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Neural Stem Cell Grafts Promote Astroglia-Driven
Neurorestoration in the Aged Parkinsonian Brain
via Wnt/b-Catenin Signaling
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ABSTRACT

During aging—one the most potent risk factors for Parkinson’s disease (PD)—both astrocytes
and microglia undergo functional changes that ultimately hamper homoeostasis, defense, and
repair of substantia nigra pars compacta (SNpc) midbrain dopaminergic (mDA) neurons. We
tested the possibility of rejuvenating the host microenvironment and boosting SNpc DA neuro-
nal plasticity via the unilateral transplantation of syngeneic neural stem/progenitor cells (NSCs)
in the SNpc of aged mice with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced experimen-
tal PD. Transplanted NSCs within the aged SNpc engrafted and migrated in large proportions to
the tegmental aqueduct mDA niche, with 30% acquiring an astroglial phenotype. Both graft-
derived exogenous (ex-Astro) and endogenous astrocytes (en-Astro) expressed Wnt1. Both ex-
Astro and en-Astro were key triggers of Wnt/b-catenin signaling in SNpc-mDA neurons and
microglia, which was associated with mDA neurorescue and immunomodulation. At the aque-
duct–ventral tegmental area level, NSC grafts recapitulated a genetic Wnt1-dependent mDA
developmental program, inciting the acquisition of a mature Nurr11TH1 neuronal phenotype.
Wnt/b-catenin signaling antagonism abolished mDA neurorestoration and immune modulatory
effects of NSC grafts. Our work implicates an unprecedented therapeutic potential for somatic
NSC grafts in the restoration of mDA neuronal function in the aged Parkinsonian brain. STEM
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SIGNIFICANCE STATEMENT

Aging is the leading risk factor for the development of Parkinson’s disease (PD) but little is known

on the effects of neural stem/progenitor cells (NSC) transplants in the aged PD brain. Here, L’Epis-

copo and coworkers studied the effects of unilateral transplantation of syngeneic somatic NSCs

within the substantia nigra pars compacta (SNpc) of aged PD mice and report a striking ability of

grafted NSCs to restore nigrostriatal functionality. They uncover a chief role of graft-derived astro-

cytes and Wnt/b-catenin signaling targeting both the SNpc neurons and the aqueduct (Aq)-dopami-

nergic (DA) niche, modulating the activity of endogenous astrocytes and the innate immune

response, with therapeutical implications for DA restoration in aged PD brain.

INTRODUCTION

Parkinson’s disease (PD) is the most prevalent

central nervous system (CNS) movement disor-

der and the second most common neurode-

generative disease. Although recent evidence

suggests that PD might originate outside of

the brain and affect both central and periph-

eral neurons [1], a characteristic feature of this

disease is the progressive loss of midbrain

dopaminergic (mDA) neurons of the substantia

nigra pars compacta (SNpc), which results in

reduced striatal dopamine [2].

The causes and mechanisms leading to

mDA neuron demise in sporadic PD remain

poorly understood. Current evidence indicates

that they depend on a complex interaction of

genetic susceptibility, environmental factors

and, most importantly, aging [3–10]. Aging is

indeed the leading risk factor for the develop-

ment of PD, as with advancing age the function

of the nigrostriatal DA system progressively

declines leading to neurochemical, morphological

and behavioral changes [7–10]. Aging exacer-

bates inflammation and oxidative stress, which

are crucial hallmarks of PD and 1-methyl-4-
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phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD [4, 11–19],

affecting plastic and regenerative responses [2, 7–10, 20, 21].

Aging, PD, and inflammation have all been shown to

inhibit the endogenous response of multipotent stem/pro-

genitor cells (NSCs) isolated from the subventricular region

(SVZ) of the brain lateral ventricles [22–24]. Similarly, the

neurogenic potential of clonogenic NSCs from the midbrain

aqueduct periventricular regions (Aq-PVRs), which are

endowed with a specific mDA neuron differentiation poten-

tial, is also reduced [25–27]. Overall, age-associated

increased mDA neuron vulnerability to insults (oxidative

stress and inflammation), dysfunctional neuron–glia cross-

talk and impaired neurogenesis represent key contributory

factors to the development of PD.

Among all the factors at play within the SNpc microenvi-

ronment, we have recently identified a major role for reactive

astrocytes and Wnt/b-catenin signaling in mDA neuronal plas-

ticity and brain repair [25, 28–31]. Reactive astrocytes are key

players in the response to injury and inflammation, regulating

both helpful and harmful responses [11–17, 32–37]. We have

shown that wingless-related MMTV integration site 1 (Wnt1),

playing a vital role in the generation of mDA neurons [38–42],

is also critically involved in their protection against several

neurotoxic/inflammatory insults [28–30] or genetic mutations

[39], and regulates SVZ and Aq-PVR plasticity via crosstalk

with inflammatory signaling pathways [24, 25, 28–31, 43, 44].

With age, Wnt signaling becomes dysfunctional [24, 25,

28–30, 45–48], with potential consequences for neuron–glia

crosstalk, mDA neuron plasticity and repair. These findings are

of importance given the deregulation of Wnt signaling in

major neurodegenerative diseases including PD [49–56]; and

the emerging link between most PD related genes, Wnt sig-

naling and inflammation [43, 44, 54–57].

Current treatments for PD aim at alleviating motor symp-

toms, but have no effects on the on-going neurodegeneration

[58]. As such, the ideal therapeutic regimen for PD should

combine both symptomatic treatment and neurorestorative

interventions aimed at protecting or enhancing the function

of mDA neurons. Evidence exists that NSCs harvested from

the adult brain and grafted into laboratory animals with

experimental neurodegenerative diseases exert beneficial

effects promoting local trophic support and immune modula-

tion, thereby complementing the restorative responses of the

endogenous NSC population [59–68]. While the ability of

transplanted NSCs to promote beneficial effects in classical

preclinical models of PD is increasingly being appreciated

[62–68], little is known about the effects of NSC transplants

on the aged PD brain.

We performed a carefully constructed time course analysis

of the degenerative changes occurring at the nigrostriatal

level of aged male mice upon exposure to MPTP, and studied

the effects of the unilateral transplantation of syngeneic

somatic NSCs within the SNpc. We carried out immunohisto-

chemical and molecular analyses at SNpc, nigrostriatal, and

Aq-PVR levels to determine the ability of NSC grafts to ame-

liorate the host microenvironment and to rescue dysfunctional

mDA neurons. We also used ex vivo analyses of transgenic b-

catenin reporter mice and in vitro cell culture paradigms

between neurons and glial cells to unravel potential mecha-

nisms underlying the observed effects.

Our data uncover the striking ability of grafted NSCs to

reverse age-related nigrostriatal failure to recover of MPTP-

lesioned mice and highlight astrocytes and Wnt/b-catenin sig-

naling as key players in nigrostriatal mDA neurorestoration.

MATERIALS AND METHODS

Mice and Treatments

Aged (16- to 20-month-old) male C57BL/J (Charles River,

Calco, Italy) mice were maintained under standard laboratory

conditions. All surgeries were performed under anesthesia.

The mice received n5 4 intraperitoneal (i.p.) injections of

vehicle (saline) or MPTP-HCl (Sigma-Aldrich) dissolved in

saline, 3 hours apart during 1 day, at a dose of 12 mg/kg21

free base, according to titration studies that produced long-

lasting depletion of DA endpoints with no recovery in both

striatum (Str) and substantia nigra pars compacta (SNpc) of

aged mice without causing toxicity [24, 25, 30]. MPTP was

handled in accordance with the reported guidelines [69].

Based on our time course studies [24, 25, 29, 30] and pilot

experiments (Supporting Information Methods), a window of

7 days post-MPTP was selected for transplantation of NSCs.

The study assessed the SN, the striatum (Str), and the teg-

mental aqueduct (Aq) of the mesencephalon [25–28, 30]. The

effects of grafting NSCs in saline-injected mice, or mock cell

grafting (ventral midbrain dead cells [VMCs] [65]) in MPTP

mice, were also analyzed. Mice were sacrificed at 1, 3, and 7

weeks post-implantation (wpi).

Transplantation of Neural Stem Progenitor Cells

Adult neurospheres were generated from the subventricular

zone of 4- to 8-week-old C57Bl/6 as previously described

[59–61] and examined further in Supporting Information

Methods. NSCs were tagged in vitro with lentiviral vectors

carrying enhanced green fluorescent protein (GFP). NSCs at

passage numbers 8–10 were used. Pilot experiments were

conducted for optimization of NSC numbers and timing of

NSC transplantation after MPTP (Supporting Information

Methods).

On the day of transplantation (i.e., day 7 post-MPTP),

MPTP-injected mice exhibiting a significant motor deficit were

randomly assigned to MPTP1 PBS, MPTP1GFP1 NSC grafts,

or MPTP1VMCs. Mice were anesthetized with chloral

hydrate (600 mg/kg) and positioned in a stereotaxic appara-

tus. The following stereotaxic coordinates were used: 3.2 pos-

terior to the bregma, 1.5 mm lateral to the midline, and

3.6 mm ventral to the surface of the dura mater. GFP1 NSCs

or VMCs (100 3 103) were injected unilaterally above the left

SN (over a period of 2 minutes). The needle was kept in place

for 5 minutes after each infusion before retraction. Mock-

grafted controls received the same volume of phosphate buff-

ered saline (PBS). Additionally, a group of control mice treated

with saline (instead of MPTP) also received NSC grafts. On the

day of sacrifice, mice were given bromodeoxyuridine (BrdU,

50 mg kg21, injected four times, 2 hours apart) and killed 2

hours after the last injection [24, 31].

Motor Coordination with the Rotarod

The analysis of motor coordination was carried out using an

accelerating rotarod (five-lane accelerating rotarod; Ugo
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Basile, Comerio, Italy), starting 7 days before MPTP treatment

and continuing throughout the study [30] (Fig. 1A and Support-

ing Information Methods). Only MPTP-injected mice exhibiting a

significant decrease in motor performance compared with saline-

injected controls were included in the study (Supporting Informa-

tion Fig. S1).

Figure 1. Distribution, proliferation, and fate of NSC grafts. (A, B): Schematic representation of the experimental design. Mice treated
with MPTP (12 mg kg21, injected four times) or physiological saline were monitored for their motor behavior with the rotarod (green
stars)-MPTP. NSCs or the vehicle (PBS), were unilaterally transplanted above the SNpc, and IHC (blue stars), NC (black stars), qPCR, WB anal-
yses (red stars), or ex vivo studies (orange stars) carried out 1–7 wpi. (C): Confocal microscopic image showing robust bilateral engraftment
of GFP1 NSCs in the SNpc and VTA by 1 wpi. A consistent fraction of GFP1 cells distributed to the tegmental aqueduct periventricular
regions (Aq-PVRs) and midline. Nuclei were counterstained with Dapi (blue). Scale bar: 400 mm. (D): Relative quantification of transplanted
NSCs at the SN level. Data (mean6 SEM, n5 6 brain/time point, tp) are percentage of GFP1 cells over 1 wpi (100%). (E): Quantification of
proliferation, glial, or neural differentiation markers by grafted NSCs at 1 wpi. Data (mean6 SEM) expressed as percentage of IR cells over
total GFP1 cells. (F–H): Grafted GFP1 NSCs expressing the proliferation marker, PCNA (E), the neural lineage marker nestin (F) or the
marker of neural progenitors, DCX (G) are shown. Magnifications (arrows) are shown in the boxed areas. Scale bars (E–G): 50 mm. *,
p� .05 versus 1 wpi by ANOVA followed by Newman–Keuls test. Abbreviations: Aq, aqueduct; Dapi, 40,6-diamidino-2-phenylindole; DCX,
doublecortin; GFP, green fluorescent protein; GFP, green fluorescent protein; IHC, immunohistochemical; IR, immunoreactive; MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NC, neurochemical; NSC, neural stem/progenitor cells; PBS, phosphate buffered saline; qPCR,
quantitative real-time PCR; SNpc, substantia nigra pars compacta; VTA, ventral tegmental area; WB, Western blot; wpi, weeks post-implant.
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Immunohistochemistry

On the day of sacrifice, mice were anesthetized and transcar-

dially perfused with 0.9% saline, followed by 4% paraformal-

dehyde in phosphate buffer (pH 7.2 at 48C). The brains were

carefully removed and processed as previously described [29,

30] and in the Supporting Information Methods. Serial coronal

sections (14 mm-thick), encompassing the striatum (Str, 0.74,

0.5, 0.14, and 0.02 mm anterior to the bregma and the SNpc-

tegmental Aq (bregma 22.92 to bregma 24.84 mm) were

collected, mounted on poly-L-lysine-coated slides, and proc-

essed as described (Supporting Information Methods). The

preabsorbed primary antibodies used are shown in Supporting

Information Table S1 (Supporting Information Methods).

Confocal Laser Scanning Microscopy, Image Analysis,

and Quantification of Immunostaining

All the quantifications were performed by investigators blind

to treatment conditions. Immunostaining was examined using

a Leica LCS-SPE confocal microscope. For fluorescence inten-

sity (FI) assessments and colocalizations, midbrain sections

were labeled by immunofluorescence and images were

acquired by sequential scanning of 12–16 serial optical sec-

tions [24, 25, 29–31]. Three-dimensional reconstructions from

z-series were used to verify colocalization in the x–y, y–z, and

x–z planes. Serial fluorescent images were captured in ran-

domly selected areas and the number of labeled cells per

field (n5 6–8 fields/section) was manually counted in four to

six midbrain sections/brain, (n5 6/treatment group) using

Olympus cellSense Dimension software, and cell counts

obtained averaged (mean6 SEM) [24, 25, 29–31].

Estimation of Tyrosine Hydroxylase-Positive SNpc
Neuron Survival

Tyrosine hydroxylase-positive (TH1) SNpc neuronal cell count

was determined by serial section analysis of the total number

of TH1 cells counted throughout the entire rostro-caudal (RC)

axis of the murine SNpc (bregma coordinates: 22.92, 23.08,

23.16, 23.20, 23.40, and 23.52) according to Franklin and

Paxinos [70]. Estimates of total TH- and Nissl-positive (stained

with cresyl-violet) neurons in the SNpc adjacent sections were

calculated using Abercrombie’s correction [25, 29, 30, 71, 72]

(Supporting Information Methods) and data expressed as

mean6 SEM (n5 6 mice/treatment group/time point, tp).

Determination of Striatal Dopaminergic Endpoints

Striatal TH and dopamine transporter (DAT)-immunoreactive

(IR) fiber staining were assessed in n5 3 coronal sections at

three levels (bregma coordinates:1 0.5,1 0.86, and 1.1 mm,

respectively), of the caudate-putamen (CPu) in n5 6 mice/

group/time [30]. Measurements of fluorescence intensity (FI)

of TH and DAT staining above a fixed threshold [73] using the

corpus callosum for background subtraction were carried out

using computer-assisted image analysis software (LEICA), and

changes in average FI (mean6 SD) were expressed as a per-

centage (%) of saline-injected controls. For high-affinity synap-

tosomal DA uptake assay to measure the capacity of DA

neurons to take up [3H]-labeled DA, left and right striatal

homogenates were processed and analyzed as described [25,

29, 30, 74] (Supporting Information Methods).

RNA Extraction, Reverse Transcription, and Real-Time
polymerase chain reaction (PCR)

RNA was extracted from tissues/cell samples, as previously

detailed [24, 25, 29, 30] (Supporting Information Methods).

Briefly, after purification using QIAquick PCR Purification kit

(Qiagen), 250 ng of cDNA were used for real-time PCR using

predeveloped TaqMan assay reagents (Applied Biosystems).

Real-time quantitative PCR was performed using the Step One

Detection System (Applied Biosystems) according to the man-

ufacturer’s protocol, using the TaqMan Universal PCR master

mix (#4304437). The assay IDs are reported in Supporting

Information Table S2. For each sample, we designed a dupli-

cate assay and b-actin (Applied Biosystems #4352341E) was

used as the housekeeping gene. Quantification of the abun-

dance of target gene expression was determined relative to

b-actin with regard to the control group by using the delta Ct
(2-DDCt) comparative method, with the results expressed as

arbitrary units (AU). Relative-fold changes over saline/PBS or

MPTP/PBS are indicated.

Western Blot Analysis

Protein extracts were prepared from tissues from the differ-

ent treated groups (n5 6 mice/treatment group/time-point)

and from cell cultures (run in triplicates) within the different

experimental groups [24, 25, 29, 30]. The sources and dilu-

tions of the primary antibodies used are detailed in Support-

ing Information Table S1 and Supporting Information

Methods. The bands from the Western blots were densito-

metrically quantified on x-ray films using ImageQuantity One.

Data from experimental bands were normalized to b-actin.

Values are expressed as percentage of saline-injected controls.

Western blot measurements were repeated n� 4 times

independently.

In Situ Hybridization

In situ hybridization was performed using CY3 AntisensRNA

probes (Sigma Aldrich) specifically for Wnt1, and GAPDH was

used as the control probe, as previously described [29, 30].

The sequences of Wnt1 and GAPDH correspond to GeneBank

NM 021279 Loc.2106 and NM008084 Loc. 7. Midbrain cryo-

sections (12 lm-tick) at the level of the SNpc were treated,

as detailed elsewhere [29, 30].

Glial Cell Cultures and Primary Enriched Neuronal
Cultures

For astrocyte derivation from NSCs (N-Astro), the cells were

essentially cultured as for primary astroglial cell cultures [24,

25, 29–31, 75, 76] (Supporting Information Methods). The iso-

lated N-Astro (98% of the cells were glial fibrillary acid

protein (GFAP)-IR astrocytes) monolayers, were rinsed with

sterile PBS and replated with a final density of 0.4–0.6 3 105

cells per cm2 in poly-D-lysine (10 mg/ml)-coated 6-, 12,- or 24-

well plates, the conditioned medium (N-ACM) was collected

and used as described [76]. Ex vivo isolation and culture of

glial cells from either young or aged brain was previously

detailed [18, 19, 24, 25, 76–78] (Supporting Information

Methods). Isolated young/aged astrocytes (A-Astro,> 95

GFAP1 cells) and aged microglia (A-Micro,> 95% IBA11 cells)

were counted and plated at a final density of 0.4–0.6 3 105

cells per cm2 in poly-D-lysine (10 mg/ml)-coated 6-, 12,- or 24-
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well plates, and their conditioned media were collected and

stored at 2708. Some of the glial cells were exposed to differ-

ent treatments and processed for qPCR or protein analyses,

or were used for direct coculture with primary mesencephalic

neurons, as detailed in Supporting Information. For in vitro

establishment of primary mesencephalic neuronal cultures,

timed pregnant Sprague–Dawley rats (Charles River Breeding

Laboratories, Milan Italy) were killed in accordance with the

Society for Neuroscience guidelines and Italian law. Primary

mesencephalic neurons were prepared from the brain of

embryonic day 13–14, as detailed [29, 30] and further proc-

essed for coculture with astrocytes according to the different

paradigms as described ([29, 30] Supporting Information

Methods).

Caspase-3 Activity

Caspase-3 activity was evaluated as cell death marker using

the fluorogenic substrate DEVD-AFC (15 mM in dimethyl sulf-

oxide; Calbiochem System Products, San Diego, CA), and

quantification of DEVD-like fluorescent signal assessed in

luminescence-spectrophotometer (excitation 400 nm and

emission 505 nm) [29, 30]. Enzymatic activity is expressed as

arbitrary fluorescent units (AFUs).

Enzyme-Linked Immunosorbent Assay and NO
Production

Levels of cytokines were determined in tissues or cells using

enzyme-linked immunosorbent assay (ELISA) kits (DuoSet

ELISA Development System; R&D Systems, McKinley Place,

MN) following the manufacturer’s protocol. NO production

was determined by measuring the accumulated levels of sta-

ble decomposition product reactive nitrite (RNS) in the culture

supernatants with the Griess reagent, corrected for the num-

ber of isolated cells afterward [18, 24, 31, 78].

Assessment of Wnt/b-Catenin Activation/Antagonism
In Vivo

To address Wnt/b-catenin activation, 11- to 16-month-old

transgenic (Tg) b-catenin reporter (BATGAL) [25, 79] mice

were used. BATGAL express nuclear beta-galactosidase under

the control of the beta-catenin-activated transgene (BAT) pro-

moter [79]. The BATGAL reporter mice used in this study were

purchased from the Jackson laboratory (Tg(Bat-lac-Z)3 Picc/

Tg(Bat-lacZ)3Picc) on a C57Bl background. Tg mice were

treated with MPTP or saline and after 7 days, NSCs were

grafted as described above, whereas control mice received

PBS. Aged-matched wild-type (Wt) littermates treated with

MPTP were also used as controls. The effect of inhibiting/acti-

vating Wnt/b-catenin signaling was assessed using Dkk1 and

Wnt1-Ab (Wnt-Ant) [29], or Wnt1 (Supporting Information

Methods). A further control group of mice received the vehi-

cle (PBS) instead of Wnt-Ant. The mice were sacrificed 1, 3,

and 5 wpi. Behavioral, spatio-temporal immunohistochemical,

and gene expression analyses were carried out as described

above.

Data Analysis

Statistical significance between means6 SEM was assessed

using a two-way analysis of variance (ANOVA), and Student’s t

test for paired or unpaired data. Experimental series per-

formed on different days were compared using the Student–

Newman–Keuls t test. Values of p� .05 were considered sta-

tistically significant.

RESULTS

Transplanted NSCs Survive and Integrate into the Aged
MPTP-Lesioned Host SNpc and Aq-PVR

We first studied the engraftment, proliferation, and distribu-

tion of GFP1 NSCs that were unilaterally transplanted 7 days

post-MPTP in the SNpc of 16- to 20-month-old aged mice

(Fig. 1A, 1B).

By 1 week post-implant (wpi), transplanted NSCs were

detected both in the ipsilateral and contralateral SNpc (Fig.

1C). A consistent fraction of transplanted NSCs distributed to

the tegmental midbrain aqueduct periventricular regions (Aq-

PVRs), the region that harbors self-renewing NSCs endowed

with dopaminergic (DA) potential [25–27, 30].

At 1 wpi, transplanted NSCs showed robust engraftment

at all the SN rostro-caudal levels analyzed, which was fol-

lowed by a decline at 3 (71%6 6.2%, p< .05) and 7 wpi

(42.9%6 4.3%, p< .05) (Fig. 1D). Quantitative colocalization

analyses in midbrain sections at 1 wpi indicated that 40.01%

(62.8) of engrafted NSCs expressed the proliferative marker

PCNA (Fig. 1E, 1F) or BrdU (not shown), 44.7% (63.8) the cell

marker nestin (Fig. 1E, 1G) and 35.9% (62.6) the astroglial

cell marker GFAP (Fig. 1E), whereas only 13.2% (61.6) and

7.9% (61.1) of GFP1 NSCs were immunoreactive for the oli-

godendroglial cell marker Olig21 (Fig. 1E) and the neuroblast

marker doublecortin (DCX; Fig. 1E, 1H). NSCs transplanted uni-

laterally in the SNpc of aged mice migrated within the

lesioned SNpc of both sides, distributed to the Aq-PVRs and

survived up to 7 wpi.

NSC Grafts Promote the Rescue of Endogenous TH1

Neurons in the SNpc

The number of dopaminergic neurons in the SNpc was

assessed by TH immunoreactivity (Fig. 2A–2E). Stereological

quantification of TH1 and Nissl1 neurons in SNpc was per-

formed to validate TH1 neuron survival (Fig. 2F). NSCs grafted

into MPTP-lesioned mice (MPTP/NSC) showed a significant

(p� .05) increase in endogenous TH1 immunoreactivity and

TH1 neuron survival at both early (1 wpi) and late (3–7 wpi)

time points (Fig. 2A–2C, 2F) versus control MPTP mice treated

with PBS (MPTP/PBS; Fig. 2D, 2F). By contrast, grafting NSCs

into saline-injected (saline/NSCs) control mice, did not change

the number of endogenous TH1 neurons, versus saline/PBS

mice (Fig. 2F). Additionally, grafting control ventral midbrain

dead cells (VMCs) into MPTP mice failed to increase TH1 neu-

ron survival (Fig. 2F), which suggests that the observed

increase in the number of TH1 neuron is lesion- (MPTP injury)

and NSC-specific.

The number of TH1 neurons in MPTP/NSC mice constantly

increased over time and became comparable with unlesioned

sham-treated (saline/PBS) control mice at 3 and 7 wpi (Fig.

2E, 2F). The effect of grafted NSCs on TH1 neurons was simi-

lar in the SNpc ipsilateral and contralateral to the transplanta-

tion site (data not shown), and only a few GFP1 transplanted

cells were found to be immunoreactive for TH (Fig. 2B, 2C,

arrows).
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We applied quantitative real-time PCR (qRT-PCR) of the

expression levels of DA-specific mRNA species in MPTP-

lesioned SNpc. By 1 wpi, MPTP/NSC mice showed an upregu-

lation (by 4- to 8-fold) of most DA transcripts studied, versus

MPTP/PBS control mice (Fig. 2G). These included Th, the high-

affinity dopamine transporter Slc6a3 (DAT), the vesicular

monoamine transporter Slc18a2 (VMAT), the DA-specific tran-

scription factor Nr4a2 (Nurr1) required for the mature DA

phenotype and survival [38, 80], the DA biosynthetic enzyme

Ddc (DOPA decarboxylase), and the DA receptor subtype 2

Drd2. We also found that MPTP/NSC mice showed a signifi-

cant (p� .05) increase in the protein levels of TH as early as

1 wpi, versus MPTP/PBS mice (Fig. 2H, 2I).

Thus, NSC grafts had a significant time-dependent rescue

effect on endogenous TH neurons, which occurs at tissue,

gene and protein levels. This striking rescue of the MPTP-

Figure 2. NSC grafts promote survival of endogenous TH1 neurons and reverse lifelong nigrostriatal DA toxicity. (A–E): Confocal images
of the SNpc in aged (16- to 20-month-old) MPTP-lesioned NSC-grafted mice at 1, 3, and 7 wpi (A–C) compared with aged-matched
MPTP/PBS- (D) and saline/PBS- (E) mice at 7 wpi. GFP1 and TH1 colocalization was only occasionally observed (B and C, arrows). Magni-
fications (C–E) in the boxed areas. Scale bars: 100 mm. (F): Total number of TH1 neurons in the right and left SNpc (mean6 SEM) at 1,
3, and 7 wpi showing that NSC but not VMC (red) grafts increase TH1 neuron survival in MPTP mice. NSC grafts had no effect versus
saline/PBS mice when transplanted into saline (Saline/NSCs, red) mice. (G): qRT-PCR in SNpc showing 4- to 8-fold upregulation of AADC,
Drd2, Nr4A2, Slc6a3, Slc18a2, and TH mRNA of MPTP/NSC over MPTP/PBS values. (H, I): NSC grafts reverse MPTP-induced loss of TH
protein by immunoblot (wb) analysis. Data (mean %6 SEM) of TH/b-actin ratio relative to controls. (J): NSC grafts increase high-affinity
Str DA uptake assessed by [3H]DA incorporation (mean %6 SEM). (K–M): TH- (K, M) and DAT-FI (L, M), by immunofluorescent staining
and image analysis. Scale bars: 20 mm. (N): Motor performances on rotarod showing recovery from motor impairment in MPTP/NSC,
but not MPTP/PBS mice. *, p� .05; **, p� .01, versus saline/PBS; 8, p� .05; 88, p� .01, versus MPTP/PBS, at each time interval, respec-
tively, by ANOVA followed by post hoc Newman–Keuls test. Abbreviations: GFP, green fluorescent protein; MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; NSC, neural stem/progenitor cells; PBS, phosphate buffered saline; SNpc, substantia nigra pars compacta; Str,
striatal; TH, tyrosine hydroxylase; wpi, weeks post-implant.
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induced phenotype, which was bilateral, injury- and NSC-

specific, was not attributable to a direct differentiation of

transplanted NSCs into TH1 neurons, but rather to an as yet

unidentified rescue effect on endogenous cells.

NSC Grafts Promote Synaptosomal DA Uptake and DA
Innervation in the Striatum, Reverting PD Motor
Deficits

To investigate whether NSC grafts increased the functionality

of new TH1 neurons, we then focused on the striatal targets

of the SNpc DA neurons. First, we measured the striatal

uptake of radiolabeled DA([3H]-DA) in presynaptic terminals of

aged MPTP mice. MPTP/NSC mice showed a significant

(p� .05) recovery of high-affinity striatal synaptosomal DA

uptake (vs. MPTP/PBS), as early as 1 wpi (Fig. 2J). This effect

in MPTP/NSC mice increased over time, restoring values simi-

lar to those of saline/PBS controls by 7 wpi. On the contrary,

MPTP/PBS mice showed a constant significant (p� .01) reduc-

tion of synaptosomal DA uptake over time, versus saline/PBS

controls.

When we performed quantitative confocal laser micros-

copy on striatal sections, we found that NSC grafts efficiently

counteracted the MPTP-induced loss of striatal TH (Fig. 2K,

2M) and DAT innervation (Fig. 2L, 2M). Conversely, corre-

sponding levels in control MPTP/PBS mice were found to be

significantly lower, compared with both MPTP/NSC (p� .05)

and saline/PBS controls (p� .01) at each time point tested.

Behavior analyses confirmed that these structural and

functional striatal changes were coupled by a full and long-

lasting recovery of motor coordination deficits in MPTP/NSC

mice, versus MPTP/PBS controls, which started to be signifi-

cant (p� .05) at 2 wpi (Fig. 2N). Besides the effects of NSC

grafts on SNpc-DA neuronal cell bodies, NSCs would promote

a progressive recovery of the host striatal DA terminal region

function, which further supports their role in enhancing

endogenous recovery mechanisms in the aged brain.

NSC Grafts Downregulate the Local Expression of
Genes Related to Inflammation and Oxidative Stress
While Promoting the Expression of Wnt Signaling and
DA Developmental Genes

To further unravel the mechanisms behind the observed

structural and functional recovery induced by the NSC grafts,

SN tissues from saline/PBS, MPTP/PBS and the entire SN tis-

sues that include the engrafted cells of MPTP/NSCs mice were

processed for qPCR analyses and several oxidative stress/

inflammatory, Wnt signaling, growth/neurotrophic, and DA-

specific developmental mRNA species were analyzed at 1 wpi.

We found that the expression levels of various pro-

inflammatory mediators involved in inflammation-dependent

DA neurotoxicity [11–19] were upregulated 4 to 8-fold in

SNpc tissues from MPTP/PBS mice (p� .01), versus saline/PBS

mice (Fig. 3A). In contrast, MPTP/NSC mice showed a signifi-

cant (p� .01) downregulation of all these inflammatory mRNA

species, including Tnf and Tnfrsf1a, Il1, Nos2, Nfkb, and the

phagocyte oxidase Cybb (gp91phox), versus MPTP/PBS con-

trols (Fig. 3B).

We next looked at the at the astrocytic Nrf2-Hmox axis,

which is critically involved in the protection of mDA neurons

against cytotoxic stimuli [81]. Importantly, we found that Nrf2

and Hmox1 were downregulated by 3- to 4-folds (Fig. 3A) in

SN tissues of MPTP/PBS mice, versus saline/PBS controls

(p� .01), while NSC grafts promoted a significant upregulation

(p� .01) of both genes versus MPTP/PBS mice (Fig. 3B). This

finding suggests an ability of NSC grafts to normalize the

unbalance of pro-inflammatory and oxidative stress markers

in the aged MPTP-lesioned SN milieu.

We also found that the inflammatory chemokines Ccl3

and Cxcl11, which were 4- to 7-fold downregulated in

response to MPTP in vivo (p� .01; vs. saline/PBS mice) (Fig.

3A), underwent significant upregulation in SN tissues of

MPTP/NSC mice (p� .01; vs. MPTP/PBS mice) (Fig. 3B). Inter-

estingly, the endogenous Wnt antagonists (Wnt-ant) Dkk1,

sFrp2, and Gsk3b showed marked upregulation of 6- to 14-

fold in SN tissues of MPTP/PBS mice, versus saline/PBS con-

trols (p� .01; Fig. 3C). By contrast, NSC grafts reversed the

MPTP-induced upregulation of Dkk1, sFrp2, and Gsk3b in the

SNpc compared with MPTP/PBS (p� .01; Fig. 3D). As a result,

NSC grafts significantly upregulated most key elements of the

canonical Wnt/b-catenin signaling pathway, including Wnt1,

its transcriptional activator, Ctnnb1 (b-catenin), and the recep-

tors Fzd1 and Fzd2, as opposed to SNpc tissues from MPTP/

PBS mice, which showed a 4- to 7-fold downregulation

(p� .01) versus saline/PBS controls (Fig. 3C, 3D). MPTP/NSC

mice showed no changes in Wnt3a levels, while Wnt5a was

upregulated (� 4-fold), versus MPTP/PBS mice (Fig. 3D).

NSC grafts did not change the mRNA levels for a number

of growth and neurotrophic factors, including Egf, Gdnf, Igf1,

Ngf, Tgfb, and Fgf8 (Fig. 3E). By contrast, several DA-specific

developmental factors, including En1/En2, and the direct

Wnt1/b-catenin signaling targets, Lef1, Lmx1a, and Fgf20, as

well as the indirect Wnt1/b-catenin targets Pitx3 and Bdnf

[38, 39, 82–84], were upregulated by about 2.5- to 3.5-fold

(p� .01) in MPTP/NSCs, versus MPTP/PBS, with Wnt1 being

the most upregulated factor amongst those studied (p� .01

vs. all mRNAs; Fig. 3E).

The importance of Wnt1 in the response to MPTP was

further confirmed at 1, 3 and 7 wpi by WB and gene expres-

sion analysis (Fig. 3E–3G). This effect in MPTP/NSC mice was

coupled with a robust upregulation of the protein expression

of b-catenin and Fzd-1 in the SNpc at all time intervals stud-

ied (p� .01, vs. MPTP/PBS mice; Fig. 3F, 3H). These gene and

protein expression profiling data suggest that NSC grafts

induce major changes in several inflammatory and Wnt/b-cat-

enin-dependent genes within the SN of aged MPTP mice.

NSC Grafts Increase Astrocytic Response and Wnt
Signaling in Aged MPTP-Lesioned SNpc and Aq-PVRs

Astrocytes represent a vital source of neurotrophic and immune

regulatory factors playing critical roles for mDA neuron survival

and/or vulnerability [32–37, 76, 85–88]. We then focused our

attention on the characterization of the astroglial response

after MPTP injury and the effects of NSC transplantation. We

found that the number of GFAP1/(40,6-diamidino-2-phenylin-

dole (Dapi1) (Vector Laboratory, Burlingam, CA)) and S100b1/

Dapi1 astrocytes in the SNpc of control MPTP/PBS mice was sig-

nificantly (p� .01) increased (1.8- to 2.5-fold) as a result of

MPTP injury per se (GFAP/Dapi1 [255.6%6 24.9%; 226.5%6

20.5% and 202.9%6 17.5%, vs. saline/PBS mice for GFAP at 1, 3

and 7 wpi, respectively] and S100b/Dapi1 cells [201%6 21.5%;

220.6%6 17.2%; and 190%6 21.5%, vs. saline/PBS, at 1, 3 and

7 wpi, respectively]), (Fig. 4A, 4B).
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Figure 3. NSC grafts regulation of mRNAs related to inflammation, oxidative stress, Wnt signaling, and dopaminergic neurodevelopment.
SNpc tissues were processed for gene expression analyses of mRNA species using qRT-PCR. (A, B): in MPTP/PBS, inflammatory/oxidative stress
(Tnf and Tnfrsf1a, Il1, Nos2, Nfkb, and gp91phox) mRNAs are all upregulated by 4- to 8-fold (p� .01) versus saline/PBS mice (A), as opposed
to MPTP/NSC mice showing significant (p� .01) downregulations versus MPTP/PBS (B). By contrast, NSC grafts upregulated Nrf2, Hmox1, CCL3,
and CxCl11 (B) (p� .01) by 4- to 8-fold versus MPTP-PBS (A). (C, D): The Wnt-ant, Dkk1, sFrp2, and Gsk3b were upregulated by 6- to 14-fold
in MPTP/PBS versus saline/PBS (p� .01), whereas NSC grafts reverse MPTP-induced upregulation of Dkk1, sFrp2, and Gsk3b (p� .01 vs. MPTP/
PBS) and significantly upregulate Wnt1, Ctnnb1, Fzd1, and Fzd2, (p� .01 vs. MPTP/PBS) (D). (E): Within the neurotrophic and developmental
factors, NSC grafts did not change the mRNA levels of Egf, Gdnf, Fgf8, Igf1, Ngf, and Tgfb, whereas the direct (Fgf20, Lef1, Lmx1a), and indirect
(Bdnf, Pitx3) Wnt1/b-catenin signaling targets, in addition to the En1/En2 genes, were upregulated by about 2.0- to 3-fold (p� .01) in MPTP/
NSC versus MPTP/PBS, albeit Wnt1 was the most frequently upregulated (p� .01 vs. all factors examined). (F–H): Temporal changes of Wnt1
mRNA by qRT-PCR (C, arbitrary units, AU) and WB of Wnt1, b-catenin, and Fzd-1 (F, G) showing a significant upregulation in MPTP/NSC mice
versus MPTP/PBS mice (E–H). 88, p� .01, versus MPTP/PBS, at each time interval respectively, by ANOVA with post hoc Newman-Keuls. Abbre-
viations: MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NSC, neural stem/progenitor cells; PBS, phosphate buffered saline; SNpc, substan-
tia nigra pars compacta; wpi, weeks post-implant.
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The transplantation of NSCs, but not of VMCs (data not

shown), further boosted this response, leading to a significant

(p� .05) increase (3- to 3.9-fold) of GFAP1 astrocytes versus

MPTP/PBS mice at all time-points studied (396.8%6 48.7%,

345.3%6 42.4%, and 309.1%6 37.1% at 1, 3, and 7 wpi,

respectively). Likewise, grafted NSCs further increased S100b/

Dapi1 cells throughout the study, versus MPTP/PBS mice

(326.5%6 27.6%, 334.3%6 28.4%, and 292.3%6 29.4%, at 1,

3 and 7 wpi, respectively; Fig. 4B).

Double staining with BrdU and GFAP showed a significant

(p� .05) increase in GFAP1/BrdU1 double positive cells over

the total number of GFAP1 cells after MPTP injury, lasting for

Figure 4. NSC grafts increase the astroglial response and Wnt signaling in aged MPTP-lesioned SNpc and Aq-PVRs. (A–E): NSC grafts
increased astrocyte cell number [GFAP1/Dapi1 (A), S100b1/Dapi1 (B)], proliferation [GFAP1/BrdU1 (C)] and GFAP expression (D–E) over
MPTP/PBS within the SNpc. (F): Endogenous GFAP1 (red) GFP- astrocytes (en-Astro, arrowhead) are in close contact with GFAP1(GFP1)
exogenous NSC-derived astrocytes (ex-Astro, orange–yellow, arrows) (F1–F3), and both cell types in close juxtaposition to TH1 (blue)
neurons (F6). Scale bars: F1, 200 mm; F2, F3, 40 mm; F4–F6: 100 mm. (G): GFAP1/GFP1 cells represented only a minority of the total
number of GFAP1 astrocytes as quantified at 1–7 wpi in SNpc. (H): NSC grafts increased Wnt1 (red) expression in both en-Astro (blue,
H2) and ex-Astro (green, H3) by in situ hybridization histochemistry coupled to immunofluorescence. Wnt1 was not detected MPTP/PBS
en-Astro (H1). NSC grafts increase b-catenin (red) and DAT (blue), TH (blue) and Fzd-1 (red) expression in SNpc DA neurons versus
MPTP/PBS (H4–H6). (I, J): NSC grafts increased GFAP1 cells (red) (I1–I2) colocalizing with GFP (I3-I4) at the level of the Aq-PVRs, where
a vast proportion of GFAP1GFP1double labeled cells were counted (J) throughout the study. (K): NSC grafts upregulated Wnt1, Ctnnb1,
En2, and Nr4a2, whereas Dkk1, sFrp2, and Gsk3b are downregulated versus MPTP/PBS by qRT-PCR analysis in Aq-PVR tissues at 1 wpi.
*, p� .05; **, p� .01, versus saline/PBS; 8, p� .05; 88, p� .01, versus MPTP/PBS, at each time-interval; in (E) and (H) *, P�.05 versus 1
wpi. Abbreviations: Dapi, 40,6-diamidino-2-phenylindole; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NSC, neural stem/progeni-
tor cells; PBS, phosphate buffered saline; wpi, weeks post-implant; Wt, wild-type.
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1 wpi (151.2%6 14.7%, 130.2%6 19.2%, and 104.6%6

12.0%, at 1, 3, and 7 wpi, respectively; Fig. 4C). NSC—but not

VMC—grafts further increased GFAP1/BrdU1 cells (186.2%6

24%, 180%6 19.5%, and 120%6 16.7%, at 1, 3, and 7 wpi,

respectively), versus saline/PBS at all times tested (p� .01),

and versus MPTP/PBS (p� .05) at 1 and 3 wpi respectively,

which indicated some endogenous astroglial proliferation pro-

moted by NSC grafts (Fig. 4C). We found that the protein

expression levels of GFAP displayed similar behavior with a

significant increase in the SNpc of MPTP/NSC mice versus

MPTP/PBS controls (p� .05) at all time points tested (Fig. 4D,

4E).

We also performed a quantitative confocal analysis of

endogenous GFAP1/GFP– astrocytes (En-Astros) and exoge-

nous GFAP1/GFP1 NSC-derived astrocytes (ex-Astros) (Fig. 4F,

4G). En-Astros accumulated in close contact with ex-Astros

(Fig. 4F1–4F3), and both cell types were found in close juxta-

position to TH1 neurons (Fig. 4F6). However, ex-Astro repre-

sented only a minority of the total number of GFAP1

astrocytes (33.4%6 6%) at 1 wpi, with their numbers further

decreasing over time (27.2%6 5% and 19.2%6 3.8% at 3 and

7 wpi, respectively; Fig. 4G).

We next speculated that grafted NSCs might influence

Wnt signaling within the aged MPTP-injured SN. In situ

hybridization histochemistry of Wnt1 coupled with immuno-

fluorescent staining with GFAP or GFP showed that Wnt1 was

expressed in both en-Astro and ex-Astro in the SNpc of

MPTP/NSC mice (Fig. 4H2, 4H3).Given this increase of Wnt1

in astrocytes we further studied the key elements of the

canonical Wnt signaling pathway, Fzd-1 and its transcriptional

activator, b-catenin, in SNpc-DA neurons and found that

DAT1/TH1 neurons within the SNpc of MPTP/NSC mice

increased the expression of b-catenin (Fig. 4H5) and Fzd-1

(Fig. 4H6) versus MPTP/PBS mice (Fig. 4H4).

Given the preferential distribution of grafted cells to the

Aq-PVRs that harbors self-renewing NSCs endowed with dopa-

minergic (DA) potential [25–27, 30], we next addressed

whether NSC grafts might influence the aging-induced inhibi-

tion of Wnt signaling in the Aq-PVR-DA niche [25]. We found

that GFAP1 cells in the Aq-PVRs were increased in MPTP/NSC

mice (Fig. 4I1, 4I2), with 65.5% (66.5), 54.8% (65.3), and

41.7% (6 3.6) of the total number of GFAP1 astroglial cells

also being GFP1 at 1, 3, and 7 wpi, respectively, (Fig. 4I3, 4I4,

4J). Importantly, these GFP1/GFAP1 cells were seen bordering

the ventricular wall all along the Aq-PVRs and the Aq-tail,

delineating a thick layer of Dapi1 GFP-/GFAP– cells, mirroring

the localization of GFAP1 cells observed in young MPTP-

treated mice exhibiting a robust DA neurorestoration [25]. By

contrast, aged MPTP mice showed only a slight increase

GFAP1 cells (Fig. 4I1), supporting an impairment of the aged

Aq-PVR GFAP response to MPTP injury [25]. Quantitative RT-

PCR analyses of Wnt signaling transcripts in Aq-PVRs tissues

at 1 wpi showed that NSC grafts significantly (p� .01) upregu-

lated Wnt1, Ctnnb1, and the DA-specific developmental tran-

scripts En2 and Nr4a2 [38–41], versus MPTP/PBS mice (Fig.

4K). Consistently, NSC grafts downregulated the expression of

Wnt-ant transcripts, including Dkk1, sFrp2, and Gsk3b

(p� .01), versus MPTP/PBS mice (Fig. 4K).

These data suggest that grafted NSCs induce an increase

in the overall astroglial response within the MPTP-lesioned

brain, partially via direct differentiation, but more consistently

via an increase in endogenous GFAP1 astrocytes. NSC grafts

in the aged SNpc trigger the expression of Wnt1 in endoge-

nous astrocytes, and Fzd-1/b-catenin expression in SNpc-TH1/

DAT1 neurons. Additionally NSC grafts promote the accumula-

tion of GFP1/GFAP1 cells and increase Wnt signaling in the

Aq-PVR niche accompanying the upregulation of several mDA-

specific developmental genes.

NSC Graft-Derived Astrocytes and NSC-Treated
Astrocytes Reverse MPP1-Induced Neuronal Death In
Vitro: Involvement of Wnt/b-Catenin Signaling

We then hypothesized that NSC grafts might be associated

with an increased Wnt-dependent response in astrocytes,

which contributed to supporting TH neuronal survival in the

MPTP-lesioned SN [25, 28–30]. To test this hypothesis, we

adopted two in vitro reductionist approaches aimed at assess-

ing the protective effects of astrocytes derived from NSCs,

and the effects of NSC treatment on endogenous aged astro-

cytes (Fig. 5A–5I).

We first isolated primary mesencephalic DA neurons and

exposed them to MPP1 upon coculture with either NSC-

derived astrocytes (N-Astros) or N-Astros-conditioned media

(N-ACM; Fig. 5A). We found that coculture with N-Astros (Fig.

5B4, 5B5), or direct exposure to N-ACM (Fig. 5B7, 5B8),

induced a significant increase in TH1 neuron survival (Fig. 5C),

DA uptake levels (Fig. 5D), while reducing Caspase3 activity

(Fig. 5E), in the absence or the presence of MPP1 cytotoxic

challenge. By contrast, treatment of TH1 neurons with the

conditioned media of NSCs (N-CM, containing 0% GFAP1

astrocytes) failed to exert any protective effects against MPP1

toxicity (data not shown).

Interestingly, the exposure of N-Astro-TH neuron cocul-

tures or N-ACM-treated TH1 neurons to different Wnt/b-cate-

nin antagonist (Dkk1, sFrp2, Fzd-CRD or Wnt1-Ab, Wnt-ant)

efficiently counteracted the beneficial effects of N-Astro and

N-ACM against Mpp1 toxicity (Fig. 5B6, 5B9, 5C–5E). On the

contrary, the exposure of TH1 neurons cultured in the

absence of astrocytes (alone) to Wnt-ant had no effect on

either TH1 neuron survival and DA uptake levels, nor Cas-

pase3 activity (Fig. 5C–5E). Finally, the exposure of TH1 neu-

rons to Wnt1 before the MPP1 challenge efficiently

counteracted MPP1-induced inhibition of TH1 neuron survival

and DA uptake levels, while decreasing Caspase3 activity (Fig.

5B3, 5C–5E). These results confirm the direct effect of Wnt1-

mediated signaling from NSC-derived astrocytes on TH1

neuroprotection.

To investigate whether NSCs might have an effect on Wnt

signaling of endogenous aged (A-Astro) compared with young

(Y-Astro) astrocytes (Fig. 5F–5I), primary mesencephalic DA

neurons were exposed to MPP1 upon coculture with Y-Astro

(2 M) or A-Astro (16 M) that were subjected to different pre-

treatments as it follows. To mimic the conditions of the

MPTP-injured microenvironment, Y-Astro and A-Astro were

pretreated with either TNF- a1 IL-1b (the two cytokines

found to be most downregulated by NSC grafts in vivo), or

CCL31 CXCL11 (the two chemokines found to be most upre-

gulated by NSC grafts in vivo), or conditioned media from

aged microglia (A-MCM), or conditioned media of NSC (N-

CM). After 24 hours of pretreatment, Y-Astro and A-Astro

were washed in PBS and then seeded in the top TH1

neurons.
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Cocultures with A-Astro induced an inhibition of TH1 neu-

ron survival and a decrease of DA uptake levels compared

with coculture with Y-Astro, which promoted instead a signifi-

cant (p� .01) increase in TH1 neuron survival and functional-

ity (Fig. 5F025F1, 5G, 5H). Y-Astro pretreated with TNF-

a1 IL-1b or A-MCM significantly decreased both TH1 neuron

survival and DA uptake levels (Fig. 5G, 5H). A-Astro pretreated

with TNF- a1 IL-1b or A-MCM had a further worsening effect

on both parameters, compared with either Y-Astro, or A-Astro

without pretreatment (Fig. 5F2, 5F3, 5G, 5H). On the contrary,

Figure 5. NSC graft-derived astrocytes and NSC-treated astrocytes reverse MPP1-induced neuronal death in vitro: involvement of Wnt/
b-catenin signaling. (A): Scheme of aSVZ-NSC derivation of astrocytes (N-astro) and direct (coculture) or indirect (N-astro conditioned
medium, N-ACM) culture paradigms with primary mesencephalic DA neurons. (B): Confocal images of TH1 (red) neurons cultured alone
in the absence (B1) or presence of MPP1 without (B2) or with a Wnt1 pre-treatment (B3); in coculture with N-Astro (B4–B6); or in the
presence of N-ACM without (B7–B8) or with (B9) Dkk1. Bars, 20 mm. (C–E): Quantification of TH1 neurons at 10 DIV (C); DA uptake lev-
els measured by [3H]DA incorporation (D); and Caspase3-like activity detected with the fluorogenic substrate DEVD-AFC (E). A nonspe-
cific (mock) cell preparation was used as a control. Mean6 SEM values (n5 3 different culture preparations) are reported. 88, p� .01
versus mock, *, p� .05; **, p� .01 versus PBS; #, p� .05 versus MPP1, within each group, respectively. (F): Confocal images of TH1

(green) neurons cocultured with young (F0) or with aged astrocytes (F1, red) in the direct (F1, F3–F5) or indirect (F2) paradigm, in the
presence of A-MCM, TNF-a1IL-1b (F1, F3), CCl31 CxCl11 (F4), or N-CM pretreatments (F5). (G–I): TH neuron survival (G), DA up-take
levels (H), and qRT-PCR of Wnt1 (I). Dkk effect in Aged (dashed-red) versus Young (dashed-green) is shown. 8, p� .05; 88, p� .01 versus
aged-astro PBS; *, p� .05; **, p� .01 versus young-astro PBS; #, p � .05 versus without Wnt-ant, by ANOVA followed by the Newman–
Keuls test. Abbreviations: A-MCM, aged microglia conditioned media; DA, dopaminergic; NSC, neural stem/progenitor cells; PBS, phos-
phate buffered saline; SVZ, subventricular region; TH, tyrosine hydroxylase.
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A-Astro pre-treated with CCL31 CXCL11 or N-CM efficiently

counteracted the MPP1-induced reduction of TH neuron sur-

vival and DA uptake (Fig. 5F4, 5F5, 5G, 5H). Pretreatment of

neurons with Wnt-ant inhibited these effects (Fig. 5G, 5H),

thus suggesting that astrocyte-derived Wnt1/b-catenin signal-

ing contributed to the observed TH neuroprotection.

Next, we found that the basal Wnt1 expression was signif-

icantly decreased in A-Astro compared with either Y-Astro or

N-Astro (Fig. 5I). Moreover, pretreatment of Y-Astro and N-

Astro with A-MCM or TNF-a1 IL-1b, significantly downregu-

lated Wnt1 expression and further decreased Wnt1 expression

in A-Astro (Fig. 5I). On the contrary, Y-Astro, N-Astro, or A-

Astro pretreatment with CCl31 CXCl11 or the CM of NSCs,

promoted a significant upregulation of Wnt1 expression (Fig.

5I), supporting Wnt1 as potential mediator of the graft-

mediated neurotrophic and functional effects.

During aging and inflammatory conditions, endogenous

astrocytes might reduce Wnt1 expression losing their neuro-

protective functions against MPP1. NSCs counteract this

mechanism via direct differentiation in Wnt-competent astro-

cytes and via the promotion of Wnt signaling in endogenous

astrocytes.

NSC Grafts Reduce the Microglial Pro-Inflammatory
Status In Vivo and Reverse MPP1-Induced Microglial
Inflammatory Mediators In Vitro

With age, microglial cells become “primed,” that is, capable

of producing exacerbated levels of proinflammatory cytokines

and inducible nitric oxide synthase (iNOS)-derived NO when

challenged with inflammatory/neurotoxic stimuli [11–19,

89–91]. We then questioned whether NSC grafts might have a

direct effect on microglial responses and cytokine secretion.

We first acutely isolated microglial cells from MPTP-injured

mice ex vivo. We found that microglia from MPTP/NSC mice

displayed a significant reduction in the mRNA expression of

Il1, Tnf, Nos2, and gp91phox (p� .01) and a concomitant

upregulation (p� .01) of Ccl3, versus MPTP/PBS mice and

saline/PBS mice (Fig. 6A). This effect was associated with a

significant decrease in TNF- a, IL-1b, and iNOS-derived reac-

tive nitrite species (RNS) in supernatants of microglial cells

isolated from MPTP/NSC (p� .01), versus MPTP/PBS mice (Fig.

6B). When we examined the microglial cell number and phe-

notype in vivo, we found that NSC grafts promoted a signifi-

cant (p� .01) reversal of IBA11 microglial cells displaying the

morphology of activated amoeboid microglia [92, 93]

(152.8%6 15.2% at 1 wpi, 143.5%6 13.1%, at 3 wpi, and

139.1%6 10.8% by 7 wpi), versus MPTP/PBS mice (Fig. 6C,

6D). These data suggest that NSC grafts might efficiently over-

ride the microglial pro-inflammatory status and reduce the

number of IBA11 cells within the aged MPTP-lesioned SNpc.

Given the emerging role of Wnt signaling in the inflamma-

tory response [43, 44, 89, 92–96], we next used ex vivo cul-

tures of microglia from young and aged rodent brain [18, 19],

to address the immunomodulatory effects of NSC-derived

astrocytes (N-ACM) and Wnt signaling on pro-inflammatory

mediators of young (Y-micro) versus aged (A-micro) microglial

cells, in vitro. A-micro challenged with MPP1 upregulated

RNS, TNF- a, and IL-1b, at higher levels compared with Y-

micro (Fig. 6G, 6H). A-micro also increased GSK-3b, while

reducing b-catenin expression (Fig. 6I, 6J), versus with Y-micro

(data not shown).

When both Y- and A-micro were pretreated with either N-

ACM, recombinant Wnt1, or the specific GSK-3 b antagonist AR

(conditions “Wnt-on”), we found significant (p� .05) inhibition

of TNF-a, IL-1b, and RNS, with higher (p� .05) inhibition

observed in Y- versus A-microglial cultures (Fig. 6G). This effect

was associated with a significant (p� .05) upregulation of b-

catenin in the face of a strong inhibition of GSK-3 b expression

(Fig. 6I, 6J). On the contrary, when Y- or A-micro were pre-

treated with Wnt antagonists Wnt1-Ab or Dkk1 (conditions

“Wnt off”), upregulated levels of TNF-a, IL-1b, and RNS were

observed (Fig. 6H), suggesting that Wnt/b-catenin signaling acti-

vation is required to downmodulate age and MPP1-induced

exacerbated levels of glial proinflammatory mediators. These

data show an age-dependent exacerbation of pro-inflammatory

mediators in MPP1-challenged microglia, which suggests that

NSC-derived astrocytes and Wnt/b-catenin signaling activation

reverse MPP1-induced upregulation of inflammatory markers.

Wnt/b-Catenin Signaling Antagonism Counteracts the
Therapeutic Effects of NSC Grafts on the SNpc and Aq-
PVRs of MPTP Mice

To further substantiate the role of Wnt signaling for the ther-

apeutic effects of NSC grafts, we finally investigated whether

a “Wnt1-off” condition would abolish the observed NSC graft-

induced increased TH1 neuron survival and immunomodula-

tion; as well as whether a “Wnt1-on” setting would counter-

act MPTP-induced SNpc-neuron loss (Fig. 7A–7S, Supporting

Information Fig. S3). As such, the following treatment groups

were studied: saline/PBS; MPTP/PBS; saline/Wnt-Ant; MPTP/

Wnt-Ant; MPTP/Wnt1; MPTP/NSCs; MPTP/NSCs/Wnt-Ant.

Wnt-Ant treatment (either Dkk1 or Wnt1-Ab) of aged

mice treated with saline significantly (p� .01) reduced TH1

neuron survival (by about 40%) (Fig. 7B). Wnt-Ant treatment

of MPTP-injured mice, which already expressed high levels of

endogenous Dkk1 (Fig. 3B), did not further decrease the

already low TH1 neuron numbers (�70%) (Fig. 7B). Most

importantly, Wnt/Ant treatment of MPTP/NSCs mice efficiently

reversed the NSC graft-induced increased TH1 neuron survival

(Fig. 7B). Specifically, Wnt-Ant inhibitory effect was observed

at all time intervals tested after NSC grafting (1–5 wpi) (Sup-

porting Information Fig. S3A, S3B). Treatment of MPTP mice

with Wnt1 instead led to a significant (p� .01) degree of pro-

tection against MPTP-induced TH1 neuron loss (Fig. 7B).

MPTP/NSC grafts also promoted a progressive increase in

the number of Nurr11/TH1 neurons (Fig. 7C, 7E) and b-cat-

enin1/DAT1 neurons (Fig. 7D) out of the total number of

Nurr11 and DAT1 neurons, respectively. Instead, in MPTP/

NSCs treated with Wnt-Ant, Nurr11/TH1, and b-catenin1/

DAT1 neurons were sharply reduced to levels comparable

with those determined in MPTP/PBS mice (Fig. 7C, 7D, 7F).

Together, these findings support Wnt/b-catenin activation as a

critical signal for the survival of mDA neurons [29, 30, 39,

49–53], and for NSC graft-induced TH neurorestoration.

We next investigated the effect of Wnt-Ant on astroglial

and microglial cells of MPTP/NSCs mice. We found that GFAP1

cell density was reduced in MPTP/NSC mice treated with

Dkk1 versus MPTP/NSC mice (Fig. 7L–7M). We also found that

Wnt-Ant counteracted the effect of the NSC graft on IBA11

microglia. Dual immunostaining with IBA1 and TH confirmed

that the inhibitory effect of NSC graft on IBA11 cells (Fig. 7H,

7K) was significantly abolished by Dkk1 treatment (Fig. 7I, 7K).
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Accordingly, the pro-inflammatory mediators, IL-1b, TNF-a,

and RNS, were restored to levels comparable with those

determined in MPTP/PBS mice (Fig. 7J–7M). Of note, qPCR

analysis of Wnt signaling genes performed by 1 wpi further

indicated that Wnt-Ant reversed the NSC-induced increase in

the Wnt canonical receptor, Fzd1, and Wnt-dependent

Figure 6. NSC grafts override the microglial pro-inflammatory status in vivo and reverse MPP1-induced microglial inflammatory media-
tors in vitro. (A): NSC grafts downregulate the expression levels of IL-1b, Nos2, g91Phox, TNF-a, and CCl3 by qRT-PCR, in microglia cell
lysates versus MPTP/PBS-treated SN. (B): NSC grafts reversed the increased IL-1b and TNF-a and RNS in microglial supernates. (C): NSC
grafts reduce IBA11/Dapi1 (stage 3–4) microglia cell numbers (percentage of controls) versus MPTP/PBS quantified at 1–7 wpi. (D–F):
NSC grafts reverse MPTP-induced increased IBA11/Dapi1 microglial cell numbers in midbrain sections at the level of the SNpc. Scale
bars in (D): 100 mm. (G, H): Aged microglia (A-micro) cultured in vitro and then challenged with MPP1 release higher levels of RNS, IL-
1b, and TNF-a, compared with younger (Y) glia (dashed lines) (G, H). Exposure to Wnt1, AR, or N-ACM (conditions “Wnt-on”) before
MPP1 treatment counteracts the release of pro-inflammatory mediators in both A- and Y-glia, although Y-glia (dashed lines) exert a
stronger inhibition versus A-glia (G). Conversely, pretreatment of A/Y-micro with the Wnt-Anta, Dkk1 or Wnt1-Ab (conditions “Wnt-off”),
applied before Wnt1 or N-ACM, efficiently reversed the downregulation of RNS, IL-1b, TNF-a (H). (I, J): b-catenin and pGSKb expression
as determined by wb analysis in A-glia. Differences (Mean6 SEM values) were analyzed using ANOVA followed by the Newman–Keuls
test. *, p� .05; **, p� .01 versus saline/PBS or PBS respectively; 8, p� .05; 88, p� .01 versus MPTP or MPP1, within each treatment
group respectively; #, p� .05 versus A-microglia, within each treatment group, respectively. Abbreviations: MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; NSC, neural stem/progenitor cells; PBS, phosphate buffered saline; wpi, weeks post-implant.
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transcription factor, Ctnnb1, to levels comparable with those

determined in MPTP/PBS, whereas it upregulated the endoge-

nous Wnt- ant GSK-3b transcript levels (Fig. 7G).

We then sought to use transgenic (Tg) b-catenin (BATGAL)

reporter mice [25, 79], which allow the visualization of cells

with transcriptionally active Wnt/b-catenin signaling through

Figure 7. Wnt/b-catenin signaling antagonism counteracts the therapeutic effects of NSC grafts on the SNpc and Aq-PVR of MPTP
mice. (A): Scheme of the treatments. (B): Blockade of Wnt/b-catenin signaling (Dkk1 or Wnt1-Ab) reverses NSC graft-induced increase
of TH1 neuron survival at 5 wpi, whereas Wnt1 treatment promotes TH1 neuroprotection in MPTP mice. 88, p� .01 versus saline/PBS;
**, p� .01 versus MPTP/PBS and MPTP/Dkk1; ##, p� .01 versus MPTP/NSC. (C–E): Dkk1 reverses NSC graft-induced increased Nurr11/
TH1 (C), DAT1/b-catenin1 neurons (D) and Nurr1 expression (blue) (E-F) in SNpc (D). **, p� .01 versus MPTP/PBS; 8, p� .05; 88, p� .01
versus MPTP/NSCs without Dkk1 treatment. (G): Dkk1 reverses NSC graft-induced increased Ctnnb1 and Fzd-1 mRNAs, while upregulat-
ing GSK-3b, by qRT-PCR in SN. (H–K): Dkk1 increases stage 3–4 IBA11 microglia in SNpc (H, I), quantified at 1–5 wpi (J) and reverses
NSC graft-induced decreased levels of IL-1b and TNF-a, and RNS (K). **, p � .01 versus MPTP/Dkk1; 88, p � .01 versus MPTP/NSC. (L,
M): Dkk1 reduces GFAP1 (red) astrocytes and TH1 (blue) neurons induced by the NSC graft (L). (N–Q): Dkk1 abolishes NSC grafts-
induced transcriptionally active b-catenin in the Aq of b-catenin reporter mice (N, O). Dkk1 counteracts NSC graft-induced increased b-
catenin1/DAPI1 (P) and b-gal1/Dapi1 (Q) cells in Aq. (N bar 100 mm, O bar 50 mm) **, p � .01 versus PBS; 88, p � .01 versus MPTP/
NSC. (R1-R6): Dkk1 abolishes NSC graft-induced increased b-catenin-IF and TH-IF along the Aq-PVRs. b-catenin (red) and TH (R1, bar:
100 mm), b-catenin (red) and GFP (R2, bar: 200 mm); TH (R3, R5, red, bar: 200 mm) and TH1GFP (R4, R6, bar: 200 mm). (S): Dkk1
reverses the increased motor performance of NSC mice. *, p � .05; **, p � .01 versus MPTP/NSCs/PBS. Abbreviations: Aq, aqueduct;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NSC, neural stem/progenitor cells; PBS, phosphate buffered saline; SNpc, substantia
nigra pars compacta; TH, tyrosine hydroxylase; wpi, weeks post-implant.
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the expression of nuclear b-galactosidase (b-gal) [25, 79].

When midbrain coronal sections at the level of the Aq-PVRs

were stained with GFP, b-gal or b-catenin, coupled to Dapi

nuclear staining, we found that NSC grafts promoted the

accumulation of b-gal in GFP- cells within the Aq-PVRs (Fig.

7N), with GFP1 cells appearing in close contact with b-gal1

cells, mirroring the distribution of GFP1GFAP1 shown in Fig-

ure 4I2–4I4. The quantitative analysis of the percentages of b-

gal1/b-catenin1/Dapi1 cells in Aq-PVRs also indicated that

NSC grafts promoted an increase of (74.2%6 8.0%; 64.4%6

6.3%; and 73.0%6 7.5% at 1, 3 and 7 wpi respectively;

p� .01) versus MPTP/PBS mice (Fig. 7N, 7P, 7Q).

On the contrary, in Wnt-Ant (Dkk1)-treated MPTP/NSC

mice the number of b-catenin-expressing cells in Aq-PVR was

significantly reduced (Fig. 7O–7Q), thus supporting Wnt signal-

ing activation as a result of the NSC graft as opposed to fail-

ure of Wnt/b-catenin signaling activation in Aq-PVRs of aged

MPTP mice [25].

We also found that MPTP/NSC (Fig. 7R2–7R5) mice, but

not in MPTP/PBS (Fig. 7R1) mice or MPTP/NSC mice treated

with Dkk1 (Fig. 7R6), showed a sharp increase in b-catenin

(R2) and TH immunoreactivity in neurons along the PVRs/mid-

line (Fig. 7R327R5). Here, TH1 cell bodies with different mor-

phologies and size were seen coursing along the midline

down to the VTA of NSC grafted mice (R5), similar to what it

is observed when TH1 neurons traffic from the Aq to the

SNpc in younger MPTP mice during SNpc neurorepair [25]. In

MPTP/NSC mice treated with Dkk1, we observed no TH1 neu-

rons in Aq-PVRs (Fig. 7R6). These data demonstrate that NSC

grafts activate b-catenin transcription, inducing a marked

increase in TH1 cells within the Aq-PVR and VTA, and that

this process is blocked by Wnt/b-catenin antagonism.

By blocking the effects of NSCs on the brain of MPTP-

treated mice, Dkk1 led to a significant (p� .05) inhibition of

motor performance on the rotarod test, versus MPTP/NSC

mice (Fig. 7R). Thus, Wnt/b-catenin signaling activation by

NSC grafts at the SNpc and Aq-PVR is required for NSC-

promoted DA pathological and functional restoration of aged

PD mice.

DISCUSSION

An increasing number of studies have confirmed the ability of

transplanted NSCs to promote beneficial effects in rodent and

primate models of PD, by targeting the injured microenviron-

ment (and/or the endogenous NSC niches) acting mainly via

trophic support and immunomodulatory effects, rather than

directly differentiating into mDA neurons [62–68]. However,

the mechanisms underlying the beneficial effects of NSCs

have not been clarified yet. Because aging is the chief risk

factor for PD development, we sought to focus on the aged

male midbrain microenvironment to address the ability of

NSCs to activate intrinsic cues that may instruct midbrain

astrocytes to implement mDA neurorepair in MPTP-induced

long-lasting DA neurotoxicity.

We report that SVZ-derived adult NSCs transplanted in the

aged MPTP-injured SN promote a remarkable time-dependent

endogenous nigrostriatal DA neurorestoration. Although multi-

ple modes of reciprocal interactions between exogenous NSCs

and the pathological host milieu may underlie the functional

improvement observed, our data suggest that NSCs and

astrocyte-derived factors, especially Wnt1, might play a major

role acting at different levels to rejuvenate the host microen-

vironment and promote mDA neurorestoration.

We found that NSC grafts elicited the expression of Wnt1

both in en- and ex-Astros, thereby favoring the protection of

the imperilled/dysfunctional mDA neurons, via Wnt1/Fzd-1/b-

catenin signaling activation. Within the inflammatory microenvi-

ronment, NSC grafts, with the collaboration of astrocyte-derived

factors, including Wnt1, switched the pro-inflammatory pheno-

type of microglial cells, providing further mDA neuroprotection.

At the Aq-DA niche level, NSC grafts recapitulated a genetic

Wnt1-dependent DA developmental program inciting the acquisi-

tion of mature Nurr11 TH1 neuronal phenotype in post-mitotic

DA precursors, thus increasing the endogenous pool of mDA

neurons contributing to the reversal of MPTP-induced nigrostria-

tal toxicity.

NSC Grafts Restore Nigrostriatal DA Plasticity in the
Aged MPTP Mouse Model of PD

With advancing age, the decline of the nigrostriatal DA system

coupled with the progressive loss of mDA neuron adaptive

potential are believed to contribute to the slow but inexora-

ble nigrostriatal degeneration of PD [2, 7–10, 20, 21].

Although young adult rodents experience a time-dependent

recovery/repair from MPTP insults, aging mice fail to recover

for their entire lifespan [7–10]. With aging, gene–environment

interactions further reduce the brain’s self-adaptive potential,

including DA compensatory mechanisms [2–19, 37–39, 43, 44,

89], with harmful consequences for neuron–glia crosstalk,

mDA neuron plasticity and repair.

Here we found that, within the aged microenvironment,

NSC grafts survived and proliferated within the SN of both

sides in situ. A significant fraction of transplanted cells

acquired an astrocytic phenotype both at the SN level and at

the midbrain Aq-PVRs with a robust migration of NSCs to the

Wnt-sensitive mDA progenitor niche, which is impaired in

aging and MPTP exposure [25]. Interestingly, these effects

were not observed when NSCs were transplanted into intact

saline-injected controls, or when a mock cell graft was trans-

planted into MPTP mice, thus indicating the lesion—and

NSC—graft specificity of the observed effects.

At the SN level, NSC grafts efficiently reversed aging and

MPTP-induced downregulation of major DA transcripts, including

Th, Slc6a3 (DAT), Slc18a2 (VMAT), and the DA-specific transcrip-

tion factor Nr4a2 (Nurr1), which is required for the survival of

mDA neurons [80]. At the striatal level, NSC grafts promoted the

recovery of DAT and TH immunoreactivity, increased synapto-

somal DA uptake capacity and reversed motor impairment of

aged MPTP mice. Together, these findings indicated the ability of

NSC graft to restore the adaptive capacity of nigrostriatal DA

neurons and to boost intrinsic cues within the midbrain microen-

vironment, thus reinstating DA functionality similar to what is

observed in young male MPTP mice [25, 30].

The onset of PD symptoms is preceded by a slow mDA

degeneration phase [2, 7–10, 20, 21]. Hence, the observed

capability of NSC grafts to reactivate the MPTP-impaired DA

neurons may suggest a therapeutic window of opportunity for

mDA neurorestorative interventions aimed at protecting or

enhancing the function of the remaining neurons, while aug-

menting latent intrinsic regenerative host mechanisms [68].
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NSC Grafts Rejuvenate the Host Microenvironment via
NSC–Glia–Neuron Crosstalk and Wnt/b-Catenin
Signaling

Within this scenario, reactive astrocytes emerge as key microen-

vironmental players in the injured brain exerting both beneficial

and detrimental effects that have not yet been completely clari-

fied [32–34, 36, 37]. Astrocytes are equipped with a robust anti-

oxidant system and are known to protect neurons from oxidative

stress and growth factor deprivation-induced cell death [32–35,

89]. Oxidative stress can indeed upregulate the expression of

astrocytic NF-E2-related factor 2 (Nrf2), which translocates to the

nucleus and binds to ARE [24]. Importantly, binding to ARE upre-

gulates a cluster of anti-oxidant genes, including anti-oxidant,

anti-inflammatory and cytoprotective genes, such as Heme oxy-

genase1 (Hmox1) [24, 81], playing a prominent role for the vul-

nerable mDA neurons [32–34, 81, 89]. However, with aging,

astrocytes become dysfunctional and the proinflammatory status

is greatly exacerbated [11–19, 24, 89], likely resulting in the inhi-

bition of the anti-oxidant [24], neuroprotective and proneuro-

genic capabilities of astrocytes.

We hypothesized that transplanted NSCs may have an

impact on the aging of astrocytes, as well as on an integrated

response of a variety of neighboring neural and non-neural (i.e.,

microglial) cell types [68]. Although from our qPCR analysis it is

difficult to differentiate the exogenous NSC- versus the endoge-

nous SN-expressed mRNAs, it seems plausible that the observed

changes might result from a NSC to host SN crosstalk, resulting

in the downregulation of the exacerbated levels of pro-

inflammatory mediators, while increasing the transcription of

anti-oxidant genes and certain chemokines demonstrated to

directly activate Wnt signaling in both young and aged astrocytes

[24, 25, 30]. Interestingly, NSC grafts promoted the expression of

canonical Wnt1 signaling genes, including both direct and indirect

Wnt/b-catenin targets genes [38–41, 82–85].

Previous studies focusing on genetic networks recapitulating

the early signals for the development of mDA neurons identified

Wnt1 as a unique critical morphogen for mDA neurons, where

activation of the Wnt1/b-catenin signaling is required for mDA

neuron specification [38–42, 97]. Of special interest, the sus-

tained and ectopic expression of Wnt1 in genetically affected

En1 heterozygote (En11/2) mice can induce a neuroprotective

Wnt1-dependent gene cascade promoting the survival of En1

mutant (En11/2 and En12/2 mice) mdDA neurons and rescuing

them from premature cell death [39].

Our results are in line with previous findings underlying a

chief pro-survival role of Wnt/b-catenin signaling [28–30, 39,

43, 44, 49–53], and further suggest that this NSC graft-

induced Wnt1 might drive a rescue effect in the aged SN

microenvironment, acting on both the highly vulnerable mDA

neurons, and on the exacerbated aged microglial inflamma-

tory phenotype. We found that NSC-derived Wnt-expressing

ex-Astro, but not Wnt-deficient (aged and/or TNF-a/IL-1b-

treated) endogenous Y-Astro and N-Astro, efficiently protected

primary mesencephalic DA neurons from MPP1-induced

Caspase-3-dependent TH1 neuron death, in vitro, whereas

this neuroprotection was abolished by the Wnt-ant, thus indi-

cating that Wnt/b-catenin signaling activation is a critical

determinant of ex-Astro- and en-Astro-induced TH neuropro-

tection. Conditioned media from NSC, despite having no

effects of its own, it efficiently reversed the inability of aged

astrocytes to protect TH neurons, as did the Wnt-activating

chemokine protocol. These findings suggest that factors

released by NSCs, Wnt signaling and the inflammatory milieu

influence glial–neuron interactions toward neuroprotection

[43, 44, 89].

Reactive astrocytes were shown to turn into a highly cyto-

toxic phenotype when stimulated by LPS-activated microglia

secreting proinflammatory cytokines, including IL-1b and TNF-

a, which inhibit the ability of astrocytes to promote neuronal

survival, outgrowth, and synaptogenesis [36]. Additionally, a

prolonged dysfunction of astrocytes and microglia activation

have been shown to accelerate the degeneration of SNpc DA

neurons, blocking the compensatory mechanisms of neuronal

repair during early dysfunction induced by 6-OHDA lesion in

rats [37]. Ageing represents a critical period whereby micro-

glia are subject to structural deterioration/dystrophy, they

vary their response to injury and increase the secretion of a

plethora of proinflammatory mediators [11–19, 89]. These evi-

dences support a critical role for aging-induced impairment of

astrocyte–microglia crosstalk to MPTP-induced long-lasting

mDA neurotoxicity.

Here, we further show that during aging, astrocyte dys-

function may result from a deregulated crosstalk with the

“primed” MPTP-challenged microglia, which secretes excessive

amounts of harmful pro-inflammatory mediators while reducing

the expression of specific chemokines (e.g., CCl3 and CxCl11)

and key astrocytic anti-oxidant factors (e.g., Nrf2 and Hmox1).

These mechanisms result in reduced Wnt1-dependent astrocyte

neuroprotective, neurotrophic, and immunomodulatory activities.

Hence, in aged-microglia, a “Wnt-on” switch (e.g., Wnt1,

GSK-3b-antagonism, or N-ACM) efficiently reversed the upre-

gulated levels of TNF-a, IL1-b and RNS, whereas a “Wnt-off”

condition (e.g., Wnt-ant) abolished the Wnt1-induced cytokine

suppression. These in vitro findings therefore argued in favor

of reciprocal NSC–astrocyte–microglial–neuron interactions,

whereby Wnt/b-catenin signaling appeared to fulfil the role

of a common pathway toward neuroprotection.

NSC Grafts at the Aq-PVR DA Niche Promote the
Activation of Wnt/b-Catenin Signaling and the
Differentiation of Nurr11TH- DA Precursors

An additional new finding of this study underlines the capabil-

ity of NSC grafts to target the midbrain DA niche. We found

that NSC grafts induced ex-Astro accumulation in high propor-

tions at the Aq-PVRs, with upregulation of Wnt/b-catenin tar-

get genes, mimicking the response of young MPTP mice [25].

Indeed, astrocyte-derived Wnts and b-catenin are recognized

to control DA neurogenesis by maintaining the integrity of the

neurogenic niche and promoting the progression from Nurr11/

TH- post-mitotic progenitors to Nurr11/TH1 neurons [25, 38–42,

97]. Here, we found that NSC grafts promoted progressive

increases in Nurr11/TH1 and DAT1/b-catenin1 neurons, while

this effect was counteracted by Wnt1-Ant treatment suggesting

the involvement of a Wnt1-dependent mechanism [25]. In NSC-

grafted, but not Wnt-Anta-treated mice, we observed numerous

endogenous TH1 neurons with different sizes and morphologies,

cursing along the Aq-PVRs and midline region “en route” to the

VTA-SNpc. As a consequence, NSC graft treatment progressively

increased the number of TH1 neurons accompanying nigrostria-

tal rescue and repair, whereas these processes were abolished

by Wnt-Ant treatment.
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Previous studies indicated that astrocyte-derived factors

might play a role in enhancing the dopaminergic differentia-

tion of stem cells and promoting brain repair in the MPTP-

injured midbrain [25, 30, 88]. Currently, the neurogenic poten-

tial of DA neurons in the adult midbrain is a highly debated

issue. Recent findings in 6-OHDA-lesioned rodents reported

SN newborn DA neurons mainly derived from the migration

and differentiation of the NSCs in the Aq-SVZ and their adja-

cent regions [98], but further studies are clearly needed to

verify whether an NSC graft may activate neurogenesis in

endogenous niches [62, 64, 65] and boost the production of

newly born mDA neurons in the aged MPTP mouse brain.

CONCLUSION

We have shown that NSC grafts drive an astrocyte-dependent

Wnt1 signaling activation resulting in a panel of neurotrophic

and anti-inflammatory/anti-oxidant mechanism(s) that rejuve-

nate the aged inflammatory milieu and favor a neurorestora-

tive program for mDA neurons. In light of the emerging

picture implicating deregulated Wnt/b-catenin signaling in PD

[38–44, 50–57], our findings predict a novel perspective on

harnessing Wnt/b-catenin signaling with functionally plastic

NSC grafts as a novel therapeutic strategy for PD.
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