline/AR (I) and MPTP/
AR 42 days post-MPTP (J). (K) HPLC analysis of dopamine in the striatum (Str) of saline and MPTP mice (n = 6/time point). Differences were analyzed by ANOVA followed by Newman–
Keuls test, and considered signiﬁcant when p b 0.05. *vs. saline; °p b 0.05 vs. MPTP-AR. (L) DAT-IR in striatum (Str) assessed by immunoﬂuorescent staining as indicated in legend for Fig. 1
(n = 6/time point). Fluorescence intensity values (FI, means ± SEM) are expressed as percent (%) of saline. *p b 0.05 vs. ct, °p b 0.05 vs. -AR. (M–P) Representative confocal images showing
DAT-IF (revealed by FITC, green) in Str of saline (M), saline/AR (N), MPTP/saline (O), and MPTP/AR (P).
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discrimination of the Wnt/β-catenin pathway (Gordon and Nusse,
2006), indicated a dynamic modulation after MPTP injury in younger
mice as opposed to a long-lasting downregulation observed in
middle-aged mice. While further studies are presently in progress to
identify which speciﬁc cell type (neurons, glia, DA neuroprogenitors)
harbors Fzd-1, its dynamic down- and up-modulation may be linked
to different plastic responses in the injured midbrain of younger mice,
including axon remodeling, death/survival responses (Chacón et al.,
2008; Inestrosa and Arenas, 2009). The observed upregulation of Fzd1 within the temporal window of Wnt1 expression prompted us to
investigate two pivotal proteins of Wnt canonical signaling, i.e., βcatenin and GSK-3β. Recently GSK-3β has emerged as a critical step in
MPTP/MPP+, 6-OHDA-, and rotenone-mediated neuronal cell death
(Chen et al., 2004; Wang et al., 2007; Petit-Paitel et al., 2009; Duka et
al., 2009). In addition, GSK-3β activation has been linked to
inﬂammation and microglia activation (Chong and Maiese, 2007;
Jope et al., 2007). In Wnt canonical pathway, GSK-3β holds a pivotal
position, where it phosphorylates β-catenin in concert with APC, Fzd,
and axin, causing β-catenin degradation via the ubiquitin-proteasome
pathway (Aberle et al., 1997). On the other hand, activation of
canonical Wnt signaling leads to GSK-3β downregulation, and unphosphorylated/activated β-catenin accumulates in the cytoplasm
and translocate in the nucleus where it interacts with cofactors to
regulate the transcription of target genes that are involved in cell
cycle, survival, and differentiation (Maiese et al., 2008). GSK-3β is
activated by phophorylation of the tyrosine 216 residue (Tyr216)
located in the kinase domain and inactivated by phosphorylation of
the amino-terminal serine 9 residue (Ser9). Here, the upregulation of
phosphoTyr216 GSK-3β (i.e., the active GSK-3) occurred in vivo in this
acute mouse model of PD, with kinetics and topography that preceded
and paralleled the degeneration of SNpc neurons, as evidenced by FJC
staining and by reciprocal loss of TH+ neurons in SNpc, and the
activation of microglia. These ﬁndings are in agreement with the
recent study of Petit-Paitel et al. (2009) showing the involvement of
cytosolic and mitochondrial pTyr216 GSK-3β in MPTP/MPP-induced
DAergic cell death and further show a dramatic loss of β-catenin after
GSK-3β activation and within the temporal window of active SNpc
degeneration. GSK-3β is known to have a critical role in neuronal
apoptosis, and PD mimetics such as 6-OHDA, rotenone, MPTP/MPP+
induce neuronal apoptosis in a GSK-dependent manner in SH-SY5Y
cells, PC12 cells, cerebellar granule neurons, and DAergic neurons
(Chen et al., 2004; Wang et al., 2007; Duka et al., 2009). Importantly,
two functional single nucleotide polymorphisms have been reported
in PD brains (see Duka et al., 2009). In addition, post-mortem striata
from patients diagnosed with PD revealed increased p-GSK-3β as
compared to age-matched controls (Duka et al., 2009).
β-Catenin has recently emerged as critical element regulating
neuronal survival. Li et al. (2007) showed that upregulation of βcatenin prevents the cells from going into apoptosis, whereas
knockdown of β-catenin produces an increase in the number of
apoptotic cells (Li et al., 2007). Interestingly, in hippocampal cell
cultures, in vitro, Fzd1 receptor was shown to mediate Wnt3a-induced
neuroprotection against the toxicity of Alzheimer's amyloid-β-peptide
(Chacón et al., 2008). Although correlative, the present results
indicated that MPTP-induced loss of β-catenin might direct towards
DAergic degeneration, whereas increased endogenous Wnt/β-catenin
signaling might represent a compensatory neurorescue response.
Based on these observations, we postulated that Wnt1 might represent
a candidate signal involved in directing the neurorepair/neurorescue
(Fig. 9).
Astroglial Wnt1 as a compensatory rescue signal for mesencephalic
DAergic neurons
The temporal correlation of Wnt1 mRNA expression with Wnt1
protein appeared of interest in the light of recent pieces of evidence

indicating that Wnt signaling system may be reinduced in the adult
CNS after injury (Osakada et al., 2007) and the studies indicating that
Wnt/β-catenin activation reduces neurodegeneration in mouse
models of Alzheimer's disease (Toledo et al., 2008; Chacón et al.,
2008). While little is known on the source of Wnts in adult brain,
recent ﬁndings indicate that Wnt3a is expressed in adult hippocampal
astrocytes (Lie et al., 2005) and expression of Wnt/β-catenin signaling
components was reported in adult astrocytes acutely isolated and
puriﬁed ex vivo (Cahoy et al., 2008). Here, in situ hybridization
revealed MPTP-reactive astrocytes as candidate source of Wnt1
within the injured VM. In addition, increased transcription of Wnt1
mRNA was observed in astrocytes derived ex vivo from MPTP-injured
VM, raising the possibility that astrocyte-derived Wnt signals might
directly and/or indirectly participate to DAergic neuroprotection/
rescue. These results prompted us to investigate, in vitro, the
implication of Wnt/β-catenin pathway in astrocyte-induced DAergic
neuroprotection against MPP+ toxicity. Accordingly, inhibition of
DAergic neuron survival was obtained by directly blocking Wnt/Fzd1/β-catenin signaling with the prototypic antagonist of Wnt canonical
pathway, Dkk1. Conversely, exogenous activation of Wnt signaling in
MPP+-treated astroglial–neuron co-cultures, with a speciﬁc GSK-3β
antagonist, sharply magniﬁed astrocyte-induced DAergic neuroprotection. Moreover, addition of glial inserts or direct application of
Wnt1 to puriﬁed DAergic neurons just prior MPP+ insult afforded a
signiﬁcant degree of neuroprotection, an effect counteracted by
addition of Wnt1 blocking antibody, or the Wnt antagonist,
Frizzled-1-cysteine-rich domain, thus supporting the critical role of
Wnt1 in DAergic neuron survival. This suggestion is consistent with
recent ﬁndings showing the ability of preventive treatments with
GSK-3β inhibitors, starting before MPTP administration, to exert a
signiﬁcant degree of DAergic neuroprotection at both Str and SNpc
levels (Youdim and Arraf, 2004; Wang et al., 2007). Together, these
informations raised the possibility that targeting Wnt signaling might
offer therapeutic beneﬁt by enhancing endogenous neurorescue/
regeneration mechanisms and prompted us to address the functional
implications of this pathway, in vivo.
Pharmacologic activation of Wnt/β-catenin signaling in middle-aged
mice promotes nigrostriatal recovery
Neurochemical, morphological, and behavioral changes clearly
indicate that with the aging process, the nigrostriatal DAergic system
loses its ability to recover from MPTP injury (Ho and Blum, 1998). Old
age is also recognized to dramatically modify the glial compartment. In
particular, morphological, structural, and functional deterioration of
microglia may contribute to aging-related neurodegeneration (Miller
and Streit, 2007; Njie et al., 2010; Streit, 2010), including DAergic
degeneration (Boger et al., 2010). On the other hand, within the
midbrain microenvironment, astrocytes are recognized to create a
more favorable milieu for nigrostriatal DAergic neuron survival in
neurodegenerative conditions (Di Monte and Langston, 1995; Benner
et al., 2004; Sandhu et al., 2009; Chen et al., 2009; Ourednik et al.,
2009); however, age-dependent reduction/loss of astrocyte neurotrophic factors may contribute to the poor DAergic neurorecovery
observed with age (L'Episcopo et al., 2010). This aspect appears of
special importance in view of the strong decrease of adult neurogenesis with increasing age (Kronenberg et al., 2006; Sharpless, 2010) and
neurodegenerative pathologies (He and Shen, 2009). Here, among the
multiple mechanism(s) at play, we identiﬁed a dysregulation of Wnt/
β-catenin signaling in response to MPTP in middle age, the period that
precedes senescence. Interestingly enough, among other potential
factors that may be dysfunctional/disrupted within the midbrain of
aging mice, we identiﬁed lack of Wnt1 expression in VM and VM
astrocytes, and further studies, actually in progress, are needed to
clarify the mechanisms involved in this effect. Hence, a long-lasting
decrease of β-catenin and Fzd-1 receptor accompanying upregulation
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of active GSK-3β supported a dysfunction of Wnt signaling in old
injured VM. Importantly, we could mimic nigrostriatal recovery
observed in young mice, by post-injury activation of Wnt/β-catenin
signaling, with the same GSK-3β inhibitor used in vitro. Hence,
systemic administration of AR for 3 weeks, corresponding to the
temporal window of Wnt1/Fzd-1/β-catenin activation in younger
mice, reversed the downregulation of β-catenin and Fzd-1 receptor
and by 42 dpt, a remarkable recovery both at the SNpc and striatal
levels was observed in middle-aged mice as opposed to their agematched untreated counterparts that failed to recover. While further
results are required to establish the cause for Wnt signaling
dysregulation in middle age, including the potential role of altered
astrocyte–microglial crosstalk, alteration in neuroinﬂammatory markers and/or in the innate control mechanisms regulating inﬂammation
and repair (see Hauwel et al., 2005), the present ﬁndings implicate a
causative role for Wnt signaling activation in post-injury recovery (see
Fig. 9).
Activated astrocytes of the ventral midbrain and Wnt/β-catenin signaling
are key players in promoting adult midbrain neurogenesis, in vitro
Reactive astrocytes express receptors for growth factors,
cytokines, chemokines, and hormones and produce a wide array
of neurotrophic and neuroprotective mediators in cooperation with
those produced by microglia (Morale et al., 2006; Sofroniew and
Vinters, 2010; L'Episcopo et al., 2010). In addition, astrocytes are
known to release various region-speciﬁc signaling molecules, such
as Shh and Wnts, which may interact with each others to dictate
the neurogenic behavior in the adult CNS (Alvarez-Builla et al.,
2001; Song et al., 2002; Lie et al., 2005; Barkho et al., 2006; Jiao
and Chen, 2008). Indeed, canonical β-catenin regulatory mechanisms are known to be required for activation of adult neurogenesis both in vitro and in vivo (Lie et al., 2005; Yu et al., 2006;
Adachi et al., 2007). Astrocytes have pivotal roles in glia–neuron
interactions and for deﬁning the stem cell niche. Hence, E13.5 VM
astrocytes, but not cortex (Cx) astrocytes, express Wnt1 and
Wnt5a and different DA-speciﬁc transcription factors such as Pax2, En-1, and Otx-2 and increase the differentiation of VM
embryonic precursors into TH+ neurons, in vitro, suggesting that
VM astrocytes constitute part of the neurogenic niche that play a
key role in VM DA neurogenesis (Wagner et al., 1999; CasteloBranco et al., 2006). Here, ex vivo and in vitro studies suggest that
MPTP injury and certain pro-inﬂammatory chemokines induce the
expression of Wnt1 in astrocytes of the VM, indicating not only
region speciﬁcity but also a deﬁned inﬂammatory milieu in the
modulation of Wnt1 induction in astrocytes. Recent ﬁndings
indicate that interleukins 1β and 6 may be involved in astroglial
modulation of adult neurogenesis (Barkho et al., 2006). In
addition, certain speciﬁcally activated microglial cells can induce
neural cell renewal in the adult CNS (Butovsky et al., 2006).
Hence, microglia pretreated with IL-4 or IFN-γ induced neurogenesis and oligodendrogenesis in NPCs derived from the SVZ,
whereas LPS-pretreated microglial cells blocked both processes in
aNPCs (Butovsky et al., 2006), in line with reports that
inﬂammation associated with LPS block adult neurogenesis (Ekdahl
et al., 2009; Schwartz et al., 2009; Butovsky et al., 2006), and
supporting a critical role for a speciﬁc inﬂammatory milieu in
dictating promotion or inhibition of adult neurogenesis (Butovsky
et al., 2006; Schwartz et al., 2009).
Our results together with the data of the literature suggest a
model in which adult VM astrocytes may under speciﬁc controlled
conditions, re-express region-speciﬁc factors, including Wnt1,
contributing to the regulation of diverse aspects of DAergic neuron
homeostasis in the injured VM, including amelioration of the
impaired nigral milieu, mitigating DAergic neuron death, and/or
enhancing survival, expansion, differentiation of DA progenitors.
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While the presence of DA neurogenesis within the SN, either under
physiological conditions or in PD animal models, is currently
debated, the presence of multipotent clonogenic neural stem cells
in the adult mouse midbrain/hindbrain with functional neurogenic
and DAergic potential, in vitro, was recently reported (see Hermann
et al., 2006, 2009; Hermann and Storch, 2008, for review). Here,
among different experimental settings, only the direct co-culture
paradigm between VM astrocytes and midbrain-derived NPCs
induced the TH phenotype, an effect prevented by Dkk1, suggesting
that astrocyte-derived factors and endogenous Wnt/β-catenin
signaling may contribute to the induction of the DAergic neuronal
phenotype. Further studies, actually in progress, are clearly needed
to verify whether the in vitro results may correlate with the in vivo
condition, to ascertain the presence of DAergic progenitors and
deﬁne the conditions that may promote adult neurogenesis within
the MPTP-injured midbrain.
In conclusion, we herein highlight reactive astrocytes and Wnt/
β-catenin signaling as important contributors of MPTP-induced
DAergic plasticity (Fig. 9). Understanding the complex interactions
required for successful DAergic recovery and how these mechanisms
may be dysregulated in PD may lead to novel therapeutic
approaches in the ﬁeld of endogenous regeneration and PD.
Enhancing neuron survival/protection and improving the efﬁciency
of neurogenesis and/or functional integration of newly produced
neurons, as well as targeting astrocytes to promote in situ
nigrostriatal recovery, may represent novel avenues to be explored
in PD experimental models.
Supplementary materials related to this article can be found online
at doi:10.1016/j.nbd.2010.10.023.
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