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Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a progressive loss of dopamine (DA) neurons
through apoptotic, inflammatory and oxidative stress mechanisms. The octadecaneuropeptide (ODN) is a diazepam-binding
inhibitor (DBI)-derived peptide, expressed by astrocytes, which protects neurons against oxidative cell damages and apoptosis
in an in vitro model of PD. The present study reveals that a single intracerebroventricular injection of 10 ng ODN 1 h after
the last administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) prevented the degeneration of DA neurons
induced by the toxin in the substantia nigra pars compacta of mice, 7 days after treatment. ODN-mediated neuroprotection
was associated with a reduction of the number of glial fibrillary acidic protein-positive reactive astrocytes and a strong inhibi-
tion of the expression of pro-inflammatory genes such as interleukins 1 and 6, and tumor necrosis factor-a. Moreover, ODN
blocked the inhibition of the anti-apoptotic gene Bcl-2, and the stimulation of the pro-apoptotic genes Bax and caspase-3,
induced by MPTP in the substantia nigra pars compacta. ODN also decreased or even in some cases abolished MPTP-
induced oxidative damages, overproduction of reactive oxygen species and accumulation of lipid oxidation products in DA
neurons. Furthermore, DBI knockout mice appeared to be more vulnerable than wild-type animals to MPTP neurotoxicity.
Taken together, these results show that the gliopeptide ODN exerts a potent neuroprotective effect against MPTP-induced
degeneration of nigrostriatal DA neurons in mice, through mechanisms involving downregulation of neuroinflammatory,
oxidative and apoptotic processes. ODN may, thus, reduce neuronal damages in PD and other cerebral injuries involving
oxidative neurodegeneration.
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DA Dopamine

DBI Diazepam-binding inhibitor
GSH Glutathione

GFAP  Glial fibrillary acidic protein
i.c.v. Intracerebroventricular

IL Interleukin

i.p. Intraperitoneal

KO Knockout

MAO  Monoamine oxidase

MDA  Malondialdehyde

MPP*  1-Methyl-4-phenylpyridinium

MPTP  1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
ODN  Octadecaneuropeptide

PD Parkinson’s disease

SNpc  Substantia nigra pars compacta

TH Tyrosine hydroxylase
TNF-a Tumor necrosis factor-o

Introduction

Parkinson’s disease (PD), a chronic neurodegenerative dis-
order that affects around 2% of people aged over 65 years
worldwide [1, 2], is characterized by motor deteriorations
such as postural instability, rigidity and bradykinesia [3, 4].
The pathological hallmarks of PD include a loss of dopa-
minergic neurons within the substantia nigra pars compacta
(SNpc), responsible for a decrease of striatal dopamine (DA)
levels and associated dysfunction of neuronal network integ-
rity [5, 6]. It is generally accepted that PD develops as a
result of interplay between genetic and environmental fac-
tors [7-9] and involves inflammatory and oxidative stress
processes [10—-12]. In particular, increased levels of pro-
inflammatory mediators and free radicals in the SNpc, as
observed in both PD models and PD patients, exacerbate DA
neuron degeneration [10, 13]. Various treatments are used to
improve motor functions in PD patients, including admin-
istration of levodopa, surgical approaches and electrical
stimulation [7, 14, 15]. However, all the current therapeutic
approaches remain palliative and do not cure the disease
[16]. Furthermore, these treatments have drawbacks and, in
some cases, can produce disabling side effects [17]. Thus,
there is a need to find efficient neuroprotective agents which
could lead to the development of new therapies for effective
treatments of the disease.

It is well established that astrocytes play an important role
in the protection of brain damages induced by inflammation
and oxidative stress, and recent studies have highlighted the
neuroprotective effect of various factors expressed by astro-
cytes in PD models [18, 19]. Concurrently, several findings
have provided evidence that reactive astrocytes can exert
beneficial effects and confer endogenous neuroprotection by
secreting neurotrophic factors such as glial cell line-derived
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neurotrophic factor (GDNF) [20], ciliary neurotrophic fac-
tor (CNTF) [21] and mesencephalic astrocyte-derived neu-
rotrophic factor (MANF) [22]. Therefore, investigation of
the beneficial effects of reactive astrocytes, particularly the
capability of the factors they express to limit inflammatory
damages, oxidative stress insults and apoptosis, appears
crucial to protect DA neurons. It is notably important to
identify new factors expressed by astrocytes, which can pre-
vent both oxidative stress and proinflammatory mediators
responsible for apoptosis-induced DA neuron degeneration.
In this context, the octadecaneuropeptide (ODN), which
is exclusively produced by astroglial cells in the central
nervous system (CNS) of mammals [23-27] and exerts a
potent neuroprotective activity against 6-hydroxydopamine
(6-OHDA )-induced oxidative stress on cultured cerebellar
granule cells [28], could be a promising factor. ODN is a
gliopeptide generated through proteolytic cleavage of an
86-amino acid precursor called diazepam-binding inhibitor
(DBI) [29, 30], also known as acyl-CoA binding protein
(ACBP) [31]. The primary structure of DBI has been well
preserved during evolution [32, 33], suggesting that DBI-
derived peptides play important biological functions. Indeed,
DBI and its derived products regulate food intake, behavio-
ral activities and energy metabolism [34-37]. In addition,
ACBP/DBI regulates brain lipid metabolism, and fatty acid
metabolism-related gene expression is compromised in brain
slices and astrocytes cultured from ACBP/DBI-deficient
mice [38]. Interestingly, ODN has been shown to stimulate
neurogenesis in the adult mouse brain [39], to increase glu-
tathione (GSH) biosynthesis and antioxidant enzyme activ-
ity in cultured neurons and astroglial cells [28, 40, 41], and
to prevent oxidative stress-induced reactive oxygen species
(ROS) accumulation and cellular damages in cultured astro-
cytes [40, 42]. Experimental and clinical studies have also
shown that ODN concentrations are increased in the plasma
of rats and humans subjected to systemic inflammation [43].
Consistent with these observations, we have recently shown
that ODN release, as well as expression of its precursor DBI,
are induced in astrocytes in response to mild oxidative insult,
and contribute to prevent cell death [44]. Altogether, these
data suggest that ODN acts as a neurotrophic factor regulat-
ing proliferation and/or survival of neuronal cells, and may,
thus, contribute to prevent pro-inflammatory and oxidative
damages under injury conditions.

The prodrug 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), which replicates in human and non-human
mammals clinical hallmarks of PD syndrome [45-47], is
widely used to induce DA neuronal cell death in animal
models [48, 49]. MPTP per se is not deleterious, but it is
oxidized by monoamine oxydase B expressed by astrocytes
into 1-methyl-4-phenylpyridinium (MPP*), which is toxic.
MPP* is then released into the extracellular fluid and con-
veyed by DA transporters into nerve terminals of DA neuron.
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MPP™ induces DA neuron apoptosis through the production
of ROS, causing inhibition of complex I of the mitochondrial
respiratory chain [50-52] associated with the expression of
the pro-apoptotic protein Bax and activation of caspase-3
[53].

Although there is clear evidence that ODN exerts a strong
protective activity against oxidative stress-induced apoptosis
on cultured neurons and glial cells, the potential neuropro-
tective activity of ODN in vivo has not been tested so far.
Therefore, the aim of the present study was to investigate
whether intracerebroventricular (i.c.v.) injection of ODN
could prevent DA neuron degeneration in a MPTP-induced
mouse model of PD, and to explore the vulnerability of
ODN precursor knockout (KO) mice to MPTP-induced
neurotoxicity.

Materials and Methods
Animals

Animals used in this study were 10-week-old C57BLJ/6
male mice purchased from Charles Rivers Laboratories
(L’ Obrestle, France), and C57BL/6JBomTac wild-type
(ACBP/DBI*'"), DBI heterozygous (ACBP/DBI*~) and
DBI homozygous KO (ACBP/DBI™~) mice obtained from
the intercross of heterozygous animals after characterization
by PCR analysis of DNA isolated from tail biopsies [54].
Primers used for the genotyping were: rev: 5’GTATCTGCT
CATCTATTCGGCTTGG3'; fwd: 5S’"CCGCTGAGGAGG
TGAAGCGCC3'. One week before the beginning of the
treatments, animals were housed four per cage on a 12-h
light/dark cycle at 21 °C with free access to food and tap
water for acclimatization. Experiments were approved by
the regional ethic committee for animal experimentation
(CENOMEXA) and conducted by authorized investigators
according to the recommendations of the European Union.

l.c.v. injections

Lc.v. injections of saline or ODN solutions (10 ul/mouse)
were conducted according to the procedure of Haley and
McCormick [55], using a microsyringe (50 pl; Hamilton,
Bonaduz, Switzerland) connected to a needle (diameter
0.5 mm), of which the bevel protruded only 3.5 mm from a
guard, limiting its penetration into the brain. The free-hand
i.c.v. injections in immobilized mice lasted approximately
5 s and were conducted as previously described [35]. L.c.v.
injections were performed by an experienced investigator
who frequently controlled the regularity and success of the
injections, using methylene blue dye, and who observed
(after killing and frontal brain sectioning) that the injection
was successful in more than 95% of the trials.

In vivo treatment and experimental design

Animals were divided into four groups, i.e, control (n = 15),
MPTP (n = 15), ODN (n = 15) and MPTP plus ODN
(n = 15). On the first day of treatment (DO0), each mice
received three intraperitoneal (i.p.) injections of MPTP
(20 mg/kg) in 100 pl of 0.9% NaCl at 2-h intervals, and a
10 pl i.c.v injection of ODN (10 ng) 1 h after the last injec-
tion of MPTP (Table 1). Control animals received saline
solution instead of MPTP with or without ODN. Seven
days after the beginning of the treatment (D7), mice were
deeply anesthetized and killed to collect brains for real-time
PCR, Western blot, immunohistochemistry and biochemical
experiments (see Table 1). For experiments using mice with
targeted deletion of ACBP/DBI (DBI™'~ and DBI*'"), since
the objective was to observe a difference of toxicity between
wild-type and DBI™/~ animals, the experimental design was
similar except the doses of MPTP, which were reduced to
10 mg/kg.

Mice were exposed to MPTP (20 mg/kg, 3 times at 2 h
interval), ODN (10 ng/10 ul), MPTP and ODN or saline
solution (Nacl 0.9%, Sham). On Day 0 (D0), animals
received three intraperitoneal injections of 100 ul MPTP
at 2-h intervals and 1 h after the last injection of MPTP,
mice received 10 pl of intracerebroventricular injection of
ODN (10 ng; ODN and MPTP + ODN treated mice) or
saline solution (control and MPTP-treated mice). On D7,
mice were killed and striatum as well as substantia nigra
tissues were removed and analyzed by immunofluorescence,
Western blotting and RT-qPCR approaches to assess tyros-
ine hydroxylase (TH), glial fibrillary acidic protein (GFAP),
apoptotic and proinflammatory gene and protein expression.
Tissue samples were also used to measure ROS and MDA
abundance. Brain from each group was also collected at D1
for real-time PCR analysis. The number of animals used in
each experiment (n) is indicated.

Immunohistochemistry

Animals were anesthetized with isoflurane and intra-
cardially perfused with 0.9% NaCl to rinse blood ves-
sels, and then with 4% paraformaldehyde (PFA; Sigma
Aldrich, Saint-Quentin-Fallavier, France) to fix tissues.
After decapitation, the brains were removed and post-fixed
overnight in a 4% PFA solution at 4 °C. The brains were
then immerged for cryopreservation in 15 and 30% sucrose
solution for 24 h each. Frozen brains were sectioned in
the frontal plane at the levels of the SNpc and striatum
into 10 um thick slices with a cryomicrotome (CM3050;
Leica Microsystems, Nanterre, France), and mounted onto
chromium potassium sulphate and gelatine-coated glass
slides. Three to four tissue sections from each brain were
preincubated for 90 min in blocking solution containing
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Table 1 Experimental design of the study showing treatments and assays

Experimental design

= I11 vive treatment

MPTP (20 mg/kg) ODN (10 ng/10 pl)

Brain collection

G e

e T -
DO 2h 2h 1h D1 _ o7
= Immunohistochemistry n=5 +
TH staining
GFAP staming
= Western blotting n=10 +
TH
GFAP
= Real time PCR analysis n=10 + E
Inflammation markers: IL-1u; IL-6 ; TNF-c.
Apoptosig markers: Caspase-3; Bax; Bel-2
= Oxidative stressmarkers np=10 2k
ROS
MDA

1:50 normal donkey serum, 1% bovine serum albumin,
and 0.3% Triton X-100 (VWR International, Strasbourg,
France) in phosphate buffered saline (PBS). Three—four
tissue sections from each brain were then incubated over-
night with an anti-tyrosine hydroxylase (TH) rabbit pri-
mary antibody (1:1000 dilution; Millipore, Molsheim,
France) and others with glial fibrillary acidic protein
(GFAP) rabbit primary antibody (1:1000 dilution; Dako,
Les Ulis, France) at 4 °C. After three washes in PBS,
the tissues were incubated with secondary antibodies for
90 min at room temperature, i.e., Alexa 488-conjugated
donkey anti-rabbit IgG or Alexa 594-conjugated donkey
anti-rabbit IgG (1:400 dilution each; Invitrogen Life tech-
nologies, Longjumeau, France). Finally, the slices were
rinsed thrice in PBS and cover slipped with Mowiol to per-
form image acquisition using a TCS SP2 upright confocal
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laser-scanning microscope (Leica Microsystems, Nanterre,
France). Fluorescence quantification was conducted with
the video imaging software Image].

Preparation of brain tissue extracts for Western blot
and biochemical experiments

Animals were deeply anesthetized with pentobarbital
(Sigma Aldrich, 40 mg/kg body weight i.p.). After decap-
itation, SNpc and striatum from each animal were dis-
sected, homogenized in 1 ml lysis buffer containing 1%
Triton X-100, 50 mM Tris—HCI, 10 mM EDTA plus Pierce
EDTA free protease inhibitor tablets (Thermo Scientific,
Paris, France) and centrifuged (14,000g, 4 °C, 15 min).
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Western blot

Whole protein content in brain tissue extracts was measured
by using the Bradford reagent method and normalized. The
homogenate was centrifuged (14,000g, 4 °C, 15 min) and
the proteins contained in the supernatant were precipitated at
4 °C by addition of ice-cold 10% trichloroacetic acid (TCA).
Precipitated proteins were then recovered by centrifugation
(12,000g, 4 °C, 15 min) and washed thrice with an alcohol/
ether solution (30:70; v/v). The proteins were finally dena-
tured in 50 mM Tris—HCI (pH 7.5) containing 20% glycerol,
0.7 M 2-mercaptoethanol, 0.004% (w/v) bromophenol blue
and 3% (v/v) SDS at 100 °C for 5 min.

Protein samples (~ 20 pg) were subjected to a 12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and the
gel was transferred onto a nitrocellulose membrane (Amer-
sham, Les Ulis, France). The membrane was first incubated
at room temperature for 1 h in a blocking solution containing
5% skim milk in 50 mM Tris-buffered saline solution com-
pleted with 0.1% Tween 20 (TBST). The membranes were
then incubated with primary antibodies against TH (1:1000
dilution; Millipore, Molsheim, France), GFAP (1:1000 dilu-
tion; Dako, Les Ulis, France) or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 1:4000 dilution; Santa Cruz, Nan-
terre, France) overnight at 4 °C. The next day, membranes
were washed with TBST and then incubated in TBS contain-
ing 5% skim milk with a goat anti-rabbit secondary antibody
(1:5000 dilution; Santa Cruz) for 1 h at room temperature.
After washing, proteins were revealed using a chemilumi-
nescence detection kit (ECL System, GE Healthcare, Aul-
nay-Sous-Bois, France) and measured with an image analy-
sis system (BioRad, Chatillon, France).

Caspase-3 activity

An aliquot of 100 pl of brain tissue extract was incubated
with the Apo-ONE"™ homogeneous caspase-3/7 assay kit
(Promega). Fluorescence intensity was measured over a 3-h
period with a FlexStation III microplate reader (Molecular
Devices, Sunnyvale, USA) at an excitation wavelength of
485 nm and an emission wavelength of 530 nm.

Measurement of oxidative stress markers
Measurement of intracellular ROS formation

ROS were detected by measuring the fluorescence of
2',7'-dichlorofluorescein (DCF) which is derived from the
deacetylation and oxidation of the non-fluorescent com-
pound DCFH,-DA. An aliquot of 100 pl of brain tissue
extract (0.24 + 0.02 mg/ml from SNpc and 0.6 + 0.03 mg/
ml from striatum) was incubated with 10 uM DCFH,-DA at
37 °C for 30 min in the dark and fluorescence was measured

with a fluorescence microplate reader FL8OOTBI (Bio-Tek
Instruments, Winooski, VT, USA) using 485- and 538-nm
excitation and emission filters, respectively.

Measurement of malondialdehyde formation

Malondialdehyde (MDA, i.e, a lipid oxidation product)
content was determined using an MDA kit (Sigma Aldrich)
according to the manufacturer’s instructions. Briefly,
200 pl of brain tissue extract (~ 0.24 mg/ml from SNpc
and ~ 0.6 mg/ml from striatum) was mixed with a solu-
tion containing 1% butylhydroxytoluene and 20% TCA,
and then centrifuged (1000g, 5 min, 4 °C). The supernatant
was mixed with a solution containing 0.5 M HCI, 120 mM
2-thio-barbituric acid plus 26 mM Tris—HCI (pH 7.5) and
heated at 95 °C for 60 min. After cooling, the absorbance
was measured at 532 nm (FlexStation III Molecular Devices,
Sunnyvale, USA).

Real-time PCR analysis

Total RNAs from the mouse SNpc or striatum, obtained at
1 and 7 days after MPTP treatment, were extracted using
Tri-Reagent (Sigma Aldrich) and purified with the Nucle-
oSpin RNA kit (Macherey—Nagel, Hoerdt, France). The con-
centration of RNA was measured with a Thermo-Scientific
Nanodrop 2000 spectrophotometer (Labtech, Palaiseau,
France) at an absorbance of 260 nm. One micro gram of total
RNA from each sample was converted into single stranded
cDNA using the Improm-II reverse transcriptase kit (Pro-
mega, Madison, WI, USA) with random primers (0.5 pg/
ml). Three ng cDNA were then amplified in the presence of
1X SYBR Green Mastermix (Applied Biosystems, Courta-
boeuf, France) containing preset concentrations of dNTPs
and MgCl, with forward and reverse primers (Table 2), using
an ABI Prism 7500 Sequence Detection System (Applied
Biosystems). The relative amount of cDNA in each sample
was calculated using the comparative quantification cycle
(Cq) method and expressed as 27244 using GAPDH, which
was constant in all treatment conditions, as an internal stand-
ard for variations in amounts of input mRNA.

Statistical analysis

The data are presented as the mean + SEM of at least three
independent experiments. Statistical analysis was performed
using the PRISM software (GraphPad Software, San Diego,
CA, USA). A two-way ANOVA, followed by a Bonferroni’s
post hoc test was used, and differences were considered sta-
tistically significant when P < 0.05.
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Table 2 Sequences of the

. . Gene GenBank accession  Sequence Blast E value
primers used for real-time PCR number
experiments
IL-6 NM_031168.1
Forward GAAACCGCTATGAAGTTCCTCTCTG 0.00003
Reverse TGTTGGGAGTGGTATCCTCTGTGA 0.0001
IL-p NM_008361.3
Forward GAAGAAGAGCCCATCCTCTGT 0.005
Reverse TGTTCATCTCGGAGCCTGTA 0.013
TNF-a NM_013693.2
Forward CACCGTCAGCCGATTTGC 0.14
Reverse TGAGTTGGTCCCCCTTCTCC 0.013
Caspase-3 NM_009810
Forward GAGGCTGACTTCCTGTATGCTT 0.001
Reverse AACCACGACCCGTCCTTT 0.14
Bax NM_007527
Forward GTGAGCGGCTGCTTGTCT 0.14
Reverse GGTCCCGAAGTAGGAGAGGA 0.013
Bcl-2 NM_009741
Forward GTACCTGAACCGGCATCTG 0.035
Reverse GGGGCCATATAGTTCCACAA 0.013
Results -@~ Sham _g. MPTP _4 ODN10ng .y~ MPTP+ODN10ng

ODN protects dopaminergic neurons
against MPTP-induced degeneration

MPTP administration induced a significant decrease in body
weight within 2 days after the beginning of the treatment,
while ODN administration, which had no effect compared to
control, counteracted body weight loss during all the period
of treatment in MPTP-treated mice (Fig. 1). Although the
body weight of MPTP-treated animals remained slightly
lower than in the other groups over the following 6 days,
the differences were no longer significant (Fig. 1). To evalu-
ate the efficiency of MPTP administration, immunohisto-
chemical and Western blot experiments were performed
(Fig. 2). Consistent with previous reports [56, 57], acute
administration of MPTP (20 mg/kg, 3 times at 2 h interval)
induced a massive loss of DA neurons in the SNpc within
7 days after intoxication when compared to saline-treated
animals (Fig. 2A-a,b). Quantification of the fluorescence
mean intensity of TH expression in the SNpc revealed a
43% decrease in MPTP-treated animals compared to sham
animals (Fig. 2B). Western blot analysis also confirmed that
the TH protein level was decreased in the SNpc (— 62%:;
Fig. 2C-a) and the striatum (— 58%; Fig. 2C-b) of MPTP-
treated mice. We next examined whether ODN could prevent
MPTP-induced cell death of DA neurons. While i.c.v. injec-
tion of ODN (10 ng/10 pl) alone had no effect on TH expres-
sion (Fig. 2A-c, B), administration of ODN to MPTP-treated
mice suppressed the loss of DA neurons induced by the toxin
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Fig. 1 Time-course of the effect of ODN on body weight of MPTP-
treated mice. On day 1, mice received 3 intraperitoneal (i.p.) injec-
tions of saline solution (0.9% NaCl; Sham filled circle) or MPTP
(20 mg/kg; red square) at 2 h of interval, followed by intracerebroven-
tricular (i.c.v.) injection of saline or ODN (10 ng/10 pl) 1 h after the
last i.p. injection of saline (blue triangle) or MPTP (green inverted
triangle) solution. Body weight of each mouse was measured daily
from day 1 to day 7 after MPTP treatment. Each value represents the
mean (=SEM) from 15 animals and statistical analysis was conducted
by ANOVA followed by Bonferroni’s test. *P < 0.05 vs saline-treated
mice; P < 0.01 vs MPTP-treated mice

in the SNpc and prevented the degeneration of nerve fibers
in the striatum (Fig. 2A-d, C). Quantification of the fluores-
cence mean intensity of TH expression in the SNpc revealed
that ODN counteracted by 86% (P < 0.01) the decrease of
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Fig.2 ODN reverses the reduc- A
tion of tyrosine hydroxylase

expression in MPTP-treated
mice. A Representative images
of tyrosine hydroxylase (TH)
immunostaining in the sub-
stantia nigra pars compacta
(SNpc) 7 days after treat-
ment with NaCl (Sham; A-a),
MPTP (3 x 20 mg/kg; A-b),
ODN (10 ng/10 pl; A-c) and
MPTP + ODN (A-d). Scale
bar = 100 um SNpc (substan-
tia nigra pars compacta), SNr
(substantia nigra pars reticu-
late), VTA (ventral tegmental
area). B Relative TH immu-
nofluorescence intensity of

c- ODN 10 ng

surviving dopaminergic neurons
in the SNpc 7 days after MPTP C
treatment alone or with ODN.

C Densitometric analysis of

TH protein levels in the SNpc
(C-a) and striatum (C-b) of TH —
sham-, MPTP-, ODN-, and

APDH
MPTP + ODN-treated mice. ¢

Digital photographs illustrate 1.5+
the expression of TH after
immunoblotting, and graphs
display the relative abundance
of TH measured by densitom-
etry of the bands obtained in
immunoblots and standardized
with GAPDH. All values are
expressed as mean + SEM from
5 animals and statistical analysis
was conducted by ANOVA
followed by Bonferroni’s test.
*#P < 0.01, #*P < 0.001 vs
saline-treated mice; *P < 0.05,
#p <0.01, P < 0.001 vs
MPTP-treated mice

0.5

in SNpc (% of control)

kekok

Relative level of TH/GAPDH

0.0-

MPTP - +
ODN10ng - -

TH-immunoreactive neurons induced by MPTP (Fig. 2B).
Western blot experiments confirmed that ODN administra-
tion to MPTP-treated mice significantly prevented the reduc-
tion of TH protein expression in the SNpc (116% vs MPTP
group) and in the striatum (86% vs MPTP group) within
7 days after treatment (Fig. 2C). ODN alone had no effect
on TH expression in the SNpc (Fig. 2C-a) and the striatum
(Fig. 2C-b) when compared to sham-treated animals.

In agreement with previous results [58], a strong increase
in GFAP immunostaining, a hallmark of astrogliosis, was
detected throughout the SNpc 7 days after MPTP intoxi-
cation, paralleling the loss of DA neurons (Fig. 3A-a, b).
Administration of ODN alone did not modify the expres-
sion of GFAP compared to sham animals (Fig. 3A-a, c), but
administration of ODN to MPTP-treated mice completely
blocked the astrogliosis induced by the toxin (Fig. 3A-d).

B
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it =S
- 5 T
° g
2 3
v & ok
2 205
S =
S 5
[~
0.0 |
-+ MPTP -+ - +
+ + ODN10ng - - + +

Observation of GFAP-positive cell morphology at high mag-
nification in the SNpc revealed that, in MPTP-treated mice,
astrocytes display a hypertrophic and activated phenotype
(data not shown). Quantification of the fluorescence mean
intensity of GFAP expression in the SNpc showed a sig-
nificant increase (+ 133%) of activated glial cells in MPTP-
treated mice compared with saline-treated animals (Fig. 3B).
This increase in GFAP expression induced by MPTP was
totally blocked by ODN treatment.

ODN inhibits MPTP-induced pro-inflammatory
and pro-apoptotic gene expression

Since MPTP induces an inflammatory response that facili-

tates neurodegeneration, we examined the effect of ODN on
the expression of pro-inflammatory genes in MPTP-treated
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c- ODN 10 ng

SNpc

SNpr

Fig.3 ODN suppresses astrogliosis in MPTP-treated mice. A Rep-
resentative images of GFAP immunostaining in the substantia nigra
pars compacta (SNpc) 7 days after treatment with NaCl (Sham;
A-a), MPTP (3 x 20 mg/kg; A-b), ODN (10 ng/10 pl; A-c) and
MPTP + ODN (A-d). Scale bar = 100 um. SNpc (substantia nigra
pars compacta), SNr (substantia nigra pars reticulate), VTA (ventral

mice by means of real-time PCR. Consistent with the lit-
erature [10, 59], the mRNA levels of interleukin 6 (II-6;
+ 76.9% vs sham group) and tumor necrosis factor-a (Tnf-
a; +115% vs sham group) were markedly increased in the
SNpc of MPTP-treated mice 7 days after the beginning of
the treatment (Fig. 4a, b). An i.c.v. injection of ODN to
MPTP-treated animals abolished the stimulatory effect of
MPTP on 1I-6 (-32.8% vs MPTP group) and Tnf-a (-67.4%
vs MPTP group) mRNA levels (Fig. 4a, b). While 1/-1/ gene
expression was not increased on day 7 in MPTP-treated
animals (Fig. 4c), it was significantly enhanced 1 day after
administration of the toxin (supplementary data, Fig. 1A),
showing a time-dependent evolution of the pro-inflammatory
response. This early increase of /I-1 expression was also
blocked by ODN injection to MPTP-treated animals (sup-
plementary data, Fig. 1A).

To explore the effect of ODN on MPTP-induced apopto-
sis, the expression of several anti- and pro-apoptotic genes
was investigated. The results showed that Bax and caspase-3
mRNA expression levels were increased by 76 and 91%,
respectively, in the SNpc (Fig. 4d, e), and that ODN totally
blocked the MPTP-induced increase of Bax and caspase-3
expression (— 81 and — 77%, respectively, vs MPTP group;
Fig. 4d, e). No change in Bcl-2 mRNA expression level was
detected 7 days after MPTP treatment (Fig. 4f) but a sig-
nificant decrease of the gene expression (— 48% vs sham
group) was observed 1 day after administration of the toxin,
and this effect was blocked in animals that received ODN
(supplementary data Fig. 1B). Besides its effect on gene
expression, ODN also prevented MPTP-induced stimulation
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tegmental area) B Relative GFAP immunofluorescence intensity in
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ment. All values are expressed as mean + SEM from five animals and
statistical analysis was conducted by ANOVA followed by Bonferro-
ni’s test. ¥**P < 0.001 vs saline-treated mice; #*P < 0.001 vs MPTP-
treated mice

of caspase-3 activity within 7 days of treatment, in both
the SNpc and striatum (— 89 and — 96% vs MPTP group,
respectively; Fig. 5a, b).

ODN prevents the effect of MPTP on ROS
accumulation and on oxidative damages

To investigate the ability of ODN to block MPTP-induced
oxidative stress, ROS content in SNpc and striatum homoge-
nates was measured with the CM-H,DCFDA probe, which
becomes fluorescent upon oxidation by ROS. Seven days
after MPTP treatment, the level of ROS was significantly
increased in comparison to saline-treated animals both in
the SNpc (+ 44%; Fig. 6a) and in the striatum (+ 77%;
Fig. 6b). The action of MPTP on ROS accumulation was
associated with a significant increase of MDA, a product of
the oxidative breakdown of highly unsaturated fatty acids,
both in the SNpc (+ 43%; Fig. 6¢) and the striatum (+ 66%;
Fig. 6d). ODN administration totally prevented the increase
of ROS and MDA levels induced by MPTP intoxication in
both SNpc and striatum (Fig. 6).

MPTP induced toxicity is enhanced in DBI-KO mice

We next investigated the impact of the deficiency of the
ODN precursor, i.e, DBI, on DA neuron loss, glial acti-
vation, and expression of pro-inflammatory and apoptotic
mediators in the SNpc and striatum of MPTP-treated mice.
For these experiments, DBI*/*, DBI*'~ and DBI™'~ mice
received 3 injections of MPTP (10 mg/kg) at 2 h interval on
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Fig.4 ODN prevents pro-
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day 0, and were killed on day 7. As illustrated on Figs. 7A,
DA neurons of DBI™~ mice were more sensitive to MPTP
than DBI*~ and DBI*"* animals. In particular, a deficiency
in DBI strongly potentiated MPTP-induced DA neuron
apoptosis in the ventral tegmental area (VTA), indicat-
ing that the endogenous DBI-derived peptide ODN may
be involved in the wounding and protection of DA VTA
neurons. Western blot quantification of TH expression lev-
els in the SNpc (Fig. 7B-a) and striatum (Fig. 7B-b) con-
firmed that MPTP induced a greater loss of DA neurons
in DBI”~ mice than in wild-type animals. Furthermore,
Q-PCR analysis revealed that i.c.v. injection of ODN (10 ng)
prevented MPTP-evoked inhibition of TH gene expression
in wild-type mice (supplementary data, Fig. 2A) and that
ODN deficiency in DBI™'~ mice leads to a decrease of TH
mRNA level in DBI™~ mice (supplementary data, Fig. 2B).
GFAP immunostaining and Western blot analysis showed
that MPTP treatment significantly increased the number
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of activated GFAP-positive cells (Fig. 8A) and the GFAP
expression level (Fig. 8B) in the SNpc and striatum of
DBI~/~ mice when compared to wild-type animals.

In addition to astroglial activation, 7 days after injec-
tion, MPTP treatment induced a significant increase of 1I-6
mRNA level in DBI™'~ animals (Fig. 9a) while Tnf~a mRNA
level was not significantly modified. Concurrently, a sig-
nificant increase of Bax (+ 92% vs DBI** group) and cas-
pase-3 (+ 40% vs DBI™* group) gene expression occurred
(Fig. 9c, d). Finally, the level of activated caspase-3 is higher
in DBI™'~ mice than in wild-type mice (Fig. 9e).

Discussion
Previous studies performed on cultured neurons and astro-

cytes have established the antiapoptotic activity of ODN
against oxidative insults and cell death [28, 40, 42], but the
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Fig.5 ODN suppresses stimula-
tion of caspase-3 activity in
MPTP-treated mice. Cas-
pase-3 (Casp-3) activity was
determined in the substantia
nigra pars compacta (SNpc)
(a) and striatum (b) 7 days
after treatment with NaCl
(Sham), MPTP (3 x 20 mg/
kg), ODN (10 ng/10 pl) and
MPTP + ODN. Each value,
expressed as a percentage of
control, represents the mean
(£SEM) obtained from 10
animals and statistical analysis
was conducted by ANOVA
followed by Bonferroni’s test.
*P < 0.05, #**¥*P < 0.001, NS,
N, not statistically different vs
saline-treated mice; *P < 0.05;
##P < 0.01 vs MPTP-treated
mice
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neuroprotective effect of ODN had not been investigated
in vivo yet. The present report provides the first evidence
that i.c.v. administration of ODN is able to counteract
MPTP-induced degeneration of nigrostriatal DA neurons,
oxidative damages and neuroinflammation in an in vivo
model of PD. It also appears, using ACBP/DBI KO animals,
that ODN precursor deficiency increases brain sensitivity
to MPTP toxicity, highlighting the neuroprotective role of
endogenous ODN against neuronal degeneration.

ODN exerts a neuroprotective effect
in the MPTP-treated mice model of PD

A single i.c.v. injection of ODN, 1 h after the last adminis-
tration of MPTP, protected TH-positive cells from death in
the SNpc and prevented the degeneration of dopaminergic
nerve fibers in the striatum. It is noteworthy that ODN was
effective to protect DA neurons from the cytotoxic action
of MPTP at low doses. Consistent with this observation,
in vitro studies have shown the capacity of ODN to prevent
6-OHDA-induced cerebellar granule cell death at very low
concentrations, i.e., within the picomolar range, with no
remaining protective effect at higher concentrations. As for
ODN, other astroglial-derived neuroprotective compounds
such as activity-dependent neurotrophic factor (ADNF),
activity-dependent neuroprotective protein (ADNP) and
ADNP-derived peptide (NAP) have been reported to pre-
vent, at femtomolar concentrations, neuronal cell death
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induced by various neurotoxins or brain injuries, including
ischemia and Alzheimer’s diseases [60—63]. Protection of
DA neurons from apoptosis has also been observed with
other femtomolar-acting neuroprotective compounds includ-
ing dynorphin and its glycine—glycine—phenylalanine (GGF)
peptide fragment [64]. Thus, the present data identify ODN
as a new player of this growing family of femtomolar-act-
ing gliopeptides that exhibit potent neuroprotective activity.
Indeed, considering the antiapoptotic effect of ODN on gran-
ule neurons and on glial cells in vitro [28, 40], its protective
effect on nigrostriatal neurons in vivo may result from both a
direct effect on DA neurons and/or an indirect effect, through
the release of neuroprotective factors from ODN-activated
astrocytes.

ODN acts by preventing astrogliosis, inflammation,
oxidative stress and apoptosis induced by MPTP

Astroglial cells exhibit a reactive phenotype in response
to neurodegenerative diseases, ischemia and various neu-
rotoxic insults [65, 66]. Furthermore, reactive astrogliosis
is involved in the initial and acute stages of the develop-
ment of PD [67—-69]. In particular, astrocytes become per-
sistently activated in the substantia nigra from 5 h up to
21 days after MPTP treatment in a mouse model of PD [67,
69], as observed in the present study showing a significant
increase of GFAP-immunopositive cells in the SNpc and
striatum after MPTP exposure. In parallel to its antiapoptotic
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activity, ODN suppressed the effects of MPTP on GFAP,
suggesting that the gliopeptide exerts its neuroprotective
activity through a modulation of astrocytic activation. This
hypothesis is supported by growing evidence showing the
pivotal role of reactive astrocytes in the progression of PD,
by either protecting or exacerbating DA neuron loss [65,
66, 70]. Although reactive astrocytes in the striatum of PD
animal models express a panel of protective antioxidant
and neurotrophic factors, they also produce proinflamma-
tory cytokines which can impede neuronal survival [12,
67]. For instance, reactive astrocytes in the SNpc have been
reported to overexpress several factors known to promote
neuronal damage such as S-100p, iNOS and NF-kB within
the first 3 days after MPTP treatment when degenerescence
of DA neurons is maximum [67, 71, 72]. Consistent with
the hypothesis of a harmful-astrocytic status, the present

study shows that the genic expression of the neuroinflamma-
tory markers Il-1f, 1l-6 and Tnf-a is enhanced in the SNpc
of MPTP-treated animals. One difficulty to get a complete
view of the mechanisms involved in DA neuron death comes
from the fact that some genes such as IL-1f are induced
within 1 day after MPTP injection while others such as IL-6
and TNF-a are activated a week after administration of the
toxin. Interestingly, ODN prevented MPTP-induced increase
in expression of these pro-inflammatory mediators, 1 day but
also a week after treatment, indicating that the peptide exerts
both rapid and sustained effects.

It is well established that increased levels of pro-inflam-
matory cytokines in PD cause neuronal degeneration by
apoptosis through the induction of apoptosis-related fac-
tor [67, 73]. It has been previously demonstrated that ODN
can regulate the expression of Bcl-2 family members to
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Fig.7 Effect of DBI gene
knockout on MPTP toxic-

ity in mice. A Illustration of
TH immunoreactivity in the
substantia nigra pars com-
pacta (SNpc) of wild-type
(DBI**; A-a), DBI heterozy-
gote (DBI™/*, A-b) and DBI
KO homozygote (DBI"/,

A-c) mice 7 days after MPTP
injection (3 X 10 mg/kg). Scale
bar = 100 um. SNpc (substan-
tia nigra pars compacta), SNr
(substantia nigra pars reticu-
late), VTA (ventral tegmen-

tal area). A-d. Relative TH
immunofluorescence intensity
of surviving DA neurons in the
SNpc of DBI**, DBI™* and
DBI™~ MPTP-treated mice.

B Densitometric analysis of
TH protein levels in the SNpc
(a) and striatum (b) of DBI*/*,
DBI™* and DBI™"~ MPTP-
treated mice. Digital photo-
graphs illustrate the expression
of TH after immunoblotting,
and graphs display the rela-
tive expression of TH protein
measured by densitometry and
standardized to GAPDH levels.
Each value, expressed as per-
centage of controls, represents
the mean + SEM obtained from
nine animals and statistical anal-
ysis was conducted by ANOVA
followed by Bonferroni’s test.
**P < 0.01, #*P < 0.001 vs
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prevent apoptotic cell death provoked by oxidative insult
in cultured neurons and astrocytes [28, 40, 74]. In agree-
ment with these data, the present study reveals that ODN
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decreased MPTP-induced expression of the pro-apoptotic
gene Bax and suppressed the inhibitory effect of MPTP
on the anti-apoptotic gene Bcl-2. As a consequence, ODN
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Fig.8 Effect of DBI gene A
knockout on astrocytes
reactivity evoked by MPTP
intoxication. A Representative
photomicrographs illustrat-

ing GFAP immunoreactivity

in the substantia nigra pars
compacta (SNpc) of DBI
wild-type (DBI**; A-a), DBI
heterozygote (DBI™*, A-b) and
DBI KO homozygote (DBI™,
A-c) mice 7 days after MPTP
injection (3 x 10 mg/kg). Scale
bar = 100 um. SNpc (sub-
stantia nigra pars compacta),
SNr (substantia nigra pars
reticulate). A-d Relative GFAP
immunofluorescence quantifica-
tion in SNpc of DBI**, DBI™/*
and DBI™"~ MPTP-treated mice.
B Densitometric analysis of the
expression of GFAP in SNpc
(a) and striatum (b) of DBI*/*,
DBI™* and DBI™"~ MPTP-
treated mice. Digital photo-
graphs illustrate the expression
of GFAP protein after immu-
noblotting and graphs display
the relative expression of GFAP
protein measured by densitome-
try and standardized to GAPDH
levels. Each value, expressed as B
percentage of controls, repre-
sents the mean + SEM obtained
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prevented the stimulatory effect of MPTP on caspase-3
expression and activation. These findings are in accordance
with in vitro studies showing that ODN inhibits the mito-
chondrial intrinsic apoptotic pathway by preventing collapse
of the mitochondrial potential and stimulation of caspase-3
activity induced by 6-OHDA in cultured cerebellar granule
neurons [28].
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ROS are another key player involved in the neurotoxic
activity of MPTP [73, 75]. Accordingly, the present study
showed that the level of ROS was increased in both the SNpc
and striatum of MPTP-treated mice, leading to the formation
and accumulation of lipid oxidation products. Interestingly,
ODN, which had no significant effect by itself on ROS con-
tent and MDA generation, totally suppressed the deleterious
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Fig. 9 DBI gene knockout A

promotes the expression of 2.5+

pro-inflammatory and pro- < "
apoptotic genes in mice. Brain E 2.0

tissues were collected from S 7 :|:
wild-type (DBI™*), DBI =

heterozygote (DBI™*) and DBI 2

KO homozygote. (DBI™~) mice - 1.5

7 days after MPTP treatment, '§

and 1I-6 (a), Tnf-a (b), Bax (c) =

and caspase-3 (d) mRNA levels <Zt 1.0+

were measured by quantitative ~

RT-PCR. Data were normalized =

using the GAPDH housekeeping > 0.5+

gene as an internal control and =

the results are expressed as a 00

percentage of DBI*"* mice. Cas-

S E
pase-3 activity (e) was assessed Q} Q} ‘9
by measuring clivage of the Q7 Q
profluorescent caspase-3/7
substrate, Z-DEVD-R110. Data
are mean + SEM obtained from C 25
nine animals and statistical anal- ]
ysis was conducted by ANOVA =
followed by the Bonferroni’s g *
* dokk = 2.0+ 1T
test. *P < 0.05, ***P < 0.001 s
vs DBI*'* mice. ¥*P < 0.01, S
8P < 0.001 vs wild-type mice © I
X 1.54
[72]
°
z
=~ 1.0+
<«
V4
=~
g 0.5
%
s
=]
0.0 L
X\X N \(\,
N N Q>
FF I

effects of MPTP, i.e., excessive production of ROS and lipid
oxidative damages. The fact that ODN is able (1) to increase
the level of the major free radical scavenger in the brain, i.e.
glutathione (GSH), as well as the expression and activity of
the antioxidant enzymes superoxide dismutase (SOD) and
catalase, and (2) to prevent inhibition of endogenous ROS
defense system under oxidative stress in cultured neuronal
cells [28, 41, 74], suggests that the peptide could block ROS
overproduction and dampen the oxidative processes through
an upregulation of ROS-detoxifying enzymes in vivo. Over-
expression of the transcription factor NF-E2-related factor
(Nrf2), which binds to antioxidant response element [76]
to induce antioxidant enzyme expression, has been found
to be protective against oxidative damage and to provide
neuroprotection in the MPTP mouse model, while reduction
of Nrf2/ARE activity is associated with an exacerbation of
oxidative assaults and sensitivity to the neurodegenerative
effects of MPTP [76]. Furthermore, in vitro studies have
shown that addition of GSH to the culture medium prevents
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degeneration of a human DA cell line induced by MPTP/
MPP™* [77]. All these data support the hypothesis that the
endogenous antioxidant system is involved in the neuro-
protective effect of ODN against MPTP-induced DA cell
death. Consistent with this notion, it has been reported that
inhibition of the endogenous antioxidant system in astro-
cytes suppresses the cell survival-promoting effect of ODN
under oxidative conditions [74]. A possible effect of ODN
on the expression of genes involved in the control of oxida-
tive mechanisms in MPTP-treated mice may, thus, be a key
player which deserves further investigations.

The intracellular signaling pathways triggering the neu-
roprotective effect of ODN on MPTP intoxication in vivo
remains to be fully elucidated. Nevertheless, previous
in vitro studies indicate that ODN protects both glial cells
and cerebellar granule neurons against oxidative stress
through activation of the metabotropic receptor of ODN
and via a PKC/MAK- or PKA/MAK-dependent mechanism,
respectively [28, 40]. In both cell types, ODN increases SOD
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and catalase expression and activity, and preserves mito-
chondrial integrity through inhibition of oxidative stress-
induced increase of Bax gene expression [22, 41, 42]. It is,
thus, conceivable that DA neurons also express the ODN
metabotropic receptor and that similar signaling pathways
are involved in the protective effect of ODN in vivo.

DBI deficiency increases MPTP sensitivity in mice

Experiments conducted in ACBP/DBI KO mice highlight
the ability of DBI and/or its derived peptides to mobilize
endogenous defense mechanisms against inflammatory and
oxidative insults produced by MPTP, leading to an increase
of DA cell death in DBI”~ mice treated with MPTP. Strik-
ingly, the number of nigral TH-positive cells was lower in
DBI ™'~ animals but was not modified in heterozygote mice
(DBI*"). This effect on cell survival correlates well with the
observed upregulation of the expression of pro-inflammatory
genes, i.e. 1I-6 and Tnf-a, and pro-apoptotic genes, i.e. Bax
and caspase-3, in DBI~/~ mice treated with MPTP. These
findings are in agreement with data showing that, while
ODN injection stimulates neurogenesis in the adult mouse
brain, DBI silencing with siRNA causes growth arrest and
cell death of neural progenitors [39]. In fact, transfection
with ACBP/DBI siRNA also leads to growth arrest and
apoptosis in various mammalian cell lines [78, 79]. Despite
ACBP/DBI deficiency is associated with an increased sensi-
tivity of cell lines to oxidative stress [79], a neuroprotective
effect of the DBI precursor polypeptide by itself has never
been reported to our knowledge. Since the protective action
of ODN is clearly established in vitro on both astrocytes
and neurons [28, 40, 41] and since the production and secre-
tion of ODN from astroglial cells is directly correlated with
the level of expression of its precursor DBI [44], it appears
that the greater sensitivity of ACBP/DBI knockout mice can
be specifically ascribed to the absence of the ODN frag-
ment. Such observations, together with studies showing the
presence of ODN in several brain structures, including the
nigrostriatal region [26, 27], strongly suggest that endog-
enous ODN may act as an autocrine and/or paracrine trophic
factor promoting survival of neuronal cells, and could thus
contribute to decrease tissue damages in injury conditions.

In conclusion, the results of the present study reveal that
i.c.v. injection of low doses of ODN causes a very strong
neuroprotective action against degeneration of DA neurons
in MPTP-treated mice. Moreover, DBI™/"mice are more
sensitive to MPTP-induced inflammatory and oxidative
brain damages, suggesting that endogenous DBI and ODN
may also be neuroprotective. Further studies are required
to characterize the receptor and the signaling pathways
implicated in this neuroprotective effect of ODN, as well
as to develop new methods of peptide administration. The
current findings indicate that, based on its anti-oxidative,

anti-inflammatory and anti-apoptotic effects, the gliopeptide
ODN could lead to the development of effective therapeutic
agents for the treatment of cerebral injuries involving oxida-
tive neurodegeneration.
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