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Synthesis of poly(ADP-ribose) (PAR) is catalyzed by PAR polymerase-1 (PARP-1) in neurons. PARP1 plays
a role in various types of brain damage in neurodegenerative disorders. In neurons, overactivation of
PARP-1 during oxidative stress induces robust PAR formation, which depletes nicotinamide adenine
dinucleotide levels and leads to cell death. However, the role of the newly-formed PAR in neurode-
generative disorders remains elusive. We hypothesized that the effects of PAR could occur in the
extracellular space after it is leaked from damaged neurons. Here we report that extracellular PAR (EC-
PAR) functions as a neuroprotective molecule by inducing the synthesis of glial cell line-derived neu-
rotrophic factor (GDNF) in astrocytes during neuronal cell death, both in vitro and in vivo. In primary rat
astrocytes, exogenous treatment with EC-PAR produced GDNF but not other neurotrophic factors. The
effect was concentration-dependent and did not affect cell viability in rat C6 astrocytoma cells. Topical
injection of EC-PAR into rat striatum upregulated GDNF levels in activated astrocytes and improved
pathogenic rotation behavior in a unilateral 6-hydroxydopamine model of Parkinson disease in rats.
These findings indicate that EC-PAR acts as a neurotrophic enhancer by upregulating GDNF levels. This
effect protects the remaining neurons following oxidative stress-induced brain damage, such as that seen

with Parkinson disease.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Oxidative and genotoxic stress generate DNA strand breaks.
Under those conditions, poly(ADP-ribose) polymerases (PARPs)
synthesize poly(ADP-ribose) (PAR) from nicotinamide adenine di-
nucleotides (NAD™) [1,2]. PARP-1, the first identified subtype of this
enzyme, is thought to produce PAR because PAR formation is

Abbreviations: ANOVA, one-way analysis of variance; BDNF, brain-derived
neurotrophic factor; DMEM, Dulbecco's modified Eagle medium; ELISA, enzyme-
linked immunosorbent assay; EDTA, ethylenediaminetetraacetic acid; EC-PAR,
extracellular poly(ADP-ribose); FBS, fetal bovine serum; GDNF, glial cell line-
derived neurotrophic factor; GFAP, glial fibrillary acidic protein; 6-OHDA, 6-
hydroxydopamine; NAD™, nicotinamide adenine dinucleotide; NGF, nerve growth
factor; NT-3, neurotrophin-3; PAR, poly(ADP-ribose); PARP-1, poly(ADP-ribose)
polymerase-1; PBS, phosphate buffered saline.
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markedly reduced in tissues from PARP-1 null mice [3]. In the brain,
PARP-1 overactivation is induced by massive DNA damage
following exposure to oxidative stress. PARP-1 consumes NAD™ to
form excessive levels of PAR [4]. According to the suicide hypoth-
esis, NAD" depletion induces PARP-1-dependent cell death via
necrosis [5]. The pathophysiological significance of PAR over-
production in response to oxidative stress has been well charac-
terized in neuronal cell death-related neurodegenerative disorders
[6].

Despite these extensive studies, little is known about the exact
role of newly synthesized PAR. Given that massive oxidative stress
causes PARP-1-dependent necrotic cell death (also known as par-
thanatos) [7], it is likely that PAR is released from damaged neurons
through the catastrophically altered plasma membrane into the
extracellular space. Therefore, we hypothesized that PAR is leaked
into the extracellular space and that extracellular PAR (EC-PAR)
affects functions in surrounding cells, especially activated astro-
cytes, which are abundant around brain lesions [8].
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In the present study, we aimed to identify the pathophysiolog-
ical role of EC-PAR in neurodegenerative disorders in vitro and
in vivo using astrocytic cell cultures and a unilateral 6-
hydroxydopamine (6-OHDA) model of Parkinson disease in rats,
respectively. Our findings suggest that EC-PAR increases the level of
glial cell line-derived neurotrophic factor (GDNF) in astrocytes,
both in vitro and in vivo. In addition, topical injection of PAR into the
brain striatum improved abnormal behavior in a Parkinson disease
rat model.

2. Materials and methods
2.1. Materials

Unless otherwise noted, all chemicals were analytical grade.
DuoSet® rat B-NGF ELISA kits were purchased from R&D systems
(Minneapolis, MN). BDNF-, NT-3-, and GDNF-Emax® ImmunoAssay
Systems were purchased from Promega (Madison, WI).

2.2. Preparation of PAR

PAR was purified as described previously [9] with some modi-
fications [10,11]. Human recombinant PARP-1 (100 pg, Enzo Life
Sciences, Farmingdale, NY) was incubated in reaction buffer con-
taining 100 mM Tris-HCI (pH 8.0), 2 mM MgCl,, 1 mM dithio-
threitol, 1.25 pug/ml salmon sperm activated DNA, and 500 pM NAD™*
for 30 min at 30 °C. Reactions were terminated by adding 20% tri-
chloroacetic acid and incubating for 30 min on ice. After centrifu-
gation at 22,000 x g for 10 min, the pellets were washed three times
with diethyl ether. The pellets were hydrolyzed in a reaction buffer
containing 1 M KOH and 50 mM EDTA. Hydrolyzed PAR polymers
were incubated with buffer A, which contained 250 mM ammo-
nium acetate, 6 M guanidine, and 1 mM EDTA and was adjusted to
pH 9.0 using 6 N HCI. Samples were incubated with a 50% slurry of
dihydroxyboryl Bio-Rex (DHBB) resin (Bio-Rad, Hercules, CA) for
12 h at 25 °C. The resin was washed three times with buffer A and
once with 1T M ammonium acetate (pH 9.0). PAR was eluted using
water at 37 °C, and the eluates were applied to a Detoxi-Gel
Endotoxin Removing column (Thermo Fisher Scientific, Waltham,
MA). To confirm the removal of endotoxins, such as lipopolysac-
charides, a limulus test (Limulus HS-F Single Test Wako; Wako Pure
Chemical Industries, Osaka, Japan) was performed according to the
manufacturer's instructions [12]. Polymer size distribution was
analyzed using 20% TBE-PAGE (90 mM Tris-borate pH 8.0, 2 mM
EDTA) followed by silver staining (Thermo Fisher Scientific). The
distinct polymer size distribution of PAR is shown in Fig. 1A. The
concentration was calculated using the absorbance at 258 nm (Ey;
at 258 nm = 13,500 cm m~!) [9].

2.3. Cell cultures

Primary rat astrocytes were prepared from 19- or 20-day-old
embryos of Wistar rats (SLC, Shizuoka, Japan) as described previ-
ously [13]. The procedure was approved by the Animal Ethical
Committee of Osaka Prefecture University. Cells were cultured to a
density of 64 x 10* cells/cm? in 10-cm? dishes (Corning) using
Dulbecco's modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS; JRH Biosciences, Lenexa, KS), 100 units/ml
penicillin, and 100 pg/ml streptomycin. Cells were incubated at
37 °C in a 5% CO; humidified incubator. Cells were treated with
10 pM PAR for 48 h in FBS-free DMEM. Rat C6 astrocytoma cells
(ATCC, Manassas, VA) were cultured in DMEM supplemented with
10% FBS, 2 mM glutamine, and antibiotics—antimycotics (Invi-
trogen, Carlsbad, CA) under the same conditions as the primary
astrocytes. The C6 cells in DMEM containing 10% FBS were plated at

adensity of 3.2 x 10* cells/cm? into a 96-well plate and cultured for
24 h. Then, the cells were treated with vehicle (phosphate buffered
saline [PBS]) or 1, 3, 10, or 30 pM PAR in Opti-MEM medium
(Invitrogen) for 48 h.

2.4. ELISA for neurotrophic factors

In primary cells, four neurotrophic proteins, including nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and GDNF, were extracted from cells using a
sonicator (model Q-125, Qsonica LLC, Newton, CT) according to the
procedure described in Refs. [14,15]. The levels of extracted neu-
rotrophins were measured using the appropriate ELISA kit ac-
cording to the manufacture's protocols. In C6 cells, the level of
released GDNF in the medium was measured using the Emax®
GDNF ImmunoAssay System according to previously published
protocols [16]. In the rat striatum, the level of GDNF was quantified
using the same procedure as primary cells [12].

2.5. Quantitative real-time PCR

Quantitative real-time PCR was performed as described previ-
ously [13]. The targeted primers for GDNF and B-actin mRNA (in-
ternal control) are as followed: GDNF forward, 5-ACGAAA
CCAAGGAGGAACTGA-3', GDNF reverse, 5'-TTTGTCGTACATTGTCTC
GGC-3/, B-actin forward, 5-AACCGCGAGAAGATGACCCAGTCATGT
TT-3’, and f-actin reverse 5-AGCAGCCGTGGCCATCTCTTGCTCG
AAGTC-3'.

2.6. Animal procedures

All animal experiments were approved by the Animal Ethical
Committee of Osaka Prefecture University and were performed
according to the animal ethical guidelines of Osaka Prefecture
University. Male Wistar rats (SLC Japan, Shizuoka, Japan) weighing
200—250 g were provided standard laboratory chow and tap water
ad libitum and housed under a constant 12-h light/12-h dark cycle.
The Parkinson disease model was induced using a unilateral in-
jection of 6-OHDA into the right striatum as described previously
[17] with some modifications. Rats were fixed to a stereotaxic
apparatus (Narishige, Tokyo, Japan) and anesthetized using
1.0—1.5% isoflurane (MSD Animal Health, Tokyo, Japan) in air
delivered through a facial mask. Injection of 6-OHDA (20 pg/rat;
4 ul of 5 pg/ml in 0.9% saline containing 0.01% ascorbic acid; Sigma-
Aldrich, St. Louis, MO) or vehicle into the right striatum was per-
formed at a rate of 1 pl/min using a 28-gauge Hamilton syringe
(coordinates: 1.0 mm anterior to bregma, 3.0 mm lateral to midline,
and 5.0 mm ventral to the skull surface).

The successful formation of a lesion in the right striatum was
confirmed by recording the number of rotation behaviors evoked
when the rat was treated with methamphetamine (2 mg/kg,
intraperitoneal, Dainippon Sumitomo Pharm., Osaka, Japan) at 7
days after injection of 6-OHDA (designated as pre). The rotation test
(n = 21) was performed as described previously [18] with some
modifications. Rats were equally divided into three groups based on
a rotation criterion of 50—250 turns within 30 min of metham-
phetamine treatment. A complete turn was defined as a 360° turn
to the right. One day after the pre test, rats were anesthetized and
injected with EC-PAR (240 or 720 pmol/rat; 4 pl of 60 or 180 uM in
PBS) or vehicle in the right striatum. The amount injected was
determined based on in vitro data. The injected concentrations of
60 or 180 pM EC-PAR are estimated to be 10 or 30 puM in the
striatum assuming an average striatum volume of 30 pl (in-house
data). All injection coordinates and infusion rates were the same as
those for the injection of 6-OHDA. To evaluate the dose-dependent
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Fig. 1. The effect of extracellular PAR (EC-PAR) on neurotrophic protein levels in rat primary astrocytes. (A) Purified PAR is visualized using silver staining. This sample was used for
all EC-PAR experiments. (B) The levels of four neurotrophic proteins were measured using an ELISA. EC-PAR only increased GDNF protein levels. Data represent means + SD (N = 4,

*p < 0.01).

effects of EC-PAR on pathogenic rotation behavior induced by 6-
OHDA lesions, the rotation test was conducted 7 days after EC-
PAR injection (designated as post) using the same protocol as that
used for the pre rotation test.

2.7. Immunofluorescent staining in rat brain

To identify cells expressing GDNF in astrocytes of rat brain
striatum, frozen coronal sections (10 pm) collected from the striatal
and cortical region (+1 mm) through the bregma were incubated at
4 °C overnight with goat polyclonal anti-GDNF antibody (1:200,
R&D systems) and rabbit polyclonal anti-glial fibrillary acidic pro-
tein (GFAP, 1:500, Dako, Glostrup, Denmark), which is a marker of
astrocytes [19]. After three washes, sections were incubated with
Alexa 488-conjugated anti-rabbit IgG antibody (1:5000, Invitrogen)
and Alexa 568-conjugated anti-goat IgG antibody (1:5000, Invi-
trogen) for 1 h. Square images (5 x 5 mm) were collected using
confocal microscopy (C1si-TE2000-E; Nikon). Raw images were
initially grayed and converted to binary using the Scion image
software package (version 4.0.3., Scion cooperation, Fredrick, MD).
The numbers of binary pixels in the images were measured auto-
matically [20].

2.8. Statistical analysis

All data are represented as the mean + SD of independent ex-
periments, and N are indicated in each Figure legend. For statistical
analysis, two-group and multiple-group comparisons were
analyzed using the unpaired Student's t-test or one-way analysis of
variance (ANOVA) followed by Dunnett's multiple test, respectively.
The results obtained from the rotation test (the numbers of turns at
pre versus post for each rat) were analyzed using the paired Stu-
dent's t-test.

3. Results and discussion

To determine the effects of EC-PAR on the levels of neurotrophic
proteins, we treated rat primary astrocytes with purified PAR. EC-
PAR significantly increased the level of GDNF but not that of NGF,
BDNF, or NT-3 (Fig. 1B). Because the EC-PAR was verified to be
endotoxin free, the effect of EC-PAR on the GDNF level is based

purely on its potency.

We next examined if EC-PAR affects the synthesis and release of
GDNEF. In this test, we used rat C6 astrocytoma cells because they
have characteristically high levels of GDNF synthesis and release
[16]. EC-PAR increased GDNF release (Fig. 2A) and mRNA synthesis
(Fig. 2B) in a concentration-dependent manner without affecting
cell viability (supplementary Fig. 1). Further, treatments with ADP-
ribose, nicotinamide, or NAD™ did not upregulate GDNF levels (data
not shown). Thus, the polymerized structure of EC-PAR could is
indispensable for GDNF expression in astrocytes in vitro.

To examine the effect of EC-PAR on GDNF expression in vivo, we
locally injected purified PAR into rat brain striatum (Fig. 3A). The
striatum regions were selected because that is the most appro-
priate area to determine the in vivo effectiveness of GDNF [21].
Injection of EC-PAR into right striatum increased the levels of GDNF
in GFAP-positive cells (i.e., astrocytes) (Fig. 3B), and the relative
number of GDNF/GFAP double-positive cells increased approxi-
mately two-fold (Fig. 3C, left panel). By contrast, there were almost
no cells that were GDNF-positive and GFAP-negative (Fig. 3C, right
panel). Further, the GDNF protein levels were increased signifi-
cantly following injection of EC-PAR in the striatum (Fig. 3D). These
results clearly indicate that EC-PAR upregulated GDNF levels in
astrocytes in vivo.

Finally, we evaluated how EC-PAR-induced GDNF expression in
the striatum affects methamphetamine-evoked rotation behavior
in a unilateral 6-OHDA model of Parkinson disease in rats. The
study design is shown in Fig. 4A. Injection of EC-PAR into the
striatum attenuated abnormal rotation behaviors in a dose-
dependent manner (Fig. 4B). Additionally, treatment with EC-PAR
did not influence the body weight of the rats (supplementary
Fig. 2). These results suggest that EC-PAR improves pathological
motor function in the Parkinson disease rat model by increasing
GDNF levels in the striatum.

In this study, we found that EC-PAR has potent effects on as-
trocytes by the increasing the expression of GDNF both in vitro and
in vivo. These results indicate that in neurodegenerative disorders,
such as Parkinson disease, the PAR released into the extracellular
space after parthanatos potently upregulates GDNF expression in
activated astrocytes. Thus, EC-PAR could act as a rescue molecule
that protects the remaining neurons from undergoing parthanatos
[7]. Interestingly, several studies have found anti-PAR antibodies in
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Fig. 2. Characterization of EC-PAR-induced GDNF expression in rat C6 astrocytoma. C6 cells were incubated with 1, 3, 10, or 30 uM EC-PAR at 37 °C for 48 h. (A) The release of GDNF
into the medium was measured using an ELISA. (B) The expression of GDNF mRNA was measured using quantitative PCR (q-PCR). Data represent means + SD (N = 4, “p < 0.05,

"p < 0.01, relative to vehicle).
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Fig. 3. The effect of EC-PAR on GDNF levels in rat striatum. (A) Squares represent the brain regions analyzed in the following experiments. (B) Immunofluorescence analysis of GFAP
(green) and GDNF (red) in the striatum following an intrastriatal injection of 720 pmol/rat EC-PAR. Scale bar = 10 pm. (C) Semi-quantification of GDNF/GFAP double-positive signals
(left panel) and GDNF-positive and GFAP-negative signals (right panel) are shown for vehicle- and EC-PAR-injected striatum. (D) The effect of EC-PAR on GDNF levels in the striatum

was measured using an ELISA. Data represent means + SD (N = 4, ‘p < 0.05, “p < 0.01).

the serum of patients with Alzheimer disease [22]; autoimmune
diseases, such as systemic lupus erythematosus [23]; and systemic
autoimmune rheumatic disease [24]. These data support our hy-
pothesis that PAR is released in the extracellular space, possibly
through catastrophically damaged cells, following oxidative stress.

In the immune system, EC-PAR is a pro-inflammatory signal for
macrophages [25], and the T-cell surface molecule, mono-ADP-
ribosyltransferase 2, systematically generates EC-PAR for this

purpose [26]. To our knowledge, this is the first report of the effects
of EC-PAR in the central nervous system. Here, we showed that EC-
PAR upregulates GDNF levels in astrocytes. GDNF is one of the most
promising agents for a curative therapy for Parkinson disease [27].
The results of this study indicated that EC-PAR could potentially be
used to increase GDNF levels in patients with Parkinson disease.
Moreover, EC-PAR could play a cytoprotective role in parthanatos
through upregulation of rescue agents, such as GDNF. Further
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studies investigating the distinct pathophysiological significance of
EC-PAR in other tissues are needed to obtain a clear picture of
poly(ADP-ribosyl)ation during parthanatos.
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