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Abstract Recent evidence suggests that nerve growth factor
IB (Nur77) and nuclear receptor related1 (Nurrl) are differen-
tially involved in dopaminergic neurodegeneration. Since
memantine has shown clinically relevant efficacy in
Parkinson’s disease (PD) and displayed a potent protective
effect on dopaminergic neurons in experimental PD models,
we asked if it exerts its neuroprotection by regulating Nur77
and Nurrl signaling. We adopted a well-established in vitro
PD model, 6-hydroxydopamine (OHDA)-lesioned PC12
cells, to test our hypothesis. Different concentrations of
memantine were incubated with 6-OHDA-lesioned PC12
cells, and Nur77/Nurrl and their related signaling molecules
were examined by Western blot and immunocytochemistry.
Nur77-deficient PC12 cells were used to verify the influences
of Nur77 on neurodegeneration and memantine-mediated
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neuroprotection. We found that memantine reversed Nur77
upregulation and restored Nurrl downregulation in 6-
OHDA-lesioned PC12 cells. 6-OHDA incubation caused
Nur77 translocation from the nucleus to cytosol and induced
co-localization of Cyt ¢/HSP60/Nur77 in the cytosol.
Memantine strongly reduced the sub-cellular translocations
of Nur77/Cyt ¢/HSP60 under 6-OHDA-induced oxidative
condition. Knockdown of Nur77 enhanced the viability of
PC12 cells exposed to 6-OHDA, while memantine-induced
neuroprotection was much less in the cells with Nur77 knock-
down than in those without it. We conclude that Nur77 plays a
crucial role in modulating mitochondrial impairment and con-
tributes to neurodegeneration under the experimental PD con-
dition. Memantine effectively suppresses such Nur77-
mediated neurodegeneration and promotes survival signaling
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through post-translational modification of Nurrl. Nur77 and
Nurrl present a contra-directionally coupling interaction in
memantine-mediated neuroprotection.

Keywords Parkinson’s disease - Nurrl - Nur77 -
Neuroprotection - Inflammation - Memantine
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AKT Also known as protein kinase B

Annexin V- Annexin V-fluorescein isothiocyanate
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ANOVA Analysis of variance

BCA Bicinchoninic acid

BDNF Brain-derived neurotrophic factor
BSA Bovine serum albumin

CCK8 Cell Counting Kit-8

Cytc Cytochrome ¢

DA Dopamine

DAT Dopamine transporter

DMEM Dulbecco’s modified Eagle’s medium

DNA Deoxyribonucleic acid

EDTA Ethylene diamine tetraacetic acid

EGTA Ethylene glycol tetraacetic acid

ELISA Enzyme-linked immunosorbent assay

ERK Extracellular regulated protein kinases

FBS Fetal bovine serum

HDAC Histone deacetylase

HEPES N-2-hydroxyethyl piperazine-N0-2-
ethanesulfonic acid

HSP60 Heat shock protein 60

IL-1 Interleukin-1

IL-6 Interleukin-6

JNK c-Jun N-terminal kinase

KCL Potassium chloride

LBD Dementia with Lewy bodies

LDH Lactate dehydrogenase

MAPK Mitogen-activated protein kinases

NaF Sodium fluoride

NaCl Sodium chloride

NMDA N-Methyl-D-aspartate

NMDAR N-Methyl-pD-aspartate receptor

NR4AI Nuclear receptor subfamily 4, group A,
member 1

Nur77 Nerve growth factor IB

Nurrl Nuclear receptor related 1 protein

OD Optical density

PBS Phosphate buffered saline
PC12 cells Pheochromocytoma 12 cells
PD Parkinson’s disease

PDD Parkinson’s disease dementia
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PI Propidium iodide
PI3K Phosphatidylinositol 3 kinase
PVDF Polyvinylidene fluoride
RNA Ribonucleic acid

RPMI Roswell Park Memorial Institute

RQ-PCR Real-time quantitative-polymerase chain
reaction

RT-PCR Reverse transcription-polymerase chain
reaction

SDS Sodium dodecyl sulfate

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

SEM Standard error of the mean

SPSS Statistical Product and Service Solutions

TBS Tris-buffered saline

TH Tyrosine hydroxylase

TNF-«x Tumor necrosis factor-o
6-OHDA 6-Hydroxydopamine
Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder following Alzheimer’s disease (AD)
and is mainly characterized by a disturbance of the central
dopaminergic system by dopaminergic neurodegeneration.
Although the etiology of PD is far from clear, the disease is
generally recognized to be associated with chronic
neuroinflammatory responses and neuronal apoptosis [1, 2].
Increasing evidence suggests that oxidative- and/or
inflammatory-related mediators, such as tumor necrosis
factor-o (TNF-«), glutamate, and interleukin-1 (IL-1) contrib-
ute to the pathogenesis of PD and modulate the progression
[3-5]. Among these inflammatory mediators, a family of or-
phan nuclear receptors, nuclear receptor subfamily 4 (Nur),
has also been suggested to play an important role [6—8].

The family members of Nur are differentially involved, as
transcriptional factors, in neuroinflammation, neuronal devel-
opment, and maintenance [7, 9, 10]. In humans, three mem-
bers have been identified: nerve growth factor IB (Nur77 or
NR4AI), nuclear receptor related 1 (Nurrl or NR4A2), and
neuron-derived orphan receptor 1 (Nor-1 or NR4A3).
Among the three members, Nurrl was the first member
discovered to be associated with familial parkinsonism, and
it functions mainly in transcriptional activation to regulate a
battery of genes expressed in dopaminergic (DA) neurons [10]
, thereby preventing the loss of dopaminergic neurons partial-
ly via limiting the production of neurotoxic mediators and
modulating neurotrophic factor signaling [11, 12]. Different
from Nurrl, Nur77 is less investigated in terms of its role in
PD. Nur77 usually acts as a transcription factor to potently
modulate the inflammatory responses in macrophages, T cells,
vascular inflammation, and infarcted myocardium [13—18]. In
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macrophages, Nur77 activated the NF-kappa B signaling
pathway and potentiated the induction of pro-inflammatory
gene expression [19]. Also, Nur77 enhances mouse resistance
to lipopolysaccharide (LPS)-induced sepsis by inhibiting NF-
kB activity and suppressing aberrant cytokine production
[17]. In addition, recent studies have indicated that Nur77 is
implicated in mitochondrial dysfunction and subsequent initi-
ation of apoptosis via its intracellular translocation from the
nucleus to mitochondria [20, 21]. Cheng et al. found that the
translocation of Nur77 from the nucleus to the mitochondria in
cardiomyocytes results in the loss of mitochondrial integrity,
subsequently leading to the apoptosis in response to ischemia/
reperfusion injury [13]. Nur77 may translocate from nucleus
into the mitochondria through interaction with the mitochon-
drial outer membrane protein Nix and thus cause excessive
mitochondria clearance. It subsequently activates the mito-
chondrial signaling pathway and integrates a nuclear receptor
with autophagy for irreversible cell death [22]. Kiss et al.
demonstrated that by targeting mitochondria, Nur77 may con-
vert Bcl-2, an anti-apoptotic protein, into a proapoptotic mol-
ecule, and induce STAT], thereby enhancing Bim expression
and subsequently activating the mitochondrial pathway for
apoptosis [23]. It has been reported that INK-mediated phos-
phorylation of Nur77 positively regulates its translocation to
the mitochondria and negatively regulates the stability of
Nur77. Moreover, cyclic AMP/PKA signaling switches the
functions of Nur77 from degradation to triggering apoptosis
[24]. However, the precise impact and molecular mechanisms
underlying the actions of Nur77 in the transcriptional activa-
tion and repression of inflammatory responses and apoptosis
in PD etiology are unknown.

Memantine (1-amino-3,5-dimethyladamantane) is known
as an uncompetitive N-methyl-D-aspartate receptor
(NMDAR) antagonist and has been clinically approved to
ameliorate the cognitive impairment experienced in moderate
to severe Alzheimer’s disease (AD). Recently, several lines of
evidence have demonstrated its potential in neuroprotective
applications against neurological diseases, such as ischemic
stroke, Parkinson’s disease dementia (PDD), and dementia
with Lewy bodies (DLB) [25-27]. The possible mechanisms
involved in these applications include its NMDAR antagonist
activity against NMDA receptor-mediated excitotoxicity, its
inhibition of the activity of the cellular histone deacetylase
(HDAC), and its inhibition of the activation of microglia, as
well as anti-inflammation [27, 28]. However, the precise
mechanisms underlying its neuroprotection, especially in PD
condition, are far from being understood.

Given the key roles of Nurrl in the regulation of NMDAR-
mediated neuroprotection [29], and the crucial roles of Nur77
in apoptosis, inflammation, and mitochondrial dysfunction, as
the downstream of NMDA-mediated signaling, we sought to
determine whether Nur77/Nurrl are differentially involved in
memantine-mediated neuroprotection in the in vitro PD
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model, 6-OHDA-lesioned pheochromocytoma (PC12) cells.
We mainly investigated (1) the regulatory association between
Nur77 and Nurrl and effects of memantine on Nur77/Nurrl,
and (2) the involvement of cytochrome ¢ (Cyt C) and heat
shock protein 60 (HSP60) in the regulation of Nur77/Nurrl
in the PD model.

Materials and Methods
Cell Culture and Treatments

The PC12 cell culture was prepared as described in our previ-
ous study and other studies [30]. Briefly, PC12 cells were
routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % fetal bovine serum, 5 %
horse serum, 100 U/ml benzyl penicillin, and 100 mg/1 strep-
tomycin (Gibco Life Technologies, Rockville, MD, USA).
For all experiments, the cells were seeded in 96-well plates
or 6-well plates at a density of 1.0x 10> cells/ml for 24 h. For
the memantine toxicity measurement experiment, PC12 cells
were treated with either conditioned media alone, 6-OHDA
(100 uM), or 6-OHDA (100 uM)+the following concentra-
tions of memantine in conditioned media for 24 h: 1, 5, 10,
and 20 uM (Sigma-Aldrich, St. Louis, MO, USA). After the
24-h incubation, the Cell Counting Kit-8 (CCK8) assay was
used to examine the optimal concentration of memantine for
providing neuroprotection to 6-OHDA-lesioned PC12 cells.
Then, four experimental groups were treated with either media
(DMEM), memantine (10 uM) only, 6-OHDA (100 uM), or
6-OHDA (100 uM)+memantine (10 uM). After 24 h, PC12
cell death was quantified via the CCKS8 and the apoptotic cells.

Assays of CCKS8, LDH, Glutamate, IL-6, TNF-«,
and Measurement of Apoptotic Cells

PC12 cell viability was measured by the CCKS8 assay
(Dojindo Molecular Technologies, Rockville, MD, USA) ac-
cording to the manufacturer’s instructions. Briefly, 10 pul of
the CCKS kit reagent was added to the cells treated with 6-
OHDA or 6-OHDA +memantine in 96-well plates and incu-
bated at 37 °C for 1 h. The cell viability was assessed at an
absorbance of 570 nm with the enzyme-linked immunosor-
bent assay (ELISA) plate reader. Each treatment group was
replicated in three wells. All results were normalized to optical
density (OD) values measured from an identically conditioned
well without cells [31]. The results for the CCKS8 values are
expressed as a percentage of the control group, which was set
as 100 %. To further investigate the apoptosis, PC12 cells
were seeded at a density of 1x10° cells/well in 24-well plates.
After incubation with 6-OHDA (100 uM) or 6-OHDA
(100 uM)+memantine (10 uM) for 24 h, PC12 cell apoptosis
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was evaluated by flow cytometry (Bender MedSystems,
Burlingame, CA, USA).

Cell viability was also measured by determining the activity
of the LDH released into the medium. After the 6-OHDA or 6-
OHDA +memantine treatments, released LDH was measured,
and the cells were lysed to obtain total LDH. Total and released
LDH activity was measured following the specifications of the
in vitro toxicology assay kit LDH-based Tox-7 (Sigma-Aldrich,
St. Louis, MO, USA), and released LDH was normalized to
total LDH. The data are represented as the percentage of LDH
in the 6-OHDA group, which was designated as 100 %. The
concentrations of glutamate, IL-6, and TNF-« in the medium
were measured using the Glutamate Assay Protocol
(BioVision, CA, USA) and IL-6 and TNF- ELISA Kkits at an
absorbance of 450 nm with an ELISA plate reader.

Lentiviral Vector Construction/Infection and Short
Hairpin Ribonucleic Acid (shRNA) Interference

Lentiviral vectors were used for the knockdown of Nur77 as
previously described [32]. Briefly, 293 T cells were cultured in
DMEM [25 mM N-2-hydroxyethyl piperazine-NO-2-
ethanesulfonic acid (HEPES); Gibco] containing 10 % fetal
bovine serum (FBS), 5 % horse serum (HoS), penicillin
(50 TU/ml), streptomycin (50 mg/ml), and L-glutamine
(2 mM; Gibco) and transfected with pMDL-pRRE, pVSV-
G, pRSV-REYV, and Nur77 using the calcium phosphate meth-
od. Viral particles contained in the supernatant were harvested
at days 1 and 2 after transfection. After ultracentrifugation,
viral titers were determined as previously described [33].
Briefly, serial dilutions of the concentrated virus were used
for the transduction of 293T cells. Twenty-four hours after
the transduction, total genomic deoxyribonucleic acid
(DNA) was isolated using a DNeasy blood and tissue kit
(Qiagen) according to the manufacturer’s instructions. The
number of inserted vector copies was determined by reverse
transcription-polymerase chain reaction (RT-PCR) using the
vector DNA for the standard curve: forward primer, 5’
CTGCAGCAGCAGAACAATTTG 3'; reverse primer, 5’
CCCCAGACTGTGAGTTGCAA 3'.

Transduction of PC12 Cells and the Selection
of Transduced Cells

PC12 cells were seeded on a six-well plate at a density of 1.0 x
10° cells/ml and allowed to adhere for 24 h. For transduction,
the medium was replaced with DMEM+ 10 pg/ml polybrene
containing viral particles [multiplicity of infection (MOI) 50
for knockdown]. After overnight exposure to the virus, the
medium was replaced with DMEM+10 % FBS+5 % HoS,
and the cells were cultured for another 24 h. Selection with
puromycin (2 pg/ml final concentration) was then carried out
for 3—4 days, by which time transfection was evident.

Depending on the transfection efficiency, most transfections
did not establish puromycin-resistant colonies, but the
retrovirus-producing cell lines were used for generating viral
vectors. The stable colonies were amplified after 1014 days
of selection with puromycin. The transduction efficiency was
evaluated by real-time quantitative (RQ)-PCR.

Immunofluorescence and Confocal Microscopy

For immunofluorescence analysis, the procedures were per-
formed with modifications as described in previous studies
[34-36]. Briefly, 1x10° cells/ml from four experimental
groups were plated on confocal Petri dishes in serum-
containing media for 24 h. The cells were then incubated in
conditioned media alone, memantine (10 M) alone, 6-
OHDA (100 uM) alone, or 6-OHDA (100 uM)+memantine
(10 uM) before staining for immunofluorescence. After three
washes in phosphate buffered saline (PBS), fixation and per-
meabilization of the cells was conducted with 4 % paraformal-
dehyde in PBS for 15 min at room temperature, and the cells
were rinsed with PBS and then incubated with PBS-T (0.3 %
Triton X-100 in PBS) for 15 min. After three more washes
with PBS, the cells were incubated with blocking buffer [PBS,
3 % bovine serum albumin (BSA)] for 60 min at room tem-
perature. The following primary antibodies were used: rabbit
anti-Nurrl (Sigma; 1:200), goat anti-Nur77 (Sigma; 1:200),
mouse anti-Cyt ¢ (Abcam; 1:250), and rabbit anti-HSP60
(Cell Signaling; 1:800). The specimens were incubated with
the primary antibodies in PBS containing 3 % BSA overnight
at 4 °C. For immunofluorescence, on the following day, after
additional rinsing with PBS, the samples were incubated with
fluorescent-labeled secondary antibodies (Alexa 488-, Alexa
568-, Alexa 555-, or Alexa 647-labeled IgG; Invitrogen) in
PBS containing 3 % BSA for 60 min at room temperature.
After rinsing with PBS, 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) (300 nmol/l; Invitrogen, Carlsbad,
CA, USA) was used for counterstaining for 3—5 min. The
confocal analysis was performed using a Zeiss LSM 710/
Meta Station (Carl Zeiss, Jena, Germany) equipped with a
digital camera (Hamamatsu, Hamamatsu, Japan) and operated
by QED imaging software.

Protein Extraction, Subcellular Fractionation,
and Western Blot Analysis

After 6-OHDA or 6-OHDA +memantine treatment, the cells
were harvested using cell scrapers, washed in ice-cold PBS
(0.0067 M), and lysed with two different ice-cold lysis buffers
[30, 37]. The buffer for total cellular extracts contained 10 mM
HEPES, 1.5 mM MgCl,, 10 mM KCl, 0.1 mM ethylene diamine
tetraacetic acid (EDTA), 0.1 mM phenylmethanesulfonyl fluo-
ride, | mM dithiothreitol, 0.2 % NP-40, 1 pg/ml leupeptin,
1 pg/ml pepstatin, and 2 pg/ml aprotinin was used. The same
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buffer, without dithiothreitol and with addition of 10 mM NaF,
2.5 mM sodium pyrophosphate, 1 mM 3-glycerophosphate, and
1 mM Na3;VO,, was used for the evaluation of protein phosphor-
ylation. The supernatants were collected for protein determina-
tion by bicinchoninic acid (BCA) assay (Pierce, Inc., Rockford,
IL, USA), and the proteins were run in NuPage Bis-Tris 10 %
gels (Invitrogen, Carlsbad, CA, USA) and transferred to
polyvinylidene fluoride (PVDF) membranes (Amersham
Bioscience, Ltd., Buckinghamshire, UK). The membranes were
blocked in 5 % skim milk, 0.05 % Tween 20, and Tris-buffered
saline (TBS) for 1 h. The PVDF membranes were incubated in
the following primary antibodies overnight at 4°C: rabbit anti-
Nurrl (Sigma; 1:500), rabbit anti-Nur77 (Proteintech; 1:500),
rabbit anti-tyrosine hydroxylase (TH) (Santa Cruz
Biotechnology; 1:500), rabbit anti-dopamine transporter (DAT)
(Santa; 1:500), rabbit anti-brain-derived neurotrophic factor
(BDNF) (Santa; 1:500), rabbit anti-phosphatidylinositol 3 kinase
(PI3K)/p-PI3K (Cell Signaling; 1:500), rabbit anti-AKT/p-AKT
(Cell Signaling; 1:500), mouse anti-Cyt ¢ (Abcam; 1:1000), rab-
bit anti-Lamin B1 (Cell Signaling; 1:1000), or rabbit anti-3-actin
(Cell Signaling; 1:1000). The next day, horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling, Danvers, MA,
USA) were applied. Peroxidase-conjugated streptavidin and sub-
strate were used for detection. Negative controls were prepared
by omitting the primary antibodies. For inhibition of the extra-
cellular signal-regulated protein kinases (ERK), c-Jun N-terminal
kinase (JNK) and p38 mitogen-activated protein kinases
(MAPKS), their inhibitors, i.e., PD98059 (50 uM), SP600125
(10 uM), and SB202190 (100 uM), were respectively pre-
incubated for 1 h before 6-OHDA addition. For the protein ex-
tractions prepared from the cytosolic and nuclear fractions, a
method was used that was described by Garcia-Yagiie [38].
Briefly, the cells were washed three times with cold PBS and
harvested by centrifugation at 1100 rpm for 10 min. The cell
pellet was resuspended in 3 pellet volumes of cold buffer A
[20 mM HEPES, pH 7.0, 0.15 mM ethylene diamine tetraacetic
acid (EDTA), 0.015 mM ethylene glycol tetraacetic acid (EGTA)
, 10 mM potassium chloride (KCI), 1 % Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 20 mM sodium fluoride (NaF),
1 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
1 pg/ml leupeptin] and incubated on ice for 30 min. Then, the
homogenate was centrifuged at 500xg for 5 min. The superna-
tants were taken as the cytosolic fraction. The nuclear pellet was
resuspended in 5 volumes of cold buffer B [10 mM HEPES,
pH 8.0, 0.1 mM EDTA, 0.1 mM sodium chloride (NaCl),
25 % glycerol, 1 mM phenylmethylsulfonyl fluoride, 20 mM
NaF, 1 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1 pg/ml leupeptin]. After centrifugation
under the same conditions indicated above, the nuclei
were resuspended in loading buffer containing 0.5 %
sodium dodecyl sulfate (SDS). The cytosolic and nucle-
ar fractions were resolved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
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immunoblotted with the indicated antibodies. The im-
ages were analyzed using NIH Image J software.

Statistical Analysis

The data are expressed as the mean+standard error of the
mean (SEM). The data related to the CCK8, IL-6, TNF-«,
glutamate, LDH, and flow cytometry analyses, and the differ-
ent protein quantifications by Western blot were analyzed
using one-way analysis of variance (ANOVA) followed by
Bonferroni’s comparison post hoc analysis (SPSS 15.0 pro-
gram, Chicago, IL, USA). Differences with p values of less
than 0.05 were regarded as statistically significant.

Results
Memantine Rescued PC12 Cells from 6-OHDA Injury

The CCKS8 value in the 24 h 6-OHDA-incubated group was
significantly reduced to 53 % of the control group
(***p<0.001, 6-OHDA vs. controls, n=>5 independent exper-
iments, Fig. 1a); memantine dose-dependently and signifi-
cantly attenuated this reduction (Fig. 1a). According to previ-
ous studies, 24 h 6-OHDA (100 uM) incubation produces a
valid PD in vitro model (Supplementary Fig. S1). At a con-
centration of 10 uM, memantine improved the viability of
PC12 cells more efficiently than other concentrations.
Therefore, we chose to use this concentration in the subse-
quent experiments. Indeed, previous reports also showed that
memantine were neuroprotective when the concentrations
were 25 uM [39, 40]. We detected the apoptosis in 6-OHDA
and 6-OHDA plus memantine-treated groups by flow cytom-
etry. Memantine significantly attenuated the 6-OHDA-
lesioned cell death of PC12 cells (Fig. 1b—f). Consistently,
memantine significantly attenuated the 6-OHDA-induced de-
crease in the expression of TH/DAT (TH—10.5 % of the
control in the 6-OHDA-treated group, 90 % in the group of
6-OHDA plus memantine, n=5, ***p<0.001; DAT—16.8 %
of the control in the 6-OHDA-treated group, 79.1 % in the
group of 6-OHDA plus memantine, n=5, ***p<0.001)
(Fig. 7b—d). We also measured the excitotoxicity mediators
LDH and glutamate and pro-inflammatory cytokines IL-6
and TNF-« in 6-OHDA-treated PC12 cells with or without
memantine incubation (Fig. 2). Our result showed that in 6-
OHDA-incubated PC12 cells, LDH and glutamate increased
1.69- and 2.22-fold, respectively, compared with controls (n=
5, #**p<0.001; Fig. 2¢c, d), but memantine incubation
abolished this elevation even though it did not restore the
mediators to normal levels (n=5, ##p<0.01; Fig. 2¢c, d). In
addition, IL-6 and TNF-« levels increased 2.79- and 3.17-
fold, respectively, in 6-OHDA-lesioned PC12 cells compared
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Fig. 1 Memantine protects PC12 cells from 6-OHDA injury. a PC12
cells were incubated with 100 uM 6-OHDA alone or in combination
with different concentrations (1, 5, 10, 20 uM) of memantine for 24 h.
The viability of the PC12 cells was measured via the CCKS8 assay. The
results are expressed as a relative ratio of the blank and are expressed as
the mean+SEM of 5 independent experiments. ***p<0.001, one-way
ANOVA followed by Bonferroni’s comparison post hoc analysis
(Bonferroni’s ¢ test) vs. the blank group; *p<0.01, #¥»<0.001,
Bonferroni’s 7 test vs. the 6-OHDA-treated culture. b—f Memantine
protected PC12 cells from 6-OHDA-induced apoptosis. PC12 cells

Memantine

with untreated cells (n=5, ***p<0.001; Fig. 2a, b);
memantine incubation profoundly eliminated this upregula-
tion (n=5, ##p<0.01; Fig. 2a, b). Taken together, these results
strongly indicate that memantine displays significant neuro-
protection in 6-OHDA-lesioned PC12 cells via the anti-
oxidative stress and anti-inflammatory responses.

Memantine Restored the Levels of Nur77/Nurrl
in 6-OHDA-Lesioned PC12 Cells

Nurrl and Nur77 are believed to play differential roles in
neuronal survival and inflammatory responses [6, 41]. Our
results showed that 6-OHDA (100 uM) time-dependently in-
creased the expression of Nur77 but decreased the total pro-
tein level of Nurrl (Fig. 3a, b). Because the 24-h incubation
with 6-OHDA produced the most obvious changes in the ex-
pression of Nur77 and Nurrl, we accordingly chose this
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were exposed to 100 pM 6-OHDA with/without 10 uM memantine for
24 h, and apoptosis was quantified by flow cytometry with double
staining Annexin V-FITC and PI for the b blank group, ¢ memantine-
treated group, d 6-OHDA-treated group, and e 6-OHDA +memantine
group. f The bar chart shows the apoptotic rate of PC12 cells for (b)—
(e). The results are expressed as the mean+SEM of 5 independent
experiments. **¥p<0.001, one-way ANOVA followed by Bonferroni’s
comparison post hoc analysis (Bonferroni’s ¢ test) vs. the blank group;
wp<0.001, Bonferroni’s 7 test vs. the 6-OHDA-treated group

incubation time for further experiments. We analyzed the total
protein expression with different concentrations of memantine
(0, 1, 5, 10, 20 uM) following 24 h 6-OHDA incubation. We
found that only 10 pM memantine profoundly attenuated the
magnitude of the alteration in Nur77 expression following 24-
h 6-OHDA incubation (Fig. 3c, d). Interestingly, the 6-
OHDA-induced downregulation of Nurrl was obviously re-
stored by memantine incubation (1, 5, 10, and 20 M concen-
trations), with the 10 uM concentration showing the most
robust restoration and reaching the basal level.

To determine the expression and localization of Nurrl and
Nur77 in 6-OHDA-lesioned PC12 cells with/without
memantine treatment, immunocytochemistry and Western
blot were examined. We found that under normal conditions,
the majority of Nurrl was predominantly localized in the nu-
cleus, and Nur77 was partially localized in the cytosol but also
could be found in the nucleus of PC12 cells (Fig. 4a).
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Fig. 2 Memantine attenuates the
6-OHDA-mediated elevation in
LDH, glutamate, TNF-«, and IL-
6. PC12 cells were incubated with
100 uM 6-OHDA with/without
10 uM memantine for 24 h, and
the expressions of a IL-6, b TNF-
«, ¢ glutamate, and d LDH were
measured using an IL-6 and TNF-
o ELISA kit, the glutamate assay
protocol, and an LDH
cytotoxicity detection kit, 0 o
respectively. The results are the

mean+SEM of 5 independent C

experiments. ***p<0.001, one-
way ANOVA followed by
Bonferroni’s comparison post hoc
analysis (Bonferroni’s # test) vs.
the blank group; *p<0.01 and
###p<0.001, Bonferroni’s ¢ test vs.
the 6-OHDA-treated group
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Memantine treatment alone did not change their expression or
localization in PC12 cells. However, 6-OHDA incubation
clearly increased the density of cytosolic Nur77 (Fig. 4a [j])
and decreased the density of nuclear Nurrl protein (Fig. 4a
[k]). Memantine treatment restored the density of cytosolic
Nur77 and nuclear Nurrl to the normal control levels
(Fig. 4a [n], [0]). Following 6-OHDA incubation, the
Western blot showed that the expression of cytosolic Nur77
was increased 2.58-fold (compared with untreated control, n=
5 experiments, p<0.001), whereas this increase was attenuat-
ed to 1.36-fold of the control after memantine treatment
(Fig. 4b, d). By contrast, in 6-OHDA-lesioned PC12 cells,
the levels of nuclear Nur77 and Nurrl were significantly de-
creased to 37 and 20 % of the normal controls, respectively,
and were reversed to 65 and 77 %, respectively, after
memantine treatment (Fig. 4c—¢). Interestingly, we observed
that the expression of cytosolic Nurrl was at very low level
(nearly undetectable) when compared with nuclear Nurrl
(Fig. 4b). This Western blot result is partially consistent with
Renaud’s study [42] and further verified our immunocyto-
chemistry findings. These observations further demonstrated
that memantine could regulate the contra-directional interac-
tion between Nur77 and Nurrl in DA neurons.

It has been well documented that ERK/INK and MAPK
p38 signaling pathways are associated with inflammation and
apoptosis and cellular survival, and more importantly, recent
studies have suggested it is also correlated with Nur77/Nurrl
[43]. Our observations led us to explore a link between Nur77
and Nurrl in the 6-OHDA-treated PC12 cells. 6-OHDA incu-
bation increased the protein levels of Nur77 for 2.73-fold as
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compared with the controls (Fig. 5). However, PD98059 and
SP600125 almost abolished the increased expression of
Nur77 in 6-OHDA-treated PC12 cells (Fig. 5). In contrast,
SB202190 had no appreciable effect on Nur77 expression
(Fig. 5). On the other side, the decrease in Nurrl protein
(0.16-fold of the control level) induced by 6-OHDA was re-
stored to 0.61- and 0.37-fold of the control level following
PD98059 and SP600125 additions, respectively, while
SB202190 did not display such effect.

Considering that Nur77 is closely correlated to mitochon-
drial functions, we measured mitochondrial dysfunction by
detecting Cyt ¢ and HSP60 expression via immunocytochem-
istry. Memantine incubation alone did not change the expres-
sion and localization of Cyt ¢ in PC12 cells (Fig. 6a [c, g]).
However, 6-OHDA incubation obviously increased the densi-
ty of cytosolic Cyt ¢ (Fig. 6a [k], g). Following memantine
treatment, the increased density of cytosolic Cyt ¢ was signif-
icantly attenuated and restored to the normal control levels
(Fig. 6a [o], g), which is consistent with the changes in
Nur77. Strikingly, we observed a remarkable accumulation
and translocation of Nur77 from the cytosol to the nucleus,
and Nur77 was co-localized with Cyt ¢ in the cytosol follow-
ing 6-OHDA incubation (Fig. 6a [1], b). The presence of
Nur77 in the nuclear fraction was significantly reduced with
concomitant increases in the cytosolic fraction, and the co-
localization of Cyt ¢ and Nur77 was also significantly attenu-
ated by memantine treatment (arrows, Fig. 6a [p], b, ¢). This
finding strongly demonstrates that memantine not only down-
regulated the increased expressions of Nur77 and Cyt ¢ in the
cytosol but also prevented Nur77 translocation and co-
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Fig. 3 Memantine conversely regulates Nur77 and Nurrl expression
induced in the 6-OHDA-lesioned PC12 cells. a 6-OHDA induces a
time-dependent change in the expressions of Nur77 and Nurrl in PC12
cells. Western blot analysis shows Nur77, Nurrl, and {3-actin protein
levels in PC12 cells after treatment with 6-OHDA at 100 uM for
various time points. b The diagram shows the relative quantitation of
Nur77 and Nurrl protein levels compared with that of (3-actin in (a).
The data are expressed as the relative ratios of the 0 h group, which were
set to 1.0, and are expressed as the mean+SEM of 5 independent
experiments. *p<0.05 and ***p<0.001, Bonferroni’s ¢ test vs. the 0 h
group. ¢ Memantine significantly reversed the upregulation of Nur77

localization with Cyt ¢ in 6-OHDA-lesioned PC12 cells.
Interestingly and strikingly, we found that the change in
HSP60 was consistent with those in Cyt ¢ and Nur77
(Fig. 64, e, f, h). The presence of Nur77 in the nuclear fraction
was significantly reduced with concomitant increases in the
cytosolic fraction, and the co-localization of HSP60 and
Nur77 was also significantly attenuated by memantine treat-
ment (arrows, Fig. 6d [p], e, f).

Knockdown of Nur77 Enhanced Cell Viability

and Increased the Levels of Nurrl and TH/DAT,

but Reduced Cyt ¢ Expression Following Memantine
Treatment

Is the regulation of Nur77 translocation and expression nec-
essary for the neuroprotective action of memantine in 6-
OHDA-lesioned PC12 cells? We knocked down Nur77 ex-
pression using a lentiviral vector and compared the cell via-
bility and Nurrl, TH, and DAT expression following 6-OHDA
incubation with/without memantine treatment in these mutant
PC12 cell cultures (Nur77 '~ cells). The CCK8 value in the 6-
OHDA-incubated Nur77 "~ cells was increased 21 % in
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expression and downregulation of Nurrl expression in 6-OHDA-
lesioned PC12 cells. Western blot analysis shows Nur77, Nurrl, and (3-
actin protein levels in 6-OHDA-lesioned PC12 cells accompanied by
different concentrations of memantine treatment. d The diagram shows
the relative quantitation of the Nur77 and Nurrl protein levels compared
with that of $-actin. The data are expressed as the relative ratios of the
blank group, which were set to 1.0, and are the mean+SEM of 5
independent experiments. *¥p<0.01, ***p<0.001, Bonferroni’s ¢ test
vs. the blank group; #p<0.01, #p<0.001, Bonferroni’s # test vs. the 6-
OHDA group

Fig. 4 Memantine protects PC12 cells from 6-OHDA lesion via P>
regulating the expression and subcellular localization of Nur77 and
Nurrl. a After incubation with 100 uM 6-OHDA with/without 10 uM
memantine for 24 h, PC12 cells were immunostained for Nur77 (b, f, j, n),
Nurrl (¢, g, k, 0), and the nucleus (a, e, i, m) using confocal microscopy;
the merged images (d, A, I, p) are shown. An upregulation of cytosolic
Nur77 was caused by 6-OHDA (j), with a translocation of Nur77 from the
nucleus to the cytosol, shown by the brighter green fluorescence located
in the cytosol and the lighter green fluorescence located in the nucleus (f;
arrows); 6-OHDA induced a downregulation of Nurrl predominantly in
the nucleus (k; arrows), with a subsequent decreased co-localization of
Nur77 and Nurrl in the nucleus (7). The addition of memantine prevents
the sub-cellular translocation of Nur77 (n; arrows) and the decrease in
Nurrl (o; arrows) and reversed them to the normal levels to some extent,
with a restoration of the co-localization of Nur77 and Nurr! in the nucleus
(p) (scale bar=20 pm). b, ¢ Subcellular fractionations were performed in
PC12 cells exposed to 6-OHDA (100 uM) with/without memantine
(10 uM) for 24 h. The lysates from the cytosol (b) and nucleus (¢) were
probed for Nur77 and Nurrl and normalized to 3-actin (cytosolic marker;
internal control) and Lamin B1 (nuclear marker; internal control). d, e
The bar charts display the relative quantitation of Nur77 and Nurrl
protein levels compared with that of 3-actin or Lamin B1, respectively.
The values are set up as relative ratios of the blank group, which were set
to 1.0, and expressed as the mean+SEM of 5 independent experiments.
##ip<0.001, Bonferroni’s ¢ test vs. the blank group; **p<0.001,
Bonferroni’s ¢ test vs. the 6-OHDA group
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comparison with control shRNA-infected cells (Nur77+*
cells) (*p<0.01, Nur77 " vs. Nur77"*, n=5 independent
experiments; Fig. 7a). Following 6-OHDA incubation,
memantine (10 uM) co-application resulted in a 20 %
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decrease in the CCK8 value in Nur77 '~ cells in comparison
with the same treatment in Nur77** cells (&p<0.05, n=5;
Fig. 7a) and a slight 15 % increase in comparison with the
lentivirally delivered group without memantine treatment
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Fig. 5 Inhibitors of ERK and JNK prevent the 6-OHDA-induced
changes of Nur77/Nurrl expression in PC12 cells. a PC12 cells were
treated with 6-OHDA (100 uM), with or without the inhibitors
(PD98059, SP60015, and SB202190) for ERK, JNK, and p38 MAPK,
respectively. Total cellular lysates were processed by Western blot for
Nur77, Nurrl, and 3-actin protein levels. b, ¢ The bar charts show the
relative quantitation of Nur77 and Nurrl protein levels in (a) compared

($p<0.05, Nur77 "~ with memantine vs. without memantine,
n=5; Fig. 7a). Similar results were also obtained for the ex-
pressions of Nurrl, TH, and DAT. The expression of Nurrl,
TH, and DAT in 6-OHDA-incubated PC12 cells with Nur77”/
~ was significantly increased 2.84-fold, 4.2-fold, and 2.0-fold,
respectively, in comparison with control shRNA-infected cells
(*p<0.01, 6-OHDA with Nur77 "~ vs. Nur77*'*, n=5;
Fig. 7b—e). However, in 6-OHDA-lesioned PC12 cells, the
lentivirally delivered shNur77 with memantine (10 uM) treat-
ment resulted in a slight 16, 17, and 16 % decrease in Nurrl,
TH, and DAT expression, respectively, in comparison with the
non-lentivirally delivered group with memantine (&p<0.05,
memantine with Nur77 '~ vs. Nur77**, n=>5; Fig. 7b—e) and a
28, 25, and 80 % increase, respectively, in comparison with
the lentivirally delivered group without memantine treatment
($p<0.05, Nur77 " with memantine vs. without memantine,
n=5; Fig. 7b—e).

Interestingly, in 6-OHDA-lesioned PC12 cells, the expres-
sion of Cyt ¢ was inversely related to that of Nurrl, TH, and
DAT. The expression of Cyt ¢ with Nur77 '~ was significantly
decreased 44 % in comparison with control shRNA-infected
cells (*p<0.01, 6-OHDA with Nur77 "~ vs. Nur77"*, n=5;
Fig. 7b, ). However, in 6-OHDA-lesioned PCI12 cells, the
lentivirally delivered shNur77 with memantine (10 M) treat-
ment resulted in a slight 22 % increase in Cyt ¢ in comparison
with the non-lentivirally delivered group with memantine
(&p<0.05, memantine with Nur77 '~ vs. Nur77"*, n=5;
Fig. 7b, f) and a 30 % decrease in comparison with the
lentivirally delivered group without memantine treatment
($p<0.05, Nur77”~ with memantine vs. without memantine,
n=5; Fig. 7b, f). Imnmunocytochemistry via confocal micros-
copy was further utilized to investigate the changes in Cyt ¢
and HSP60 in the Nur77 knockdown condition. Incubation of

with that of 3-actin, and only the inhibitors of ERK and JNK (PD98059
and SP60015, respectively) prevented the changes in Nur77 and Nurrl
induced by 6-OHDA. The data are expressed as the relative ratios of the
blank group, which was set to 1.0, and expressed as the mean+SEM of 5
independent experiments. ***p<0.001, Bonferroni’s ¢ test vs. the blank
group; **p<0.001, Bonferroni’s ¢ test vs. the 6-OHDA group

the Nur77 knockdown with 6-OHDA clearly decreased the
densities of Cyt ¢ and HSP60 in comparison with the
Nur77"* group (Fig. 7g [f, g, h, b, ¢, d]). In the 6-OHDA-
lesioned PC12 cells, memantine treatment with Nur77* sig-
nificantly decreased the densities of Cyt ¢ and HSP60 in

Fig. 6 Memantine represses the 6-OHDA-induced Nur77 translocation P>
and co-localization with Cyt ¢/HSP60. After incubation with 100 uM 6-
OHDA with/without 10 uM memantine for 24 h, PC12 cells were
immunostained for the nucleus (a, e, i, m), Nur77 (b, f, j, n), and Cyt ¢ /
HSP60 (c, g, k, 0). a An upregulated cytosolic and downregulated nuclear
Nur77 expression was induced by 6-OHDA (j; arrows), with a
translocation of Nur77 from nucleus to cytosol; 6-OHDA also caused
increased and more diffused Cyt ¢ expression present in the cytosol (k;
arrows) and the co-localization of Nur77/Cyt ¢ (/; arrows). Additional
memantine incubation abolished the upregulation of cytosolic Nur77 (n)
and Cyt ¢ (o) expression, and Nur77 subcellular translocation (p; arrows)
(scale bar=20 pum). b, ¢ The individual pictures for A / and p are shown
magnified. Higher-magnification images of framed areas are located in
the upper right corners. The co-localization of Nur77 and Cyt ¢ appeared
yellow in cytosol (b), while additional memantine treatment partially
abolished this co-localization and reversed diffused Cyt ¢ back to
original scattered state (¢) (scale bar=10 pm). d Treatment with 6-
OHDA induced increasing cytosolic but decreasing nuclear expression
of Nur77 (j; arrows), with an upregulating cytosolic HSP60 expression
(k; arrows) and their co-localization (/; arrows). Additional memantine
treatment attenuated the increase in cytosolic Nur77 (n) and HSP60 (o)
levels, and inhibited Nur77 subcellular translocation and its co-
localization with HSP60 (p; arrows) (scale bar=20 pum). e, f The
individual pictures for D [/ and p are shown. Higher-magnification
images of the framed areas are located in the upper right corner (e) or
in the lower left corner (f). The co-localization of Nur77 and HSP60
appeared yellow (e), while additional memantine treatment partially
attenuated this co-localization (f) (scale bar=10 pm). g, h The bar
charts show the relative quantitation of mean fluorescent intensity
(MFI) of Nur77/Cyt ¢ and Nur77/HSP60 in A and D. The data are
expressed as the mean+SEM of 5 independent experiments.
##%p<0.001, Bonferroni’s ¢ test vs. the blank group; **p<0.001,
Bonferroni’s ¢ test vs. the 6-OHDA group
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comparison with the Nur77 '~ group only (Fig. 7g [j, k. 1, f, g,
h]). Strikingly, we observed that memantine treatment slightly
decreased the densities of Cyt ¢ and HSP60 in the 6-OHDA-
lesioned PC12 cells with the Nur77 knockdown in compari-
son with the Nur77 7/~ group (Fig. 7g[n, o, p, f, g, h]), whereas
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memantine treatment with Nur77 "~ significantly increased
the densities of Cyt ¢ and HSP60 compared with memantine
treatment with the Nur77*"* group (Fig. 7g [n, o, p, j, k, 1]).
This finding strongly demonstrates that memantine has effects
on Cyt ¢ and HSP60 partially via the modulation of Nur77.
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Discussion

We investigated the effects of memantine on the in vitro PD
model and gained four principal findings in this study: (1) the
contra-directional coupling of Nur77/Nurrl, i.e., the upregu-
lation of Nur77 and downregulation of Nurrl, contributes to
the pathogenesis of PD; (2) memantine reverses the upregula-
tion of Nur77 and downregulation of Nurrl; (3) Nur77 knock-
down attenuates 6-OHDA-induced cell damage; and (4)
memantine partially inhibits the translocation of Nur77 to
the cytosol and decreases Cyt ¢ and HSP60 release from mi-
tochondria. Our data suggest that memantine-mediated neuro-
protection is, at least partially, dependent on contra-directional
coupling interaction between Nur77 and Nurrl in cellular re-
actions against oxidative stress.

An important observation in this study was that memantine
reduced dopaminergic neuronal death in 6-OHDA-incubated
PC12 cells. The 6-OHDA-lesioned PC12 cells have been
widely used as an in vitro PD model since the pathological
and/or biochemical characteristics of PD can be mimicked in
these cells with 6-OHDA injury [44—48]. They can be used to
define important cellular actors of cell death presumably crit-
ical for the dopaminergic degeneration [44—48]. In the current
study, the 6-OHDA-incubated PC12 cells exhibited a major
decrease in cell viability, downregulated TH and DAT, and
increased apoptosis. However, memantine significantly re-
stored the reduced cell viability, attenuated the increased apo-
ptosis, and significantly restored the reduction in the levels of
TH and DAT in 6-OHDA-lesioned PC12 cells. Our results
also showed that inflammatory mediators (i.e., IL-6 and
TNF-«) and oxidative predictors (i.e., glutamate and LDH
release) were significantly increased in 6-OHDA-induced
PC12 cells; however, these elevations were clearly prevented
after memantine incubation (Fig. 2a—d). These findings
strongly demonstrate that memantine provides pronounced
neuroprotection in this in vitro model of PD.

The disruption or mutation of the Nurrl gene is well doc-
umented to contribute to the cellular pathology of PD and to
increase the vulnerability of DA neurons to neurotoxicity [6,
9, 49]. However, another member of the family of nuclear
receptors, Nur77, is less studied in the pathological and phys-
iological aspects of DA neurons. Because we noticed that
memantine obviously prevented DA neuronal death, we asked
whether memantine could have similar or different effects on
the regulation of Nur77 and Nurrl expression and looked for
correlations between DA neuronal death and Nur77/Nurrl
following memantine treatment. This finding (Fig. 3a, b) sug-
gests that the total decreased cellular level of Nurrl following
the 24-h 6-OHDA incubation indicates obvious DA neuronal
death, which is consistent with other studies [50-53].
Strikingly, we noticed a contrasting trend, a time-dependent
increase in the total cellular levels of Nur77, while Nurrl was
profoundly decreased in PD patients and closely correlated

Fig. 7 Lentiviral knockdown of Nur77 has a neuroprotective effect in 6- P>
OHDA-lesioned PC12 cells treated with memantine. PC12 cells were
subjected to incubation with conditioned media, 6-OHDA (100 uM), 6-
OHDA (100 uM)+negative virus, 6-OHDA (100 uM)+Nur777/7, 6-
OHDA (100 uM)+memantine (10 uM), 6-OHDA (100 uM)+
memantine (10 uM)+Nur777/7 for 24 h. The cell viability (a); protein
levels of TH, DAT, Nurrl, and Cyt ¢ (b—f); and the immunofluorescent
analysis of Cyt ¢ and HSP60 expression (g) were measured via the CCK8
assay, Western blot, and confocal microscopy, respectively. a The data for
cell viability are expressed as the relative ratios of the blank group, which
was set to 1.0, and are expressed as the mean+SEM of 5 independent
experiments. ***p<0.001, Bonferroni’s ¢ test vs. the blank group;
##5<0.01, Bonferroni’s ¢ test, 6-OHDA+Nur77 '~ vs. 6-OHDA +
negative virus; &p<0.05, Bonferroni’s ¢ test, 6-OHDA +memantine+
Nur77”” vs. 6-OHDA +memantine; $p<0.05, Bonferroni’s ¢ test, 6-
OHDA +memantine+Nur77 " vs. 6-OHDA+Nur77 . b—f The bar
charts (c—f) show the relative quantitation of the specific protein levels
of (b) compared with that of (3-actin. The data are expressed as the
relative ratios of the blank group, which was set to 1.0, and are
expressed as the mean+SEM of 5 independent experiments. *p<0.05,
##%1<0.001 Bonferroni’s ¢ test vs. blank group; *p<0.01, ##5<0.001,
Bonferroni’s ¢ test, 6-OHDA +Nur77 7" vs. 6-OHDA +negative virus;
&p<0.05, Bonferroni’s ¢ test, 6-OHDA +memantine+Nur77 "~ vs. 6-
OHDA +memantine; $p<0.05, Bonferroni’s ¢ test, 6-OHDA +
memantine+Nur77 "~ vs. 6-OHDA+Nur77 . g PC12 cells were
immunostained for HSP60 (b, f; j, n), Cyt ¢ (c, g, k, 0), and the nucleus
(a, e, i, m) (scale bar=20 pm)

with the severity of PD progression [51, 52, 54, 55].
Therefore, we propose that in the pathogenesis of PD, the
increased Nur77 is concurrently contributing to DA neuronal
death as a detrimental factor, while Nurrl acts as a crucial
transcriptional mediator for neuronal survival and
neurogenesis.

The current results showed that, following memantine in-
cubation, the decrease in the total level of Nurrl was reversed,
while the increased level of Nur77 was attenuated in a dose-
dependent manner, with 10 tM memantine resulting in the
most significant effect. This finding (Fig. 3) strongly implies
that memantine may concurrently modulate signal transduc-
tions that involve both Nur77 and Nurrl. More interestingly,
the differential regulation of Nur77 and Nurrl by memantine
strongly demonstrates that Nur77 and Nurrl deserve crucial
attention as possible targets of memantine and as mediators of
toxicity. However, whether the observed transcriptional regu-
lation of Nur77/Nurrl following memantine treatment is co-
localized in PCI12 cells and how they change remains un-
known. Therefore, we further examined the exact mechanisms
of the effects of memantine on Nur77 and Nurrl. Our immu-
nocytochemistry data revealed changes similar to the Western
blot analysis for Nur77 and Nurrl, indicating that memantine
provides neuroprotection in 6-OHDA-mediated PC12, at least
partially, by regulating transcriptional Nur77 and Nurrl ex-
pressions. We noted that Nurrl was co-localized with the ma-
jority of Nur77 in PC12 cells, with the former mainly in the
nucleus and the latter in both the nucleus and cytosol under
normal conditions. Following 6-OHDA incubation, however,
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Nur77 and Nurrl displayed opposite changes, i.e., upregula-
tion of the former and downregulation of latter, while
memantine reversed such opposite changes. This finding
strengthened our belief that under oxidative stress, the expres-
sion of Nur77 and Nurrl is regulated in opposite directions;
however, memantine modulates the contra-directional regula-
tion of Nur77 and Nurrl.

Furthermore, our Western blotting data show that in 6-
OHDA-lesioned PC12 cells, the total protein of Nurrl largely
decreased, and Nurrl decreased significantly in the nuclear
fraction and was almost undetectable in the cytosol. This find-
ing (Fig. 4b—e) is consistent with our immunocytochemistry
result. It seems that after 6-OHDA incubation, Nurrl translo-
cates from the nucleus into the cytosol but degrades very quick-
ly. Indeed, previous evidence also supports this point of view
[56, 57]. Apparently, degradation of Nurrl in the cytosol leads
to the functional deletion of Nurrl as a nuclear transcription
factor, while memantine is able to rescue dopaminergic neurons
from death by, at least partially, attenuating the reduction in
nuclear Nurrl at subcellular levels. In addition, we observed
that, surprisingly, the upregulation and downregulation of
Nur77 in the cytosol and nucleus, respectively, reveals the
translocation of Nur77 from the nucleus to the cytosol, which
was also directly observed in the immunocytochemistry results
(Fig. 4a). Considering that the total cellular expression level of
Nur77 was upregulated in 6-OHDA-lesioned PC12 cells, we
propose that in response to 6-OHDA-induced inflammation,
total Nur77 expression is probably upregulated and accompa-
nied by partial nuclear Nur77 translocation to the cytosol.
Besides, memantine significantly reversed the changes in
Nur77, strongly implying that memantine may prevent Nur77
upregulation and subcellular translocation in response to in-
flammatory or oxidative stress stimulation.

Our data raise several conundrums. The first is regarding
the biological significance of the memantine-mediated rever-
sal of the translocation of Nur77 from the nucleus to the cy-
tosol induced by 6-OHDA. It has been well documented that
the translocation of Nur77 from the nucleus is closely corre-
lated to mitochondrial dysfunction and subsequent apoptosis
[13], and this led us to further investigate mitochondria-related
mediators, including Cyt ¢ and HSP60. This finding indicates
that the translocation of Nur77 from the nucleus to the cytosol
is accompanied by the Cyt c release response to oxidative
stress. The second conundrum is that memantine treatment
not only attenuated both the increased cytosolic Cyt ¢ release
and cytosolic Nur77 accumulation but also profoundly
prevented their 6-OHDA-induced co-localization in the cyto-
plasm. This finding strongly demonstrates that memantine not
only attenuates the increased expression of cytosolic Nur77
and prevents the translocation of Nur77 but also modifies
mitochondrial dysfunction under oxidative stress. This hy-
pothesis was further strengthened by a similar observation
showing a consistent result for HSP60 expression (Fig. 6d—f).

To further determine whether memantine affects 6-OHDA-
lesioned PC12 cells via Nur77 and how memantine influences
Cyt ¢ and HSP60, we knocked down Nur77 and examined cell
viability and TH, DAT, Nurrl, and Cyt ¢/HSP60 expression
levels. Our results revealed the third conundrum that the
CCKS value in 6-OHDA-incubated PC12 with Nur77 "~
was significantly increased in comparison with control
shRNA-infected cells, strongly demonstrating that Nur77
has a harmful inflammatory influence here. In 6-OHDA-
induced PC12 cells, the finding that lentivirally delivered
shNur77 with memantine treatment resulted in a significant
decrease in the CCKS8 value in comparison with non-
lentivirally delivered group with memantine and a slight in-
crease in comparison with the lentivirally delivered group
without memantine treatment strongly implies that memantine
effects are partially via the modulation of a Nur77-mediated
pathway. This CCKS result is consistent with results regarding
the expressions of DAT, TH, and Nurrl in Nur77 knockdown
PC12 cells with/without memantine treatment, further indicat-
ing that the modulation of Nur77 may directly regulate DA
neuronal death. These findings further verified the third co-
nundrum that Nur77 may be a molecular pharmacological
target by memantine in 6-OHDA-lesioned PC12 cells.
Interestingly, in Nur77 knockdown PC12 cells, the levels of
Cyt ¢ and HSP60 in different experimental groups contrasted
with those of CCK8, TH, DAT, and Nurrl (Fig. 7). Because
increased Cyt ¢ and HSP60 represent the mitochondrial dys-
function response to oxidative stress, the changes in Cyt ¢ and
HSP60 observed in Nur77 knockdown 6-OHDA-lesioned
PC12 cells with memantine treatment further demonstrated
that memantine affects Cyt ¢ and HSP60 partially via the
modulation of Nur77. Taken together, this finding strongly
indicates that the prevention of Nur77 translocation and co-
localization with Cyt ¢/HSP60 by memantine represents a
novel approach and target to inhibit DA neuronal death.

Because Nurrl is correlated with the differentiation of DA
neurons [6, 12] and Nur77 is involved in inflammation and
apoptosis [13, 14], we also investigated their effector signal-
ing pathways (Fig. 5, Supplementary Fig. S2). The results
(Supplementary Fig. S2) strongly indicate that memantine
has an effect in mediating differentiation- and neurogenesis-
related pathways. Interestingly, Chen et al. found that AKT
could substantially disrupt the interaction of cytosolic Nur77
with Bcl-2 via the phosphorylation of Nur77, subsequently
preventing Cyt ¢ release and apoptosis [58]. Therefore, Cyt
c release and apoptosis after 6-OHDA lesioning may be par-
tially attributed to the downregulation of PI3K/AK T signaling,
whereas memantine restored the PI3K/AKT levels
(Supplementary Fig. S2). Because AKT is thought to be one
of the downstream effectors of Nurrl [59], we note that AKT
may act as a mediator of the coupling between Nur77 and
Nurrl, while this finding indicates that memantine may have
effects on pro-differentiation/neurogenesis and anti-
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inflammation/apoptosis via the regulation of the contra-
directional coupling between Nur77 and Nurrl. Our results
showed that the ERK/JNK inhibitors PD98059 and
SP600125 had opposite effects on Nurrl and Nur77 levels
under oxidative stress, strongly indicating that the downregu-
lation of Nurrl and the upregulation of Nur77 levels were, at
least partially, attributable to ERK/JINK signaling pathways in
the in vitro PD model.

In summary, we have demonstrated an increase in the cy-
tosolic Nur77 and its translocation from the nucleus to cytosol
together with the reduction of nuclear Nurrl following the
oxidative stress and memantine-induced reversal of such path-
ophysiological changes. The current study indicates that
memantine may modulate Nur77 and Nurrl in a contra-
directionally coupling manner in oxidative stress. This finding
strongly demonstrates that memantine not only influences
Nurrl by post-translational modification but also regulates
Nur77 and the mitochondrial dysfunction response to oxida-
tive stress. The memantine-induced regulation of the rapid
induction and temporal modulation of Nur77 and Nurrl tran-
scripts in oxidative and inflammatory stress fits well with the
properties expected of transcriptional activity. This is a novel
mechanism underlying memantine-mediated neuroprotection,
in addition to its roles in the antagonism of NMDA receptors
and anti-inflammation [28, 60]. This study provides a clue for
developing an alternative approach for the treatment of neu-
rodegenerative diseases by memantine-induced reversal of
Nur77 upregulation and Nurrl downregulation. A better un-
derstanding of the roles and relationships between memantine,
Nur77, and Nurrl may open new perspectives for the role of
memantine in the modulation of neurodegenerative disorders
such as PD.
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