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Abstract

High-mobility group box 1 (HMGBI1) is actively secreted from inflammatory cells and acts via a non-cell-autonomous
mechanism to play an important role in mediating cell proliferation and migration. The HMGB1-RAGE (receptor for
advanced glycation end products) axis upregulates tyrosine hydroxylase (TH) expression in response to extracellular insults
in dopaminergic neurons in vitro, but little is known about HMGB1 in modulation of dopaminergic neurons in vivo. Here,
using immunohistochemistry, we show that HMGB 1 and RAGE expression are higher in the nigral area of MPTP (methyl-4-
phenyl-1,2,3,6-tetrahydropyridine)-treated mice, a toxin-induced Parkinsonian mouse model, compared with saline-treated
controls. HMGB1 was predominantly localized to astrocytes and may affect neighboring dopaminergic neurons in the MPTP
mouse model, owing to co-localization of RAGE in these TH-positive cells. In addition, MPTP induced a decrease in TH
expression, an effect that was potentiated by inhibition of c-Jun N-terminal kinase (JNK) or RAGE. Moreover, stereotaxic
injection of recombinant HMGB1 attenuated the MPTP-induced reduction of TH in a Parkinsonian mouse model.
Collectively, our results suggest that an increase of HMGB1, released from astrocytes, upregulates TH expression in an acute
MPTP-induced Parkinsonian mouse model, thereby maintaining dopaminergic neuronal functions.

Introduction

High-mobility group box 1 (HMGBI1) is a nonhistone
DNA-binding nuclear protein. In the nucleus, HMGBI1 acts
to sustain nucleosome formation, chromosomal stability,
These authors contributed equally: Soo Jeong Kim, min Jeong Ryu DNA repair, and telomere maintenance through a cell-
autonomous mechanism [1]. In addition to its role in the
nucleus, HMGBI is reported to be secreted via both active
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necrotic cells, and actively from myeloid lineage cells in
response to various stimuli, such as endotoxin, tumor
necrosis factor alpha (TNFa), and reactive oxygen species
(ROS) [2]. However, a fuller understanding of the phy-
siological role of secreted HMGBI in cell-to-cell interac-
tions requires an experimental strategy using in vivo
models.

In mouse models of focal cerebral ischemia, it has been
shown that inhibition of HMGB1 secretion by neutralizing
monoclonal antibodies reduces the severity of lesions and
suppresses microglial activation [3]. In contrast to the
potential deleterious effects of HMGBI1 on neurons,
enhanced release of HMGBI1 from astrocytes has been
reported to promote neurite outgrowth and endothelial cell
activation in the context of neurovascular remodeling after
stroke-induced damage in mice [4]. Furthermore, over-
expression of HMGB1 has been shown to repair cerebellar
mitochondrial DNA damage in ATXN1 (ataxin 1) knock-in
mice [5]. In terms of neurodegenerative diseases, such as
Parkinson’s disease (PD), it has been shown that HMGB1 is
induced in glial cells in the 6-hydroxydopamine (6-OHDA)
rat model of PD and is detected in cerebrospinal fluid (CSF)
and serum of PD patients. HMGB1 also preferentially binds
to aggregated a-synuclein and is present in the a-synuclein
filament containing Lewy bodies [6]. Moreover, a neu-
tralizing antibody against HMGB1 was shown to attenuate
dopaminergic neuron loss in animal models of PD [7].
However, previous studies have not identified a non-cell-
autonomous intracellular signaling mechanism for HMGB1
actions in PD.

Receptors for HMGB1 include Toll-like receptor 2/4
(TLR2/4), CXC chemokine receptor 4 (CXCR4), receptor
for advanced glycation end product (RAGE), and antigen
complex 1 (MAC-1) [8]. Upon binding to specific receptors,
which vary depending on the redox form of HMGBI,
HMGBI1 induces different responses in target cells,
including inflammation, proliferation/migration, and reso-
Iution of inflammation [9—11]. In addition to the redox state
of HMGB1, induction of target receptors in specific disease
states increases the possibility of crosstalk between
HMGB1 and different receptors. Unlike TLR2/4 and
CXCR4 and MAC-1, RAGE is known to be an inducible
receptor in progressive degenerative diseases, and its acti-
vation by HMGBI1 binding has been implicated in sterile
inflammation as well as cancer, diabetes, and Alzheimer’s
disease [12, 13].

Given the numerous cell types in the brain micro-
environment that affect the maintenance of neuronal cir-
cuitry, we sought to determine the role of the HMGBI1-
RAGE axis in dopaminergic neurons in vivo in an acute
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) Par-
kinsonian mouse model. We further found that recombinant
HMGBI1 prevents the reduction in TH in the SN4741
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dopaminergic neuronal cell line induced by the active
MPTP metabolite, MPP' [14]. In accordance with our
previous reports, we here demonstrate that recombinant
HMGB1 (tHMGBJ1) signals through RAGE to upregulate
tyrosine hydroxylase (TH) expression via a c-Jun N-term-
inal kinase (JNK)-dependent mechanism in MPTP
model mice.

Materials and methods
Chemicals, reagents, and antibodies

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP,
MO0896), 1-methyl-4-phenylpyridinium (MPP™*, D048), and
MG-132 (M8699) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Lipofectamine 2000 (11668027) was
purchased from Thermo-Fisher Scientific (CA, USA). Anti-
RAGE (rabbit polyclonal, ab3611) was purchased from
Abcam (Cambridge, MA, USA). Anti-phospho JNK (rabbit
polyclonal, #9251) and anti-total JNK (rabbit polyclonal,
#9252) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-GFAP (chicken polyclonal,
ab4674) and anti-HMGB1 (rabbit polyclonal, ab18256),
were purchased from Abcam (Cambridge, MA, USA). Anti-
Ibal (goat polyclonal, NB100-1028) was purchased from
Novus (Littleton, CO, USA). Anti-TH (rabbit polyclonal,
AB152) was purchased from Millipore (Temecula, CA,
USA). Anti-PARP (rabbit polyclonal, sc-7150), anti-actin
(rabbit polyclonal, sc-1616), anti-ubiquitination (mouse
monoclonal, sc-8017), and Protein A/G PLUS-agarose
beads (sc-2003) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Recombinant human
HMGB1 (1690-HMB) was purchased from R&D Systems
(Minneapolis, USA). RAGE antagonist/inhibitor (553030)
was purchased from Calbiochem (Temecula, CA, USA).
JNK inhibitor SP600125 (S5567) was purchased from
Sigma-Aldrich.

Cell lines and culture conditions

The dopaminergic neuronal progenitor cell line (SN4741)
was cultured as described before [15]. SN4741 cells were
grown in RF medium containing Dulbecco’s modified
Eagle’s medium (DMEM) (Thermo-Fisher Scientific Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS) (Thermo-Fisher Scientific Inc.), 1% glucose
(Amresco, Radnor, PA, USA), 1% penicillin—streptomycin,
and L-glutamine (2 mM) (Thermo-Fisher Scientific Inc.) at
33°C with 5% CO,. To western blot the TH protein,
SN4741 cells were differentiated by transferring the culture
of SN4741 cells to RF culture medium containing 0.5-1%
fetal calf serum (FCS) (Thermo-Fisher Scientific Inc.) at 5%
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CO, at a nonpermissive temperature (37 °C) as described
previously [15]. The microglial cell line, BV-2 was main-
tained in DMEM containing 10% FBS and 1%
penicillin—streptomycin at 37°C and 5% CO,. Human
glioblastoma cells (U87MG) were purchased from the
Korean Cell Line Bank (Seoul National University, Korea)
and cultured in Minimum Essential Medium (MEM)
(Thermo-Fisher Scientific Inc.) supplemented with 10%
FBS and 1% penicillin—streptomycin at 37 °C in a humi-
dified atmosphere of 5% CO, without differentiation.

Primary cortical astrocytes

Primary cortical astrocytes were prepared from postnatal
day 0-3 (PND 0-3) C57BL/6 mice. Cells were placed in
DMEM supplemented with 25 mM glucose, 10% heat-
inactivated horse serum (Sigma-Aldrich, St. Louis, MO,
USA), 2mM L-glutamine, 10% heat-inactivated FBS,
and 1000 U/ml penicillin—streptomycin. Cultures were
maintained at 37 °C in a humidified 5% CO, incubator.
On the third day of culture, the cells were washed vig-
orously by repeated pipetting, and the medium was
exchanged.

Animals and MPTP administration

Male C57Bl/6 mice (21-25 g; age 8 weeks) were given
intraperitoneal injections of sterile saline or MPTP
administered as four times injections of 20 mg/kg at 2-h
intervals [16] and were killed at selected time points after
the last injection (1, 3, 5, and 7 days). Control animals
were injected with an equal volume of 0.9% sterile saline.
Mice were divided into four groups (n=4): group 1,
vehicle control; group 2, vehicle and MPTP 20 mg/kg i.p.;
groups 3 and 4 were treated with MPTP 20 mg/kg i.p. with
RAGE inhibitor and JNK inhibitor at a dose of 20 mg/kg
twice (during the first and the last MPTP injection). Mice
were killed at day 1 after the final injection of MPTP. For
the study of stereotaxic injections, mice were divided
into three groups (n=6): group 1, vehicle i.p. and ste-
reotaxic injections with saline control; group 2, MPTP 20
mg/kg i.p. and stereotaxic injections with saline; group 3,
MPTP 20mg/kg i.p. and stereotaxic injections with
recombinant HMGBI at a dose of 100 ng. After 5 days of
MPTP injection, stereotaxic injections were performed
with saline or recombinant HMGB 1. Mice were killed at
1 day after stereotaxic injections. All mouse experiments
were performed in the animal facility according to insti-
tutional guidelines (SOP, standard operating procedure),
and the experimental protocols were approved by the
institutional review board of the Chungnam National
University (CNU-00356).

Immunohistochemistry and immunofluorescence

Saline and MPTP-injected mouse were perfused with per-
fusion solution and post fixated with 4% paraformaldehyde
for 1day. The perfusion solution was made with NaCl,
NaNOj; (Sigma-Aldrich), and heparin in dissolving distilled
water. Cryoprotected up to 30% sucrose buffer, the brains
were cut coronally into 30-um thickness. Brain slices were
fixed with tissue stock solution and rinsed three times in
phosphate-buffered saline (PBS, pH 7.4). In total, 0.3%
Triton X-100 and 2% donkey serum (Gene Tex, Irvine, CA,
USA) in PBS was used for blocking for 90 min, and then
brain slices were incubated with primary antibodies against
anti-GFAP, anti-HMGBI, anti-Tyrosine hydroxylase, anti-
RAGE, and anti-Ibal at 4°C overnight. After that, for
immunofluorescence, brain slices were incubated with sec-
ondary antibodies at RT for 90 min: anti-chicken Alexa
Fluor 488, anti-rabbit Alexa Fluor 594, and anti-goat
Alexa Fluor 647. For immunohistochemistry, brain slices
were incubated with rabbit secondary antibodies (Dako
EnVision™ system-HRP, USA) for 90 min, and then, react-
ing with DAB™ substrate buffer. After mounting by a
fluorescent mounting medium (Dako North America Inc.,
USA) on cover slides, immunofluorescent images were
acquired using Olympus™ confocal microscope (Olympus).

Stereological cell counts

The total number of TH-positive neurons within the SN
were calculated based on the optical fractionator technique
using a bright-field microscope (Olympus Optical, BX51,
Tokyo, Japan). The immunostained TH neurons were
counted within the boundaries of the optical fractionator.
The estimated total number of TH-positive neurons
were calculated according to the optical fractionator soft-
ware (MBF Bioscience, Williston, VA, USA). We analyzed
more than 300 points for every part of each sample.

Real-time polymerase chain reaction (PCR) analysis

Total RNA was extracted using Trizol reagent according to
the manufacturer’s instructions, and real-time quantitative
PCR was performed using cDNA, 7500 Real-Time PCR
(Applied Biosystems), and SYBR Green PCR Master Mix
(iCycler iQ Real-Time PCR Detection System; Bio-Rad,
Hercules, CA, USA) detection. All primers were designed
by the Primer3 program which is used widely for designing
PCR primers to amplify fragments. Relative gene expres-
sion was quantified and normalized with respect to the 18 s
ribosomal RNA (housekeeping gene as endogenous control)
and the following primers: HMGBI1 (forward) 5'-cagctg-
gaggatgtgtctca-3’, (reverse) 5'-ggcatgacggatgtactgtg-3'. 18 s
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rRNA (forward) 5'-ctg gttgatcctgccagtag-3', (reverse) 5'-
cgaccaaaggaaccataact-3’.

Western blot analysis

Cells and brain tissues were extracted with RIPA lysis
buffer [5S mM EDTA, 100 mM Tris-HCI (pH 8.5), 200 mM
NaCl, and 0.2% SDS with phosphatase and protease inhi-
bitor cocktail]. After centrifugation at 15,000xg for 20 min
at 4 °C, supernatants were collected. Protein levels were
measured using Bradford method [17]. Isolated protein
(20 pug) was resolved using 9~12% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride membranes (PVDF) at
100 V for 2 h, which were blocked with 3% BSA in TBST
[I0mM Tris-HCL (pH 7.6), 150 mM NaCl, and 0.1%
Tween 20] for 30 min—1 h. The membranes were incubated
overnight at 4 °C with primary antibodies and their bindings
were detected using the appropriate secondary antibodies
coupled with horseradish peroxidase, as described by the
manufacturer’s instructions. Finally, the antibody-labeled
proteins were detected using the ECL chemiluminescence
system (WEST-ZOL plus, iNtRON BioTechnology, Korea).

Immunoprecipitations

For immunoprecipitations, SN4741 cells were treated with
100 ng/ml of recombinant human for 4 h and 10 uM of MG-
132 was added for 2 h. The cells were washed twice with
cold PBS and lysed with lysis buffer containing Tris-Cl (pH
7.9, 20 mM), NaCl (120 mM), Triton X-100 (0.5%), EDTA
(2.5 mM), and DTT (2 mM) in the presence of protease and
phosphatase inhibitor cocktails. The cell lysates were
incubated with an anti-TH antibody at 4 °C for 16 h and
then treated with Protein A/G PLUS-agarose beads for 2h
at 4 °C. The precipitates were eluted from the beads by
boiling with the addition of SDS sample buffer. Whole-cell
lysates and eluted samples were performed with western
blot analysis with anti-TH, anti-Ub, and anti-Actin
antibodies.

ELISA

A supplementary medium from U87MG cells and primary
cortical astrocytes with treatment of MPP' dose was col-
lected and measured by enzyme-linked immunosorbent
assay (ELISA) (IBL, Toronto, Ontario, Canada), which
detects mouse HMGBI1, according to the manufacturer’s
instructions.

CCK-8 assay

Cell viability was determined by the Cell Counting Kit-8
(CCK-8), which was purchased from Dojindo (Rockville,
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MD, USA). The CCK-8 assay was used to measure cyto-
toxicity, and US7MG cells were plated at 1 x 10* cells per
well in 96-well culture plates at 37 °C for 24 h under con-
ditions with a range of concentrations (0—6 mM). CCK-8
solution was added to each well, and the absorbance was
measured at 450-nm wavelength by MultiSkan Ascent
microplate spectrophotometer (Thermo-Fisher Scientific
Inc., CA, USA).

Stereotaxic injections

Male C57BL/6 mice (21-25 g, 8-week old) were injected
intraperitoneally (i.p.) with MPTP (20 mg/kg) four times
at 2-h intervals for 5 days, with or without co-injection of
recombinant HMGB1 (tHMGB1); saline-injected mice
were used as controls. After the last injection of MPTP
on day 5, mice in the MPTP 4+ rHMGBI1 group were
anesthetized with an i.p. injection of Avertin (T48402;
Sigma-Aldrich, St. Louis, MO, USA) and then stereo-
taxically injected with 100ng of rHMGBI1. A single
needle inserted into the right brain was used to target the
striatum at AP: +0.19 mm; ML: —0.15 mm to bregma
DV: —2.6 mm to the skull [18]. rtHMGBI1 was injected
via a Hamilton syringe at a rate of 0.2 ul/min (2 pl in total
per site); the needle was left in place for at least 10 min at
each target site to prevent backflow through the needle
track. Twenty-four hours after recovering from surgery,
animals were killed for immunohistochemistry and
western blot analysis.

TH promoter activity analysis

HEK?293 cells were seeded into a 96-well plate and transiently
transfected with TH promoter—-EGFP vector (pAAV2.5-THp-
GFP was a gift from Kwang-Soo Kim) (Addgene plasmid #
80336; http://n2t.net/addgene:80336; RRID:Addgene_80336)
[19] with Lipofectamine 2000. After 24 h, cells were treated
with 100 ng/ml of rHMGB1 with/without 20 uM SP600125
or 100 nM of RAGE inhibitor for 6 h. The fluorescence was
measured at excitation and emission wavelengths of 485 and
535 nm, respectively, using a microplate fluorometer (Bert-
hold Technologies, Bad Wildbad, Germany).

Statistical analysis

All results were shown as mean values+SEM (error bars).
Statistical analysis was conducted according to each
experiment, and Tukey’s post hoc analysis was performed
by one-way analysis of variance (ANOVA) and two-tailed
unpaired Student's t test using GraphPad Instat (GraphPad
Software Inc., San Diego, CA, USA). P-value <0.05 was
considered statistically significant (*P <0.05, **P <0.01,
and ***P <0.001).
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Results

HMGB1 is increased in MPTP-treated mice and is
secreted from astrocytes

The acute MPTP PD model has been well characterized in
terms of the MPTP dose and time required to observe
decreases in the number of TH-positive cells in the nigros-
triatal pathway of the mouse brain [20]. In this acute model,
four injections of 20 mg/kg MPTP administered at 2 h four
times during the day showed dopaminergic neurodegenera-
tion and deletion of striatal dopamine after administration of
MPTP for 7 days (Supplementary Fig. Sla—e) [16, 21]. To
assess the physiological role of HMGB1 in TH regulation in
the acute MPTP mouse model, we examined the HMGBI1
expression pattern in the nigral pathway by immunohis-
tochemistry using a specific HMGBI1 antibody. After 7 days
of MPTP injections, HMGBI1 staining density was increased
more than twofold in the region surrounding the substantia
nigra pars compacta (SNpc) compared with that in the saline-
treated group (Supplementary Fig. 2a, b). In contrast, there
were no changes in the HMGB1 staining pattern in the striatal
area at this time point (Supplementary Fig. 2c, d). Consistent
with these immunostaining results, western blotting showed
that expression levels of HMGB1 protein were more than 1.5-
fold higher in the SNpc region after 7 days of MPTP injec-
tion, whereas expression levels were unchanged in the stria-
tum (Supplementary Fig. 2e-h).

The brain parenchyma is composed of numerous cell types
[22], a complicating factor that was not applicable in our
previous in vitro studies [14]. To verify a non-cell-
autonomous mechanism for HMGB1, we thus first need to
identify the cell types which expressed higher levels of
HMGBI in MPTP-treated mice. To this end, we performed
double-immunofluorescence staining of the SNpc area for
HMGBI1 and the astrocytic marker, glial fibrillary acidic
protein (GFAP), or dopaminergic neuronal marker, TH.
Numerous GFAP-positive astrocytes were detected in the
SNpc area of MPTP-injected mice, whereas the number of
TH-positive dopaminergic neurons was decreased in these
mice. In control (saline-treated) mice, HMGB1 was co-
localized with both TH-positive dopaminergic neurons and
GFAP-positive astrocytes, but MPTP injection enhanced the
intensity of HMGBI staining in GFAP-positive astrocytes
and increased the number of HMGB 1/GFAP double-positive
astrocytes (Fig. 1a—c and Supplementary Fig. 3a). Because a
previous study reported HMGB1 immunostaining in micro-
glia in a drug-induced PD mouse model [7, 23], we performed
double-immunofluorescence staining for HMGB1 and ionized
calcium-binding adapter molecule 1 (Ibal), a microglia mar-
ker. HMGBI and Ibal co-expression in the SNpc area was
rare in controls and exhibited a tendency toward induction in
the acute MPTP mouse model (Supplementary Fig. 3b—d).

To confirm the astrocyte specificity of HMGBI1 secre-
tion, we assessed HMGBI1 expression in the US87TMG
human astrocyte-like glioblastoma cell line, BV-2 micro-
glial cell line, and SN4741 dopaminergic neuronal
progenitor cell line. Interestingly, administration of 1-
methyl-4-phenylpyridinium (MPP™), the active metabolite
of MPTP, had no effect on HMGB1 expression in BV-2 or
SN4741 cells (Fig. 1d, e), but induced a concentration- and
time-dependent increase in HMGB1 mRNA and protein
expression in U87MG cells (Fig. 1f-h). To assess
HMGBI1 secretion by astrocytes, we also measured the
HMGBI1 concentration in US7MG and primary cultured
astrocytes cell-conditioned medium using enzyme-linked
immunosorbent assays (ELISA) after treatment with MPP™.
Because treatment with 3 mM MPP* reduced cell viability
(Supplementary Fig. 4a), we tested HMGBI1 secretion at
lower concentrations of MPP™, and found a significant
concentration-dependent increase (Fig. 11, j), indicating that
HMGBI is actively secreted by these astrocytes. Taken
together, our results indicate that HMGBI is upregulated in
astrocytes in vivo in MPTP-treated mice, and is secreted by
astrocytes in vitro in response to treatment with the MPTP-
active metabolite, MPP™.

RAGE expression is increased in the nigrostriatal
pathway and co-localizes with dopaminergic
neurons in acute MPTP PD model mice

Next, we investigated the expression of RAGE, which is
expressed by neurons and endothelial cells, and is known to
serve as an HMGBI receptor [24]. Immunostaining with an
anti-RAGE antibody revealed that RAGE expression was
increased in the SNpc and striatal areas of MPTP-treated
mice compared with controls (Fig. 2a—d). Consistent with
these immunostaining results, immunoblotting showed that
RAGE expression was increased in the nigrostriatal path-
way (Fig. 2e-h). After 7 days of MPTP injection, HMGB1
and RAGE were concomitantly induced in the SNpc of PD
model mice; moreover, unlike HMGB1, RAGE expression
was also elevated in the striatal region. Next, we used
immunohistochemistry to identify the localization of RAGE
in order to determine the site of the HMGB1-RAGE axis.
Interestingly, RAGE signals showed no overlap with
astrocytes or microglial cells (Supplementary Fig. 5a—d).
Instead, we found that RAGE was co-localized with TH-
positive dopaminergic neurons, and that the percentage of
TH-positive neurons expressing RAGE was increased by
MPTP injection (Fig. 2i, j). RAGE staining intensity was
also higher in TH-positive cells of MPTP-treated mice
(Fig. 2k). Taken together, these findings indicate that MPTP
increases both the number of RAGE-expressing cells and
the intensity of RAGE staining in TH-positive dopaminer-
gic neurons.

SPRINGER NATURE
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Fig. 1 Increased HMGB1 expression in the SNpc and glial cells fol-
lowing MPTP and MPP' treatment, respectively. a Brain SNpc
regions were immunostained for the astrocyte marker GFAP (green),
HMGBI (red), and the dopaminergic neuron marker TH (blue). Scale
bars: 16.6 um. b, ¢ Percent of GFAP-positive cells co-expressing
HMGBI (b), and HMGBI1 fluorescence intensity in GFAP-positive
cells (¢) (n =7/group). d—-f HMGBI1 protein expression levels in BV-2
cells (d), SN4741 cells (e), and US7MG cells (f) following treatment
with MPP™ (0-3 mM) for 6 h. Actin was used as a loading control. g, h

Inhibition of JNK or RAGE exacerbates the abrupt
loss of TH expression in the nigrostriatal pathway in
the acute MPTP mouse model

We previously demonstrated that HMGB1-RAGE signaling
acts through the JNK pathway to induce TH expression in
dopaminergic neurons. To investigate this relationship
in vivo, we assessed TH expression in the acute MPTP
mouse model by co-injecting (i.p.) a JNK inhibitor (JNKi or
SP660125) or a RAGE inhibitor (RAGEi) together with
MPTP. The optimal injection time point was determined by
analyzing HMGB1 and TH expression in acute MPTP-
treated mice over time. HMGBI1 expression was increased
in MPTP-treated mice relative to controls 1day post
injection in the striatum and 3 days post injection in the
SNpc area (Supplementary Fig. 6a—d). In contrast, HMGB 1
expression was not changed in the hippocampal area
(Supplementary Fig. 6e, f), which does not contain dopa-
minergic neurons, and was thus regarded as a control region
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US7MG cells were treated with 1 mM MPP™ for 0-9 h, after which
there were HMGBI1 protein levels (g) and mRNA (h) in cells.
Supernatants of U87MG cells (i) and primary cultured astrocytes
(j) were harvested and subjected to ELISA analysis after 6 h of MPP*
treatment. Data represent means +SEM (error bars) from three inde-
pendent experiments performed under the same conditions (n=6;
*p <0.05, *¥p <0.01, and ***p <0.001 compared with controls; one-
way ANOVA followed by Tukey’s post hoc analysis)

[25]. Because HMGBI1 upregulation was detected 1 day
after MPTP injection in the striatum (Supplementary
Fig. 6a), we injected JNK and RAGE inhibitors on the same
day as and 1day after MPTP injections, and performed
western blot analyses on the SNpc and striatum. Whereas
treatment with MPTP decreased TH protein expression to
55 and 62% of controls in samples from the SNpc and
striatum, respectively, as determined by densitometric ana-
lysis of western blot bands, treatment with a JNK or RAGE
inhibitor potentiated the MPTP-induced decrease in TH
protein expression in the SNpc and striatum, reducing TH
band density in samples from the SNpc to 33% in the
MPTP + JNKi group and 28% in the MPTP + RAGEi
group; in samples from the striatum, the corresponding
values relative to controls were 23% in the MPTP + JNKi
group and 43% in MPTP + RAGEi group (Fig. 3a—-d).
Collectively, these results suggest that HMGB1 attenuates
the decrease in TH expression observed in the acute MPTP
mouse model in a RAGE- and JNK-dependent manner.
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Fig. 2 Increased RAGE expression in the nigrostriatal pathway in the
MPTP Parkinsonian mouse model. a, ¢ Photomicrographs showing
RAGE immunostaining in the SNpc at low magnification (upper panel;
scale bars, 100 um) and high magnification (lower panel; scale bars,
25um) (a), and in the striatum at low magnification (scale bars,
250 um) (¢) (n = 7/group). b, d Number of RAGE-positive cells in the
SNpc (b), and optical density of RAGE in the striatum, determined
using Image J software (d) (n=7/group). ***p <0.001 (two-tailed
unpaired Student’s #-test). e, g Protein levels of RAGE in SNpc and
striatum were determined by western blotting after administration of

Administration of rHMGB1 attenuates the loss of TH
expression in the acute MPTP mouse model

Because blocking of HMGB1 or RAGE signaling poten-
tiated the decrease in TH expression, we sought to deter-
mine whether administration of HMGB1 to MPTP-treated
mice exerted the opposite effect. Because HMGB1 was
temporarily induced from 1 to 3 days after MPTP injection
in the striatum and returned to levels observed in saline-
treated groups after 5 days (Supplementary Fig. 6a), we
performed stereotaxic injection experiments after 5 days of
MPTP treatment (Fig. 4a). Under these conditions,

MPTP. Actin was used as a loading control. f, h Relative intensity of
RAGE in panels of e and g, normalized with respect to actin (n =8/
group). *p<0.05, **p<0.01 (two-tailed unpaired Student’s r-test).
i The SNpc was immunostained for the astrocyte marker GFAP
(green), RAGE (red), and dopaminergic neuron marker TH (blue).
Scale bars: 16.6 um. j, k Percentage of TH-positive neurons expressing
RAGE (j), and fluorescence intensity of RAGE staining in TH-positive
cells (k). Data represent means +SEM (error bars) from three
experiments performed under the same conditions (n = 7/group).
**p <0.01, ***p <0.001 (two-tailed unpaired Student’s z-test)

treatment with rHMBG1 for 24h rescued the MPTP-
induced reduction in TH staining intensity in the striatum.
Whereas the density of TH-positive fibers in the striatum
was reduced to 44% in the MPTP group, TH-positive fiber
density was increased to 79% in the MPTP + rHMGBI
group, a value comparable with that in the saline-treated
group (82%) (Fig. 4b, c). To confirm TH protein levels in
the striatum, we performed immunoblotting using an anti-
TH antibody. Consistent with immunostaining results,
western blotting showed that the reduction in TH protein
levels induced by MPTP treatment was rescued by
rHMGBI injection (Fig. 4d, e).
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Taken together, these findings indicate that maintained
levels of HMGBI protein in the striatum mitigate the abrupt,
MPTP-induced reduction in TH protein levels in vivo.

Discussion

The main pathology of PD is dopaminergic neuron dys-
function, mediated by a-synuclein deposition, and neu-
roinflammation, = mediated by  astrocyte-microglia
interactions [26, 27]. Paradoxically, neuroinflammation may
also be regarded as a defense reaction that serves to protect
neurons against toxins and other noxious agents or insults
[28]. Therefore, the induction of inflammation in PD is
thought to be a double-edged sword, as it triggers the
release of various molecular mediators, such as cytokines
and DAMPs, from reactive glial cells [29]. A previous study
suggested that neuron-released o-synuclein acts through
TLR2-dependent microglial activation to cause the non-
cell-autonomous loss of dopaminergic neurons, as also
supported by the MPTP-intoxication model in mice
[30, 31]. In addition to neuronal loss caused by the release
of DAMPs, we found that HMGBI1, released from reactive
astrocytes in the acute period of MPTP intoxication in mice,
affects the maintenance of dopaminergic neuronal function
through modulation of TH expression.
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Astrocytes undergo morphological changes during acti-
vation by stimuli, such as oxidative stress [32], and can
release DAMPs, which initiate immune responses in the
absence of infectious agents. In PD, these DAMPs include
S100B, heat-shock proteins, and HMGB1 [33]. S100p,
which is mainly expressed in astrocytes in the central ner-
vous system (CNS) under healthy conditions [34], was
found to be unaltered in the serum of PD patients compared
with age-matched controls. However, the HMGBI1 con-
centration in CSF is elevated in PD patients, and this DAMP
has been shown to be relevant to the neurotoxic mechanism
[35-37]. Induction of HMGBI1 has been reported in 6-
OHDA rat and subacute MPTP mouse models [7, 23]. Here,
we show that HMGBI1 expression was increased 1 or 3 days
after MPTP treatment, but later returns back to the basal
level. This transient increase of HMGBI1 expression by
MPTP in our mouse model is understandable, since the half-
life of MPP™ concentration of mice treated with MPTP was
within 20 h [38, 39]. In addition, HMGBI is localized to the
SNpc region in the acute MPTP mouse model, especially in
reactive astrocytes, dopaminergic neurons, and microglia.
However, induction of HMGB1 was only detected in GFAP-
positive astrocytes, not in Ibal-positive microglia, in the
acute MPTP mouse model. Therefore, we propose that
astrocyte-secreted HMGB1 might be an important mediator
that sustains PD neurodegeneration.
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Fig. 4 TH expression patterns

following rHMGBI1 injection in
the acute MPTP mouse model.
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RAGE, first identified and described for its ability to bind
to advanced glycation end products (AGE), is a trans-
membrane receptor of the immunoglobulin superfamily.
Several studies have shown that ligand—RAGE interactions
mediate cell migration and upregulation of proinflammatory
and prothrombotic molecules in mononuclear cells, mac-
rophages, and endothelial cells [40]. RAGE has also been
linked to several chronic diseases that are thought to result
from RAGE/NF-«B signaling-dependent inflammation. In a
triple-transgenic mouse model of Alzheimer’s disease and
the subacute MPTP mouse model, expression of RAGE is
increased in neurons and astrocytes [41]. In this study, we
also found induction of RAGE expression and co-
localization with TH-positive neurons in the SNpc region
in the acute MPTP mouse model.

The interaction of HMGB1 with RAGE can activate two
major pathways, one comprising CDC42/Rac and the other
involving diverse mitogen-activated protein kinases
(MAPKS), including p38 MAPK, p44/42, and SAPK/JINK,
ultimately leading to cytoskeletal changes and NF-xB
activation, respectively [42, 43]. Moreover, the HMGB1-
RAGE pathway is known to induce inflammatory responses
via JNK signaling in normal human bronchial epithelial
cells [44]. In our previous study, we found that treatment
with rHMGBI1 activated the JNK pathway in dopaminergic

TH/Actin

neurons [14]. However, although inhibition of RAGE or
JNK further potentiated the MPTP-induced decrease in TH
expression, pharmacological inhibition of RAGE did not
inhibit JNK in the MPTP mouse model. This observation
suggests that further studies are needed to identify potential
additional microenvironmental mediators of TH expression
induced by the HMGBI-RAGE axis in the MPTP
mouse model.

In a recent study, Santoro et al. confirmed that MPTP-
induced dopaminergic cell death was attenuated by HMGBI1-
neutralizing antibody with intraperitoneal injection prior to
treatment with MPTP and every third day afterward in a sub-
acute MPTP-induced mice model [7]. Sasaki et al. also
reported attenuated PD behavioral symptoms after intravenous
HMGBI antibody administration, immediately 6 and 24 h after
6-OHDA injection in rats [23]. Both studies injected HMGB1
antibodies into the systemic circulation, not by direct stereo-
taxic injection into the striatal or SNpc region. Since peripheral
lymphocyte infiltration into the brain contributes to neurode-
generation in the Parkinson’s disease mouse model [45], sys-
temic injection of HMGB I-neutralizing antibody can prevent
the infiltration of lymphocytes via deactivation of lymphocyte
proliferation. Moreover, intraperitoneal injection of glycyr-
thizin (HMGBI1 inhibitor) can attenuate the severity of
experimental autoimmune encephalomyelitis through reducing
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inflammatory cell infiltration, decreasing inflammatory cyto-
kines [46]. Therefore, the therapeutic approach by using sys-
temic injection of an anti-HMGBI1 antibody in PD implicates
in the inactivation of inflammatory cells, prevention of lym-
phocyte infiltration, and neuroinflammation. Different with a
systemic effect of an anti-HMGB1 antibody, our focus on this
study is the investigation of secreted HMGBI1 function from
astrocytes in the brain; therefore, we injected the tHMGBI1
with stereotaxic surgery, which was performed at the time
when HMGBI expression was reduced in the MPTP mouse
model, and found that TH expression was improved in the
striatum. To confirm the direct regulation of TH induction by
HMGBI, promoter activity assay was assessed using TH
promoter—EGFP plasmid in HEK293 cells, and ubiquitination
assay was performed in SN4741 cells. As a result, green
fluorescence intensity is increased in HEK293 cells after
treating with tHMGB1, which is inhibited by treating with
JNK and RAGE inhibitors (Supplementary Fig. 7a). In addi-
tion, THMGBI treatment increased TH immunoblot activity,
but regardless of rtHMGBI treatment, no band reacting with Ub
antibody was detected in lysates immunoprecipitated through
the TH antibody (Supplementary Fig. 7b). We identify that
HMGB1 promotes TH expression transcriptionally, without
altering the ubiquitination of the TH protein. In conclusion, the
difference in the results of HMGBI1 injection comes from the
difference of the injection protocol, which are the number of
injection trials and injection sites. We suggest that elicitation of
HMGBI function is needed to separate between a systemic and
brain direct effect in further study.

Previous reports have suggested several possible
mechanisms underlying altered TH expression, including
receptor-mediated cell-autonomous activity and synaptic
input [47]. In the rat nigrostriatal system, it has also been
reported that TH protein upregulation may reflect a com-
pensatory response of dopaminergic neurons that serves to
enhance their biosynthetic capacity and increase the effi-
ciency of dopamine neurotransmission after traumatic brain
injury [48]. Taken together, our data suggest that HMGBI1
acts as a compensatory factor that attenuates the MPTP-
induced abrupt loss of TH expression and dopaminergic
neuronal dysfunction in vivo in the acute MPTP-induced
Parkinsonian mouse model.
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