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Abstract
The canonical Wnt pathway is critical for both the development and adulthood survival and homeostatic maintenance of the midbrain
dopaminergic (DA) neurons. Expanding evidence has demonstrated that genetic factors associated with familial Parkinson disease
(PD) deregulate this important pathway, suggesting that a disturbed canonicalWnt pathway is likely involved in PD pathogenesis; yet,
the specific role of this pathway in sporadic PD remains unclear. In this study, we aimed to determine the effects of specific inhibition of
the canonical pathway by hemizygous knockout of β-catenin, the obligatory component of the canonical Wnt pathway, on paraquat
(PQ)-induced DA neuronal degeneration in the substantia nigra in vivo. We found that while hemizygous conditional knockout of β-
catenin in DA neurons did not cause any significant TH+ neuronal loss in the substantia nigra at basal level, it triggered elevated
oxidative stress at basal level and further enhanced PQ-induced oxidative damage and loss of TH+ neurons in the substantia nigra and
axonal termini in the striatum that manifested as exacerbated motor deficits. These data support the notion that reducedWnt/β-catenin
signaling in sporadic PD likely contributes to DA neuronal loss through an enhanced oxidative stress-response pathway.
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Abbreviations
DA Dopaminergic
DAT Dopamine transporter
4-HNE 4-Hydroxynonenal
JNKs c-Jun N-terminal kinases
KO Knockout
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
PQ Paraquat
PD Parkinson disease

ROS Reactive oxygen species
SN Substantia nigra pars compacta
TH Tyrosine hydroxylase
Tg Transgenic
VTA Ventral tegmental

Introduction

Parkinson disease (PD) is a chronic progressive neurodegen-
erative disorder that results in motor impairment including rest
tremor, bradykinesia, rigidity, and loss of postural reflexes [1].
It is characterized by the dramatic loss of dopaminergic (DA)
neurons in the substantia nigra pars compacta (SN) region of
the midbrain and the presence of abnormal fibrillary cytoplas-
mic inclusions rich in misfolded α-synuclein and ubiquitin,
called Lewy bodies, in the surviving neurons of both central
and peripheral nervous systems [2]. Genetic etiology was well
demonstrated in the rare familial forms of the disease with
pathogenic mutations being identified in more than a dozen
genes which include autosomal dominant mutations in SNCA,
LRRK2, and VPS35 as well as autosomal recessive mutations
in PINK1, Parkin, DJ-1, etc. [3]. However, the cause of the
majority of the disease occurrences, the sporadic form,
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remains unknown, although it is believed that a complex in-
teraction between genetic susceptibility and a panel of envi-
ronmental factors is involved [4]. Indeed, aging and rural liv-
ing likely due to exposure to a number of neurotoxins such as
various pesticide/herbicides are known risk factors for human
parkinsonism [5–9]. Characterization of these genes and en-
vironmental factors suggests several common cellular mecha-
nisms including mitochondrial dysfunction, oxidative stress,
neuroinflammation, protein misfolding, and impairment in the
ubiquitin-proteasome and autophagy-lysosome systems [3,
10]. Besides these cellular mechanisms, increasing evidence
suggests the involvement ofWnt/β-catenin signaling pathway
in the pathogenesis of PD [11], although its exact role remains
elusive.

The Wnt/β-catenin-dependent or canonical Wnt pathway
is the best characterized among the three knownWnt signaling
transduction cascades. In this canonical Wnt pathway, the
binding of Wnt ligand to the receptor complex formed by
the frizzled receptor and the LRP5/6 activates the intracellular
signaling which leads to accumulation and nuclear transloca-
tion of β-catenin to form complexes with TCF/LEF and
prompt the transcription of target genes [12]. It plays an es-
sential role in the regulation of cell self-renewal, proliferation,
and maintenance in a cell type-specific and developmental
stage-specific manner [11]. In fact, this pathway has particular
importance in specific brain regions as it is required during
development of the midbrain dopaminergic system and is also
a key pathway for regulating neurogenesis and survival of the
midbrain DA neurons during adulthood [13–16]. It is tightly
regulated at multiple levels which appears to be either im-
paired or excessively activated by various genetic and envi-
ronmental factors involved in PD. For example, LRRK2 acts
as a scaffolding protein connecting both membrane and cyto-
solic components of the canonical Wnt pathway and promotes
its activation; however, LRRK2 mutations causing familial
PD decrease the ability of LRRK2 to enhance the Wnt signal-
ing [17–19]. Loss of VPS35 prevents the endosome-to-Golgi
recycling of Wntless, a protein essential for the secretion of
Wnt ligands [20], and it is likely that familial VPS35 muta-
tions impair Wnt signaling. However, on the other hand,
Parkin promotes β-catenin ubiquitination/degradation specif-
ically in the ventral midbrain [21], and thus familial Parkin
mutations, which cause loss of Parkin function, likely left DA
neurons unprotected against excessive canonical Wnt signal-
ing activation. Therefore, it is of importance to understand the
exact role of deregulation of canonical Wnt pathway in the
pathogenesis of PD.

Given the reports of reduced Wnt signaling in the brain
during aging [22, 23] and more specifically in the brain of
sporadic PD patients [24], we undertook the current study to
determine the specific effect of inhibition of Wnt/β-catenin
pathway on paraquat-induced TH+ neuronal loss in the
substantia nigra in vivo as a model of sporadic PD. We found

that inhibition of the canonical Wnt pathway by hemizygous
conditional knockout of β-catenin in the DA neurons sensi-
tizes the nigrostriatal system to the damage induced by PQ
treatment likely through enhanced oxidative stress.

Materials and Methods

Animals and Treatment

Animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of Case Western Reserve
University (protocol number 2016-0050). All the mice in this
study were maintained under constant environmental condi-
tions in the Animal Research Center of Case Western Reserve
University with free access to food and water. DAT-Cremouse
(DATIREScre, 006660, Jackson laboratory) and β-catenin
floxed strain (β-cateninflox, 004152, Jackson laboratory) were
purchased to generate experimental mice in this study. Mice
were housed 2–4 per cage under a 12-h light and 12-h dark
cycle. The development of conditional haploinsufficient β-
catenin mice (Cre+) appeared normal compared with the Cre
− littermates. Female and male 4-month-old Cre− mice (n =
13) and Cre+mice (n = 15) were used in all of the experiments
and randomly assigned into each group in the experiment. The
mice with 20–28-g body weight were selected for this study.
No statistical method was used to predetermine sample size in
this study. PQ administered to the animals was dissolved in
0.9% sterile saline and injected intraperitoneally. Cre+ mice
andCre− littermate controls received either a dose of 10mg/kg
PQ twice a week for 6 consecutive weeks or an equal volume
of vehicle. Seven days after the final injection, motor function
of these mice was tested and then the mice were sacrificed for
tissue collection. All the injections and measurements of mo-
tor function were performed blindly. Half brains were fixed
overnight at 4 °C in 10% neutral buffered formalin and em-
bedded in paraffin for immunohistochemistry. Striatal tissues
were dissected from the other half brains for western blot
analysis.

DNA Preparation and PCR Analysis

For the identification of the β-catenin alleles and the DAT-Cre
transgene, DNA was isolated from indicated tissues of mice
using genomic DNA purification kit (Promega, USA). To de-
tect the β-catenin floxed allele, sense primer (5’AAGGTAGA
GTGATGAAAGTTGTT3 ’ ) and ant isense pr imer
(5’CACCATGTCCTCTGTCTATTC3’) were used, generat-
ing 324 bp and 221 bp products from the floxed and wild-
type alleles, respectively [25]. To detect △loxp of β-catenin
floxed allele, sense primer (5’ GCTATTGGGATTTC
CAGGTA 3′) and antisense primer (5’CACCATGT
CCTCTGTCTATTC3’) were used, which generate a 252-bp
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product from △loxp site. PCR was performed at 95 °C for
3 min followed by 45 cycles at 95 °C for 10 s, 50 °C for
15 s, and 72 °C for 30 s.

Antibodies and Chemicals

Primary antibodies used in this study included mouse anti-TH
(Millipore, Temecula, CA, MAB318), rabbit anti-GAPDH
(Cell Signaling, Danvers, MA, 2118), rabbit anti-4-HNE
(Alpha diagnostics, San Antonio, TX, HNE11-S), rabbit
anti-HO-1 (Millipore, Temecula, CA, AB1284), rabbit anti-
pJNK (Cell Signaling, Danvers, MA, 9251), and rabbit anti-
JNK (Cell Signaling, Danvers, MA, 9252). Secondary anti-
bodies used in this study included anti-mouse/rabbit HRP-
linked secondary antibody (Cell Signaling, Danvers, MA,
7076 or 7074), Alexa Fluor 488 donkey anti-mouse secondary
antibody (Life technologies, Eugene, OR, A21202), Alexa
Fluor 568 donkey anti-rabbit secondary antibody (Life tech-
nologies, Eugene, OR, A10042), goat anti-mouse or goat anti-
rabbit (Millipore, Temecula, CA, AP124 or AP132), and
mouse or rabbit PAP antibody (Jackson Immunoresearch,
West Grove, PA). PQ dichloride hydrate (Sigma, St. Louis,
MO, 856177) was purchased and dissolved in saline for mice
treatment.

Immunohistochemistry

Immunohistochemistry was performed as we previously de-
scribed [26, 27]. Briefly, mouse brains were fixed overnight at
4 °C in 10% neutral buffered formalin. Then, paraffin-
embedded brains were sliced into consecutive coronal sec-
tions of 14 μm for the midbrain and striatum. The sections
were sequentially incubated overnight at 4 °C with appropri-
ate primary antibodies. The sections were then incubated with
either goat anti-mouse or goat anti-rabbit antibody, followed
by species-specific peroxidase anti-peroxidase complex
(Jackson, West Grove, PA, 223005024 or 323005024). 3–3′-
Diaminobenzidine (Dako, Carpinteria, CA, K3468) was used
as a chromogen. For quantification of DA neurons, multiple
sections of the SN region were immunostained for eachmouse
using tyrosine hydroxylase (TH) antibody. The number of
dopamine neurons in the SNpc was estimated by counting
TH-positive neurons of five coronal sections per animal that
were distributed about every 100 μm along the rostral–
caudate axis of the SN (− 3.08 to − 3.64mm caudal to bregma)
[28]. Densitometric analysis of TH immunostained striatum
area was performed using image J software.

Western Blot Analysis

Striatal tissues were carefully dissected out and homogenized
with RIPA lysis buffer plus protease inhibitor mixture (Roche,
Penzberg , Germany, 5892791001/4906837001) .

Homogenates were centrifuged at 14,000 rpm for 20 min
and the supernatants collected and protein level determined
using BCA assay (Thermo Fisher Scientific, Waltham, MA,
23225). Equal amounts of total protein extracts were resolved
by SDS-PAGE and transferred to Immobilon-P (Millipore,
Temecula, CA, IPVH00010). Following blocking with 10%
nonfat milk, appropriate primary and secondary antibodies
were applied, and the blots were developed with Immobilon
Western Chemiluminescent HRP substrate (Millipore,
Temecula, CA, WBKLS0500).

Rotarod Test

Amouse rotarod apparatus (Harvard apparatus, LE 8200) was
used to measure motor coordination in these treated mice. The
mice were trained to stay on the rotarod for 3 min at each
constant speed (4, 10, and 20 rpm) in the week just before
PQ treatment. After 3-day training, the motor performance
was measured with an accelerating speed from 4 to 40 rpm
in 4 min. For each trial, the time until the mice fall off the rod
was recorded and a maximum of 120 s was applied in this
study. The animals were tested three times with a rest of 5 min
between each trial. The motor functions of these mice were
tested by rotarod before and after the PQ injections. All the
tests were performed during light cycle.

Statistical Analysis

All data represent mean ± standard error of means (SEM). For
analysis of statistical difference between three or more groups,
one-way analysis of variance with Bonferroni’s multiple com-
parison tests was applied. For rotarod function, the paired t test
was used. p values are indicated by asterisks (**p < 0.01;
*p < 0.05). This study was not pre-registered.

Results

Characterization of the Hemizygous β-Catenin
Conditional KO Mice (DAT-Cre+/-/CTNf/+ Mice)

The Wnt/β-catenin signaling pathway plays an essential role
in the development of DA neurons [13, 14] and homozygous
β-catenin knockout (KO) mice demonstrated significant loss
of DA neurons in the substantia nigra [29]. To avoid develop-
mental complications and specifically assess the potential role
of theWnt/β-catenin in the susceptibility of adult DA neurons
in PD-related neurotoxinmodels, we chose to use hemizygous
β-catenin conditional KOmice (DAT-Cre+/-/CTNf/+) by cross-
ing the floxed β-catenin mice (CTNf/f) with hemizygous do-
pamine transporter (DAT) promotor-driven Cre recombinase
mice (DAT-Cre+/-). To confirm that Cre recombinase was ef-
fective in mediating genomic recombination restricted in DA
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neurons in the DAT-Cre+/-/CTNf/+ mice (i.e., hereafter referred
as Cre+ mice or hemizygous cKO mice) but not in the litter-
mate control DAT-Cre−/−/CTNf/+ mice (i.e., hereafter referred
as Cre− mice or control mice), we performed PCR analysis
specific to the recombined DNA in different tissues from ran-
domly chosen Cre+ and Cre− mice at 3 months of age. PCR
analyses showed Cre-mediated genomic recombination in the
midbrain and olfactory bulb, brain areas containing DA neu-
rons, in Cre+mice but not in Cre−mice (Fig. 1a). Indeed, Cre-
mediated recombination only occurred in olfactory bulb and
substantia nigra/ventral tegmental (SN/VTA) of midbrain but
not in the cortex, cerebellum, striatum, liver, and tail from
Cre+ mouse (Fig. 1b). The hemizygous β-catenin cKO mice
appear normal as compared to control mice. No significant
reduction in the number of TH-positive DA neurons in the
SN of hemizygous β-catenin cKO mice, compared to litter-
mate control mice, was noted (Fig. 2b, c). Furthermore, the
TH-positive axonal terminals were densely and evenly stained
throughout the striatumwithout noticeable difference between
the hemizygous cKO mice and littermate control mice
(Fig. 3a, b), indicating that the midbrain DA neurons and their
nigrostriatal projections are morphologically normal in the
mice with hemizygous deletion of β-catenin in DA neurons.

β-Catenin Haploinsufficiency Exacerbates PQ-Induced
Loss of DA Neurons in SN- and TH-Positive Axonal
Terminals in Striatum

Cre+ mice and Cre− littermate control mice were intraperito-
neally injected with PQ (10 mg/kg) or saline twice a week for
6 weeks starting at 4 months of age, sacrificed 1 week after the
last injection, and DA neurons in the SN were analyzed by
tyrosine hydroxylase (TH) immunocytochemistry (Fig. 2a).
The number of TH-positive neurons was reduced by around
20% in the PQ-treated Cre− mice compared with the saline-
treated Cre− mice, but did not reach significance (p = 0.25)
(Fig. 2b, c). In contrast, the number of TH-positive neurons
was significantly reduced by around 40% in the PQ-treated
Cre+ mice as compared with that in the saline-treated Cre+

mice (p < 0.05). Importantly, there is also a significant reduc-
tion in the number of TH-positive neurons in the SN in PQ-
treated Cre+ mice compared to that of PQ-treated Cre− litter-
mate controls (p < 0.05).

Similar to the effects on DA neurons in SN, PQ caused a
trend of decreased density of TH-positive axon termini in the
striatum of Cre− mice (p = 0.19), as compared to that of
saline-treated Cre− mice (Fig. 3a, b). On the contrary, PQ
treatment caused a significant decrease in the density of
striatal TH-positive fibers in the Cre+ mice as compared to
that of saline-treated Cre+ mice (p < 0.05).

β-Catenin Haploinsufficiency Exacerbates PQ-Induced
Motor Dysfunction

Progressive nigrostriatal injury in PD and neurotoxin-based
rodent models result in impairment of motor function [2, 4,
30]. To assess the functional outcome of PQ-induced deficits
in the hemizygous β-catenin cKO mice, we measured motor
function of saline- and PQ-treated animals by rotarod test
before and after the administration of saline or PQ. No signif-
icant difference in the latency to fall from the rotating rod was
observed between the Cre+ and Cre− littermate controls mice
before or after saline treatment (Fig. 4). Six weeks of PQ
treatment caused a trend toward decreased latency to fall from
rotarod in the Cre−mice as compared to these mice before the
treatment (p = 0.2). Notably, PQ treatment caused significant
decrease in the latency to fall in the Cre+ mice as compared to
these same mice before the treatment.

β-Catenin Haploinsufficiency Enhances PQ-Induced
Oxidative Stress Signaling in SN

Oxidative stress is believed to play a major role in mediating
PQ-induced toxicity. 4-Hydroxynonenal (4-HNE), anα,β-un-
saturated aldehyde produced during oxidation of membrane
lipid polyunsaturated fatty acids, was suggested to be involved
in the pathogenesis of PD- and neurotoxin-induced degenera-
tion of DA neurons [31, 32]. Here, we analyzed levels of 4-

Fig. 1 Cre recombinase specifically deletes the loxp-flanked (floxed) β-
catenin gene in dopaminergic neurons of DAT-Cre+/β-catenin± loxp
mouse. Genomic DNAs (gDNA) were prepared from the indicated
tissues from a DAT-Cre+/ β-catenin± loxp mouse (Cre+ mouse) and a
DAT-Cre−/β-catenin± loxp control mouse (Cre− mouse). Special pair of
DNA primers was designed for genotyping of deletion of floxed β-

catenin. a PCR analysis shows DNA recombination is detected in
midbrain and olfactory bulb only from Cre+ mouse but not Cre−
mouse. There was 200 ng gDNA used in each reaction. b β-Catenin
deletion (△loxp) is specific to the SN/VTA and olfactory bulb but not
other tissues in the Cre+ mouse. There was 60 ng gDNA used in each
reaction
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HNE as a measure of oxidative damage in PQ-treated mice
(Fig. 5a). Interestingly, in saline-treated mice, a significant
increase in 4-HNE immunoreactivity in SN was noted in
Cre+ mice compared with that of Cre− mice (Fig. 5a, b),
suggesting that β-catenin haploinsufficiency induces elevated
basal level of oxidative stress in DA neurons. As expected, PQ
treatment led to a significant increase in 4-HNE

immunoreactivity in SN of Cre− mice. Importantly, 4-HNE
immunoreactivity was further significantly increased in PQ-
treated Cre+ mice. Consistently, the immunoreactivity of
heme oxygenase-1 (HO-1), antioxidant enzyme that is widely
used as an important marker of oxidative stress, was also
significantly increased in SN of PQ-treated Cre+ mice com-
pared with that of PQ-treated Cre− mice (Fig. 6a, b). To

Fig. 2 β-catenin haploinsufficiency aggravates dopaminergic neuronal
death in SN caused by PQ treatment. a Schematic timeline of
experimental paradigm is shown. β-Catenin haploinsufficient (Cre+)
and control (Cre−) mice were treated with PQ (10 mg/kg) or vehicle

control saline twice a week for 6 weeks. Seven days after the last
injection, brain tissue was collected for tyrosine hydrolase (TH)
immunostaining. Representative pictures (b) and quantification of DA
neurons (c) in the SNpc were shown. (N = 5–6/group, *p < 0.05)

Fig. 3 β-Catenin haploinsufficiency causes significant loss of PQ-induced terminal DA fibers in striatum. Representative pictures of DA terminals (a) in
the dorsal striatum and quantification of the TH staining intensity (b) in this area. (N = 4/group, *p < 0.05)
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distinguish the nature of these cells with increased oxidative
stress, we performed additional immunofluorescent
colocalization study. Immunofluorescence staining of the SN
revealed that the PQ-induced immunoreactivities of stress
markers, 4-HNE and HO-1, were almost completely localized
to TH-positive cell, confirming increased oxidative stress in
DA neurons after PQ treatment in both Cre+ and Cre− mice
(Fig. 7a, b). These data also confirmed significantly increased
numbers of dopamine neurons with 4-HNE or HO-1 immu-
noreactivity in the PQ-treated Cre+ mice as compared to that
of PQ-treated Cre− mice.

As a stress-activated kinase, c-Jun N-terminal kinase (JNK)
activation is involved in PQ-induced DA neuronal death
[33–35]. In saline-treated mice, consistent with increased ox-
idative stress in Cre+ mice, there were also significantly in-
creased levels of phosphorylated JNK in the striatum of Cre+
mice as compared to that of Cre−mice (Fig. 8a–c). There was
a trend towards increased JNK phosphorylation in PQ-treated
Cre− mice as compared to that of saline-treated Cre− mice

(p = 0.09). Importantly, JNK phosphorylation was significant-
ly increased in the striatum of PQ-treated Cre+ mice as com-
pared to saline-treated Cre+ mice or PQ-treated Cre− mice.
Total JNK levels in striatum remain unchanged among differ-
ent groups in this study (Fig. 8a, c).

Discussion

In this study, we used hemizygous β-catenin cKO to deter-
mine whether inhibition of the Wnt pathway exacerbates or
protects DA neurons against PQ-induced damage in vivo. We
found that while hemizygous conditional knockout of β-
catenin in DA neurons did not cause any significant TH+
neuronal loss in the substantia nigra at basal level, it triggered
elevated oxidative stress at basal level and further enhanced
PQ-induced oxidative damage and loss of TH+ neurons in the
substantial nigra and axonal termini in the striatum that man-
ifested as exacerbated motor deficits. These data support the

Fig. 5 β-Catenin haploinsufficiency caused increased 4-HNE
immunoreactivity in SN at basal level and after PQ treatment. Fixed
brains of PQ or saline treated Cre+ and Cre− mice were immunostained

for 4-HNE. Representative pictures (a) and quantification (b) of 4-HNE
immunoreactivity in SN. (N = 5–6/group, *p < 0.05)

Fig. 4 β-Catenin
haploinsufficiency aggravates
PQ-induced impairment of motor
function. The motor functions of
mice were determined before the
first injection (week 0) and
1 week after the last PQ injection
(week 6). (Paired t test, N = 5–8/
group *p < 0.05)

5162 Mol Neurobiol (2019) 56:5157–5166



notion that reduced Wnt/β-catenin signaling in sporadic PD
contributes to DA neuronal loss likely through an enhanced
oxidative stress response pathway.

While prior studies based on genetic factors associatedwith
familial PD suggest that disturbed Wnt/beta-catenin signaling
is likely involved in the pathogenesis of PD, the specific ef-
fects of different genetic factors appear different: reducedWnt
signaling likely contributes to mutant LRRK2-induced DA

neuronal loss since familial LRRK2 mutations decrease the
capability of LRRK2 to enhance the Wnt signaling [17–19]
while excessive Wnt signaling is to be blamed in the case of
familial loss-of-function Parkin mutation-induced DA neuro-
nal loss since Parkin is critical in the ubiquitination/
degradation of β-catenin [21]. Therefore, although reduced
Wnt/β-catenin signaling in the DA neurons in substantia nigra
of PD patients was noted [24], it remains to be determined

Fig. 7 Immunofluorescence co-localization study confirmed increased
oxidative stress in TH+ neurons in SN. Fixed brains of PQ or saline-
treated Cre+ and Cre− mice were immunostained for 4-HNE and TH or

HO-1 and TH. Representative fluorescent images of 4-HNE and TH (a),
or HO1 and TH (b), in SN (N = 4) of PQ or saline-treated mice were
shown. Scale, 20 μm

Fig. 6 β-Catenin haploinsufficiency caused increased HO1 immunoreactivity in SN after PQ treatment. Fixed brains of PQ or saline-treated Cre+ and
Cre− mice were immunostained for HO1. Representative pictures (a) and quantification (b) of HO1 immunoreactivity in SN. (N = 5–6, *p < 0.05)
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whether such reduction contributes to neuronal loss or repre-
sents an insufficient protective response in sporadic PD path-
ogenesis. The answer will likely inform future leads for ther-
apeutic developments. Neurotoxins including MPTP and
paraquat are widely used to treat DA neuronal cells and ani-
mals as models to study sporadic PD. It is of interest to note
that PD-relevant neurotoxins including paraquat led to down-
regulation of canonical Wnt signaling which correlated with
neuronal loss both in vitro and in vivo [36–40], implicating
that a reduced Wnt signaling likely plays a damaging role in
mediating neurotoxin-induced DA neuronal loss. To directly
address this important issue, we specifically inhibited the ca-
nonical Wnt pathway in the DA neurons by hemizygous
knockout of β-catenin. We believe that this is more advanta-
geous than using homozygous knockout because it specifical-
ly mimics the reduction but not the total loss of β-catenin in
DA neurons in sporadic PD, and avoids the complication of
significant loss of DA neurons due to developmental defects
caused by total loss ofβ-catenin in the homozygousβ-catenin
knockout mice [29]. The treatment of PQ twice a week for 6
consecutive weeks caused only mild neuronal death in dorsal
SN of control mice, but significantly more severe DA neuro-
nal degeneration and motor defects in hemizygous β-catenin
cKO mice along with significantly reduced TH+ axonal ter-
mini in the striatum and motor deficits. Our results thus pro-
vide direct evidence to strongly support a pathogenic role of
reduced Wnt signaling in sporadic PD models. Furthermore,
these data in neurotoxin-based sporadic PD models together
support the restoration or activation of Wnt signaling as a
promising therapeutic target for PD. Indeed, consistent with

this notion, exogenous administration of Wnt1 or LiCl re-
versed 6-OHDA-induced inactivation of Wnt/β-catenin path-
way and attenuated neuronal cell death [38, 41].

How might reduced Wnt/β-catenin signaling contribute/
mediate neuronal death in sporadic PD? It is known that oxi-
dative stress plays an important role in the pathogenesis of PD
[10]. Early studies demonstrated that β-catenin binds directly
to forkhead box O (FOXO) transcription factors and enhances
the expression of FOXO target genes critical for resistance to
oxidative damage in both Caenorhabditis elegans and mam-
malian cells [42]. Consistently, loss of β-catenin also triggers
oxidative stress in liver cells [43]. However, activation of nu-
clear β-catenin promotes oxidative damage in diabetic cardio-
myopathy [44], highlighting the need to verify the specific
role of Wnt/β-catenin in cells of target since most Wnt/β-
catenin target genes are cell-type and developmental stage-
specific. In this regard, our study also demonstrated increased
oxidative stress in the DA neurons at basal level in the hemi-
zygous β-catenin cKO mice as evidenced by significantly
increased levels of 4-HNE, a lipid peroxidation product, along
with significantly increased JNK activation and trends toward
increased expression of HO-1, an inducible antioxidant en-
zyme. Our data thus confirmed the importance of Wnt/β-
catenin pathway in maintaining oxidative homeostasis at basal
level in the DA neurons. Considering that the higher basal rate
of oxidative phosphorylation and thus lower threshold to ox-
idative damage contributes to the vulnerability of SN DA
neurons [45], it was not unexpected to find in our study all
these oxidative stress markers were further significantly in-
creased in the hemizygous β-catenin cKO mice exposed to

Fig. 8 β-Catenin haploinsufficiency aggravates pJNK activation in the
striatum at basal level and after PQ treatment. Cre+ and Cre− mice were
treated with PQ or saline. From each half brain, the striatumwas dissected

for immunoblotting analysis. Representative immunoblot (a) and
quantification of pJNK (b) and total JNK (c) in striatum. (N = 4–6/
group, *p < 0.05)
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PQ compared to that of control mice, accompanying signifi-
cantly increased DA neuronal loss. Our study exemplified a
likely situation where reducedWnt/β-catenin signaling in DA
neurons along with aging places these neurons in an adverse
situation. Exposure to additional environmental insults such
as PQ exposure initiates a downward spiral by further reduc-
ing β-catenin signaling and hampering sufficient antioxidant
response resulting in enhanced oxidative damage and eventual
neuronal loss along with the motor function deficit. Therefore,
our study shed new light on the potential neurodegenerative
mechanism in sporadic PD. That said, it must be acknowl-
edged that our results do not exclude the possibility that other
mechanisms regulated by the canonical Wnt pathway such as
neurogenesis [14] may be impaired and involved in the path-
ogenesis of sporadic PD.

Taken together, our in vivo study revealed that conditional
haploinsufficiency of β-catenin caused elevated oxidative
stress at basal level in SN DA neurons which made them
vulnerable to PQ-induced oxidative damage and neuronal de-
generation in nigrotriatal system. Our study provides direct
evidence to strongly support the pathogenic role of reduced
Wnt/β-catenin signaling in sporadic PD and suggest the
restoration/activation of canonical Wnt pathway may be pur-
sued for future therapeutic development for PD.
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