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Cellular/Molecular
PolyADP-Ribosylation Is Involved in Neurotrophic Activity
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PolyADP-ribosylation is a transient posttranslational modification of proteins, mainly catalyzed by poly(ADP-ribose)polymerase-1
(PARP-1). This highly conserved nuclear protein is activated rapidly in response to DNA nick formation and promotes a fast DNA repair.
Here, we examine a possible association between polyADP-ribosylation and the activity of neurotrophins and neuroprotective peptides
taking part in life-or-death decisions in mammalian neurons. The presented results indicate an alternative mode of PARP-1 activation in
the absence of DNA damage by neurotrophin-induced signaling mechanisms. PARP-1 was activated in rat cerebral cortical neurons
briefly exposed to NGF-related nerve growth factors and to the neuroprotective peptides NAP (the peptide NAPVSIPQ, derived from the
activity-dependent neuroprotective protein ADNP) and ADNF-9 (the peptide SALLRSIPA, derived from the activity-dependent neuro-
trophic factor ADNF) In addition, polyADP-ribosylation was involved in the neurotrophic activity of NGF-induced and NAP-induced neurite
outgrowth in differentiating pheochromocytoma 12 cells as well as in the neuroprotective activity of NAP in neurons treated with the Alzheimer’s
disease neurotoxin 3-amyloid. A fast loosening of the highly condensed chromatin structure by polyADP-ribosylation of histone H1, which

renders DNA accessible to transcription and repair, may underlie the role of polyADP-ribosylation in neurotrophic activity.
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Introduction

The development, survival, and function of the mammalian ner-
vous system are widely influenced by the presence of neurotro-
phins (Chao, 1992; Thoenen, 1995; Bonhoeffer, 1996; Nakajima
and Kohasaka, 1998; Riccio et al., 1999; Finkbeiner, 2000;
Schinder and Poo, 2000; Huang and Reichardt, 2001; Segal,
2003). Nerve growth factor (NGF)-related neurotrophins acti-
vate two different receptor classes: the tropomyosin-related ki-
nase (Trk) family of receptor tyrosine kinases and the p75 recep-
tor, a member of the tumor necrosis factor receptor super-family
(Kaplan and Miller, 2000; Patapoutian and Reichardt, 2001).
Stimulation of Trk receptors by NGF-related neurotrophins pro-
motes survival, differentiation, and synaptogenesis in the ner-
vous system (Majdan, et al., 1997; Kaplan and Miller, 2000;
Huang and Reichardt, 2003), whereas neurotrophin binding to
P75 receptors mediates mainly apoptotic responses (Majdan et
al., 1997; Kaplan and Miller, 2000; Barker, 2004). Binding of
neurotrophins to Trk receptors (Schlessinger, 2000; Patapoutian
and Reichardt, 2001; Huang and Reichardt, 2003) couples their
autophosphorylation to a variety of signaling pathways (Pawson
and Nash, 2000; Patapoutian and Reichardt, 2001; Huang and
Reichardt, 2003). Known members of the NGF family of neuro-
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trophins, NGF, brain-derived neurotrophic factor (BDNF), and
neurotrophin-3 (NT-3), activate TrkA, TrkB, and mainly TrkC
receptor tyrosine kinases, respectively (Barbacid, 1995; Kaplan
and Miller, 2000; Patapoutian and Reichardt, 2001).

Alongside with neurotrophins, two recently discovered glial-
derived peptides, ADNF-9 (the peptide SALLRSIPA, derived
from the activity-dependent neurotrophic factor ADNF) and
NAP (the peptide NAPVSIPQ, derived from the activity-
dependent neuroprotective protein ADNP), express very potent
neuroprotective activities (Brenneman et al., 1998; Gozes, 2001,
Gozes et al., 2004; Hashimoto et al., 2004). These two structurally
related peptides were derived by peptide activity scanning from
two glial proteins, ADNF (Gozes and Brenneman, 1996; Brenne-
man etal., 1998) and activity-dependent neuroprotective protein
(Bassan et al., 1999). Whereas NGF, BDNF, and NT-3 act via
phosphorylation of Trk receptor tyrosine kinases, NAP and
ADNF-9 may not need surface receptors and rather act like pore-
forming peptides (Brenneman et al., 2004; Chiba et al., 2004;
Divinski et al., 2004).

The modification of nuclear proteins by polyADP-
ribosylation has been associated with life-or-death decisions as
well (Ha and Snyder, 1999; Pieper et al., 2000; Chiarugi, 2002).
PolyADP-ribosylation is catalyzed mainly by poly(ADP-
ribose)polymerase-1 (PARP-1), an abundant highly conserved
nuclear protein (Lautier et al., 1993; Amé et al., 2004). PolyADP-
ribosylation is initiated by transferring nicotinamide-adenindi-
nucleotide, di(tri-ethyl-ammonium) (NAD)-derived ADP-
riboses to gluthamic and aspartic residues and proceeds by a fast
and transient polymerization of ADP-riboses into large polymers
(Lautier et al., 1993; Lindahl et al., 1995; Amé et al., 2000). These
polymers interfere with the protein binding to DNA (Satoh et al.,
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1994; D’Amours etal., 1999; Amé et al., 2000), thereby modifying
the chromatin structure and affecting DNA transcription and
repair (Li Oei et al., 1998; D’Amours et al., 1999).

Recent data imply a possible role for PARP-1 and polyADP-
ribosylation in the nervous system. PARP-1 activation was in-
volved in gene expression underlying differentiation of neural
stem cells (Ju et al., 2004). PARP-1 was activated by electrical
stimulation of mammalian cortical neurons (Homburg et al.,
2000) and by stimulations inducing long-term facilitation in
sensory-to-motor neuron synapses of the marine snail Aplysia
(Cohen-Armon et al., 2004). Here, we examine a possible in-
volvement of polyADP-ribosylation in neurotrophic activity.

Materials and Methods

Materials. [Adenylate-**P]NAD (1000 Ci/mmol) and DNase-I (RNase
free) were purchased from Amersham Biosciences (Piscataway, NJ).
Ethane- N, N,N’,N'-tetraacetic acid tetrakis (acetoxymethyl) ester
(BAPTA/AM) and rhod-2/AM were from Molecular Probes (Eugene,
OR). Anti-human PARP-1 monoclonal antibody (MCA1522), anti-
human histone H1 monoclonal antibody (catalog #05-457), and second-
ary antibodies were from Serotec (Oxford, UK). Polyclonal antibody
directed against ADP-ribose polymers (anti-PAR) was from Alexis Bio-
chemicals (San Diego, CA). The neurotrophins NGF, BDNF, and NT-3
were from Alomone Labs (Jerusalem, Israel). Tyrphostin AG879
[a-cyano-(3,5-di-t-butyl-4-hydroxy)thiocinnamide] was synthesized by
Dr. A. Gazit in collaboration with Prof. A. Levitzky in The Hebrew Uni-
versity of Jerusalem (Jerusalem, Israel). The peptides NAP and ADNF-9 were
obtained as described previously (Brenneman et al., 1998; Bassan et al., 1999;
Leker et al., 2002). Phorbol 12-myristate, 13-acetate (PMA) was from Bi-
omol (Plymouth Meeting, PA). General inhibitors of Ca*"—calmodulin-
dependent kinases (CAMKs) and protein kinase C (PKC), respectively,
2-[N-(2-hydroxyethyl)-N-(4methoxybenzenesul-fonyl) Jamino-N-(-4-
chloro-cinnamyl)-N-methylbenzylamine (KN-93) and 3-[1(3-dimethyl-
aminopropyl)-indo-3-yl]-3-(indol-3-yl)-maleimide, HCI (Bim-I), were
from Calbiochem (Darmstadt, Germany). Dibutyryl cAMP (dbc-AMP)
and the PARP-1 inhibitor 6(5H )-phenanthridinone (Phen.) were from
Alexis Biochemicals. Antibodies directed against phosphorylated
phospholipase C vy (PLCy) were from Cell Signaling Technology
(Beverly, MA). Other materials were from Sigma (St. Louis, MO).

Primary cultures of rat brain cortical neurons were prepared from rat
brain cortex of 19- to 20-d-old embryos, as described previously (Hom-
burg et al., 2000). Glial cells proliferation was blocked 2 d after plating.
Experiments were performed a week after plating. Cells were stimulated
for at least 5 min with nerve growth factors. For serum deprivation, the
neurons were washed and incubated in serum-free Eagle’s essential me-
dium (MEM) for 24 h before testing the effect of nerve growth factors on
PARP-1 activation.

Brain cortical slices. NGF-related nerve growth factors were examined
in cortical slices as well. The effect of the neuroprotective peptides NAP
and ADNF on PARP-1 activity was examined in cortical slices (Nakajima
et al., 1998; Gozes et al., 2003). Brain cortical slices (200-300 wm) were
washed thoroughly and incubated in Krebs’—Henseleit-buffered solution
containing the following (mm): 118 NaCl, 4.7 KCl, 1.18 MgCl,, 24.9
NaHCOs, 10 glucose, 1.18 KH,PO,, pH 7.4, at 25°C, 95% O,/5% CO,, as
described in detail previously (Cohen-Armon et al., 1996).

Neuronal survival assays with B-amyloid and NAP. Mixed neuronal
and glial cultured cells derived from newborn rat cerebral cortex were
used for the neuronal survival assay. The preparation of this cell culture
was described previously (Bassan et al., 1999). Nine days after plating,
B-amyloid (amino acids 25-35; 25 um) (Gozes et al., 1996) was added to
each plate together with increasing concentrations of NAP (Bassan et al.,
1999). Neuronal survival was assayed after a 5 d incubation period. Cells
were counted after treatment with glutaraldehyde (3% in cacodylate
buffer, pH 7.2 for 2 h) (Brenneman et al., 1987; Zemlyak et al., 2000).
Nerve cells were identified by staining with antibodies directed against
neuron-specific enolase (Brenneman and Gozes, 1996).

Crude nuclei. Nuclei with perinuclear membranes were isolated from
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brain cortical slices or from cultured cortical cells, as described in detail
previously (Homburg et al., 2000).

Activation of PARP-1 assayed by measuring its auto-polyADP-
ribosylation and polyADP-ribosylation of nuclear proteins. Activated
PARP-1 is automodified by polyADP-ribosylation (Lautier et al., 1993;
D’Amours et al., 1999; Amé et al., 2000). PARP-1, like other DNA bind-
ing proteins, is a basic protein (Gorg, 1999). Negatively charged ADP-
ribosyl moieties added to PARP-1 by polyADP-ribosylation shift its basic
isoelectric point (pI) toward more acidic pH values (Lautier et al., 1993;
Amé et al., 2000). The shift in the pI of PARP-1 was related to polyADP-
ribosylation only when it was prevented by applying PARP inhibitors,
3-aminobenzamide (3-AB; 0.5-1 mm) (Rankin et al., 1989) and Phen.
(25 M) (Richardson et al., 1999). Shifts in pI were measured by two-
dimensional gel electrophoresis. For the first dimension, we used Immo-
biline DryStrip kit (Amersham Biosciences, Uppsala, Sweden) (Gorg,
1999) and polyacrylamide slab gels in the second dimension. PolyADP-
ribosylated proteins were detected by immunolabeling with antibody
directed against ADP-ribose polymers (Shah et al., 1995). The relative
amount of polyADP-ribosylated PARP-1 in each sample was estimated
by densitometry (Cohen-Armon et al., 2004).

Simultaneous recording of rhod-2 fluorescence. This technique enabled
tracing stimulation-induced Ca** mobilization in living cells. Cultured
cortical neurons on polylysine-coated coverslips were loaded with the
fluorescent Ca>* indicator/chelator rhod-2/AM (10 um, 30 min, 25°C,
in the dark) and washed. Neurons were treated under a confocal micro-
scope with agents inducing intracellular Ca®" mobilization. The fluores-
cent signal of Ca?"-bound rhod-2 (excitation, 540 nm; emission, >570
nm) was collected through appropriate filters above 520 nm and
monitored.

Single-strand DNA breaks examined by alkaline gel electrophoresis. This
method provides sensitive, rapid, and direct quantitation of nicks in
DNA single strands (Sutherland et al., 1999). DNA was isolated from the
nuclei of cortical neurons or cortical slices using the Hirt procedure
(Hirt, 1967). The migration rate of equivalent amounts of single-
stranded DNA was measured by electrophoresis on 1% alkaline agarose
gel (Sutherland et al., 1999). The DNA single strands, stained with
ethidium bromide (1 pg/ml), are visualized under UV illumination.

Neurite outgrowth in rat pheochromocytoma 12 cells. Cells were grown
in DMEM supplemented with 8% fetal calf serum, 8% horse donor se-
rum, 2 mum glutamine, and 1% penicillin streptomycin solution for 48 h
(Steingart et al., 2000; Das et al., 2004). When neurotrophic activity was
tested, NGF (50 ng/ml) or NAP (10 ~'? M) was added after seeding. A
possible involvement of polyADP-ribosylation in neurite outgrowth was
tested after adding PARP-1 inhibitors, 3-AB (0.5-1 mm) or Phen. (20-25
uMm). PARP-1 inhibitors were added 30 min before adding NGF or NAP.

Results

Changes in the activity of PARP-1 were measured in neurons
treated by nerve growth factors. Rat cortical neurons and cortical
slices were exposed to NGF-related nerve growth factors, NGF,
BDNF, and NT-3. A marked increase in polyADP-ribosylated
proteins was detected by confocal microscopy in cortical neurons
in culture by immunolabeling with antibody directed against
ADP-ribose polymers (see Materials and Methods) (Fig. 1a). Ac-
tivation of PARP-1 in neurons treated by nerve growth factors
was also assessed by its auto-polyADP-ribosylation (Lautier et al.,
1993; Lindahl et al., 1995). We assayed the activity of PARP-1 by
the shift in its pI, caused by the addition of negatively charged
ADP-ribose moieties (see Materials and Methods) (Cohen-
Armon et al., 2004). The shift in pI was prevented when the
activity of PARP-1 was specifically suppressed (Fig. 1b,c). It was
therefore attributed to auto-polyADP-ribosylation rather than to
other possible modifications of the protein (see Materials and
Methods) (Cohen-Armon et al., 2004). Results indicated activa-
tion of PARP-1 in cerebral cortical neurons and in cortical slices
briefly exposed to NGF, BDNF, or NT-3 (Fig. 1b,c) and in cortical
slices incubated with the neuroprotective peptides ADNF-9 and
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NAP (see Materials and Methods) (Fig.
lc). The percentage of polyADP-
ribosylated PARP-1 in the samples was es-
timated by using densitometric scanning
(Cohen-Armon et al., 2004). In NGF-
treated neurons, the pl of PARP-1 was
shifted in 37.7 * 2.5% of the total amount
of PARP-1 in the loaded samples. Treat-
ment with BDNF, NT-3, NAP, and
ADNF-9 also induced a shift in the pI of
PARP-1; the pl of 35.8 == 3.7,32.4 = 4.2,
33 £ 4.2, and 26 £ 2.1% of the total
amount of PARP-1 in the loaded samples
was shifted, respectively. In untreated neu-
rons, the pI of only 7.= 0.5% of the total
amount of PARP-1 in the loaded samples
was shifted (Fig. 1b,c).

PARP-1 activation in cortical neurons
treated with NGF was suppressed by the
tyrphostin  AG879 (see Materials and
Methods) (Fig. 1b). Tyrphostins, a family
of tyrosine kinase blockers, selectively and
competitively inhibit the autophosphory-
lation of receptor tyrosine kinases (Lyall et
al., 1989; Ohmichi et al., 1992). Tyrphostin
AG879 specifically inhibits NGF-induced
autophosphorylation of TrkA receptors
(Ohmichi et al., 1993). We examined sig-
nal transduction cascades that are trig-
gered by Trk phosphorylation for their ef-
fect on PARP-1 activation.

Nerve growth factors inducing phos-
phorylation of receptor tyrosine kinases
also induce phosphorylation of PLCvy-1
(Ohmichi et al., 1992, 1993). A possible
pattern of PARP-1 activation by neurotro-
phins via activation of PLC and phospha-
tidylinositol 4,5-bisphosphate (PIP,) hy-
drolysis, forming diacylglycerol (DAG)
and inositol 1,4,5 trisphosphate (IP;)
(Huang and Reichardt, 2003), was there-
fore tested. Our previous results indicated
a dose-dependent activation of PARP-1 by
IP, and Ca*" applied to isolated nuclei
(Homburg et al., 2000), suggesting the in-
volvement of intracellular IP;-induced
Ca** mobilization in the activation of
PARP-1. Here, polyADP-ribosylation in
neurons treated by nerve growth factors
and by the neuroprotective peptides NAP
and ADNF-9 was suppressed completely
by the permeable Ca?* chelator
BAPTA/AM (Fig. 1b,c). Blocking Ca**
channels and NMDA-dependent Ca*" in-
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Figure1.  Activated PARP-1and polyADP-ribosylated nuclear proteins in rat brain cortical neurons treated with nerve growth
factors and neuroprotective peptides. a, PolyADP-ribosylated proteins in the nuclei of prefixed cultured embryonic rat cortical
neurons immunolabeled in situ with anti-PAR. Before fixation, cells were exposed for 5 min to 100 ng/ml of the indicated nerve
growth factors or to the neuropeptide NAP (10 ~ '2m). PolyADP-ribosylated proteins in cells treated with H,0, (1 mu, 5 min, 25°C),
which causes nicks in DNA, were used as a positive control. Confocal images in randomly chosen fields show neuronal nuclei
labeled with fluorescein-conjugated secondary antibody in the treated neurons (top). The cells were also visualized by phase
contrast in transmitted light (bottom). Various cell types were immunolabeled by the different treatments (n = 3). b, PolyADP-
ribosylation of active PARP-1in nucleiisolated from brain cortical neurons treated as indicated. PolyADP-ribosylation of PARP-11is
shown by the shift in its pl toward lower pH values using two-dimensional gel electrophoresis. Brain cortical neurons were
incubated for 5 min with 100 ng/ml NGF in a serum-depleted MEM (see Materials and Methods) (n = 5). Some of the samples
were pretreated with tyrphostin Ag879 (100 wm, 10 min, 25°C; n = 3) or with the permeable Ca* chelator BAPTA/AM (10
30 min, inthe dark; n = 3). The shift in pl was prevented by two inhibitors of PARP-1, 3-AB (0.5 mu; added 15 min before adding
NGF) or Phen. (25 pum; added 30 min before adding NGF). Nuclear proteins were extracted by high salt (0.5 m NaCl, 30 min, 4°C),
separated by two-dimensional gel electrophoresis, electrotransfered (Western blot), and immunolabeled for PARP-1 by anti-
human PARP-1 antibody (MCA1522). ¢, Cortical neurons in culture were incubated for 5 min with 100 ng/ml BDNF or 100 ng/ml
NT-3 in serum-depleted MEM (see Materials and Methods) (n = 3 for each sample). Brain cortical slices were incubated (5 min,
25°C, Krebs'~Henseleit 95% 0,/5% C0,; n = 3) with NAP (10 " m) or ANDF-9 (1 nm). The shift in pl toward acidic pH was
prevented by inhibiting the activity of PARP-1 with 3-AB (0.5 mu) or after application of the Ca ™ chelator BAPTA/AM (10 v, 30
min 25°C, in the dark). Nuclear proteins were extracted from the treated cortical neurons or slices as described in b.

Because PARP-1 was activated by extranuclear IP; (Homburg

flux (Homburg et al., 2000) did not prevent the activation of
PARP-1 in the treated neurons (data not shown). Intracellular
Ca** mobilization in the treated cortical neurons was further
assessed by confocal microscopy (Fig. 2). In these experiments,
neurons were exposed to neurotrophic agents, and Ca®" mobi-
lization was traced by the fluorescent emission of Ca** bound to
the fluorescent permeable Ca®" chelator rhod-2/AM (see Mate-
rials and Methods). Results indicated Ca*" release into the cyto-
plasm and nucleoplasm in the treated neurons (Fig. 2).

et al,, 2000), PLCy-1 was phosphorylated in the treated neurons
(Fig. 3a), and intracellular Ca** mobilization occurred (Fig. 2),
we examined a possible involvement of Ca’*- and DAG-
dependent activation of PKC (Poole et al., 2004) in PARP-1
activation by neurotrophins. Results show that PKC inhibitors
suppressed PARP-1 activation in cortical slices treated by NGF-
related growth factors (Fig. 3b). Bim-I, a general inhibitor of
PKC (Toullec et al., 1991), and G66976 [12-(2-cyanoethyl)-
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6,7,12,13-tetrahydro-13-methyl-S-oxo-5H-indolo(2,3a)pyrrolo
(3,4-c)-carbazole], which mainly suppresses the activity of Ca** -
dependent PKC isozymes (Martiny-Baron et al., 1993), also sup-
pressed PARP-1 activation in neurons treated by NGF-related
nerve growth factors and NAP (Fig. 3b). In support, PARP-1 was
activated when PKC activity was enhanced by a short treatment
with phorbol esther (PMA) (Gerwien et al., 1998; Schlessinger,
2000) (Fig. 3b).

PARP-1 activation in NGF-treated cortical slices was not pre-
vented by N-[2-(Bromocinnamylamino)ethyl]-5-isoquinoline-
sulfonamide (H-89), which acts as a PKA inhibitor (Kavalali et
al., 1997; Wong et al., 2004) (Fig. 3b). However, PARP-1 was
activated by the permeable cAMP dbc-AMP (Fig. 3b), and this
effect was suppressed by H-89 (Fig. 3b). cAMP promotes Ca*™
release from internal stores including IP;-gated Ca*™ stores as a
result of PKA activation (Cameron et al., 1995; Haug et al., 1999;
DeSouza et al., 2002). Because PARP-1 was activated by extranu-
clear IP; and Ca?* (Homburg et al., 2000), cAMP-induced
PARP-1 activation could be attributed to PKA-induced Ca**
leakage from IP;-gated Ca>" stores. However, other mechanisms
may operate as well.

A possible involvement of CAMKs in the activation of
PARP-1 was tested by suppressing the activity of CAMK with
KN-93, a general inhibitor of CAMKs (Corcoran and Means,
2000) (Fig. 3b). NGF-induced PARP-1 activation and NAP-
induced PARP-1 activation were suppressed in the presence of
KN-93 (Fig. 3b). Because recent findings challenge the exclusive
effect of KN-93 on CAMK activity (Smyth et al., 2002), the effect
of KN-93 on neurotrophin-induced PARP-1 activation could in-
volve other mechanisms as well. However, it should be noted that
Ju et al. (2004) have recently reported evidence for PARP-1 acti-
vation by stimulation of CAMK-II8 in differentiating neural stem
cells.

None of the nerve growth factors and neuroprotective pep-
tides produced nicks in single-stranded DNA prepared from the
treated neurons (see Materials and Methods) (Fig. 4). Thus, a
possible activation of PARP-1 by DNA damage (de Murcia et al.,
1994; Lindahl et al., 1995) as a result of treatment with neurotro-
phins may be excluded.

In view of PARP-1 activation in neurons treated by nerve
growth factors and neuroprotective peptides (Figs. 1, 3), we ex-
amined the possibility that polyADP-ribosylation is involved in
their neurotrophic activity. It has been reported previously that
NGF-treated pheochromocytoma 12 (PC12) cells cease prolifer-

sF NAP NT-3

Intracellular Ca>* mobilization in neurons treated by nerve growth factors and NAP. Ca®* mobilization into the
cytoplasm and nucleoplasm of treated cortical neurons monitored by the fluorescence of Ca 2 -bound rhod-2/AM (top). Cortical
neurons were incubated (5 min, 25°C, in serum-depleted MEM) with NGF (100 ng/ml), NAP (10 " ), NT-3 (100 ng/ml), and BDNF
(100 ng/ml) under a confocal microscope. Bottom, The same neurons visualized by phase contrast in transmitted light (n = 3).
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ation, extend neurites, and become electri-
cally excitable (Tischler et al., 1983; Das et
al., 2004). To examine whether polyADP-
ribosylation is necessary for NGF-induced
neurite outgrowth in PC12 cells (see Materi-
als and Methods), we examined morpholog-
ical changes as well as levels of microtubule-
associated protein 2 (MAP2), which is
expressed during differentiation (Sanchez et
al., 2000). After 48 h of incubation with NGF
(50 ng/ml) or NAP (10~'* m), we found
neurite outgrowth and MAP2 expression in
the PC12 cells (Fig. 5a). In randomly chosen
fields, neurite outgrowth was observed in 55
of 103 NGF-treated cells. When the cells
were treated by NAP, neurite outgrowth was
observed in 57 of 134 counted cells. In un-
treated cells, neurite outgrowth was ob-
served in 16 of 124 counted cells. PARP-1
was activated in the NGF-treated cells aslong as they were exposed to
the nerve growth factor (Fig. 5b). When the activity of PARP-1 was
suppressed immediately after platting by application of 6(5H)-
phenanthridinone or 3-AB, neurite outgrowth was dramatically re-
duced. Neurite outgrowth was observed in only four neurite-bearing
cells of 118 cells treated by NGF and only two neurite-bearing cells,
of 104 cells treated with NAP. These results suggest a possible role of
poly-ADP-ribosylation in neurotrophin-induced differentiation of
PC12 cells.

PolyADP-ribosylation was also involved in neuroprotection
by NAP. NAP exhibits a potent neuroprotective effect (Gozes et
al., 2003). Here, the protective activity of NAP was tested in cul-
tured cortical neurons treated with the Alzheimer’s disease neu-
rotoxin B-amyloid peptide (Bassan et al., 1999) (see Materials
and Methods). Results showed that the treatment with
B-amyloid reduced by 48 = 3% (n = 3) the number of cultured
cortical neurons. In accordance with previous findings, NAP at a
very low concentration (10 ~'¢-10 ~'> M) protected some of the
nerve cells from death (Bassan et al., 1999). However, suppress-
ing the activity of PARP-1 completely prevented the protective
effect of NAP; 68 = 7% (n = 3; p < 0.05) of the B-amyloid treated
neurons survived in the presence of 10 ~'® M NAP, whereas only
47 * 4% (n = 3) of the neurons survived when polyADP-
ribosylation was suppressed by 0.5 mMm 3-AB during the treat-
ment. PARP-1 inhibition by itself had no significant effect on cell
survival in the B-amyloid-treated neurons under these condi-
tions. Thus, according to these results, polyADP-ribosylation was
involved in neuroprotection by NAP in the B-amyloid-treated
neurons.

Linker histone H1 was polyADP-ribosylated along with
PARP-1 in neurons treated by NGF-related nerve growth factors
or by NAP (Fig. 6). PolyADP-ribosylation of histone H1, one of
the prominent substrates of PARP-1 (Buki et al., 1995; Rouleau et
al., 2004), causes a transient shuttling of H1 in and out of its
binding site on the nucleosome (Kraus and Lis, 2003; Rouleau et
al., 2004; Kim et al., 2004). Therefore, polyADP-ribosylation of
H1 destabilizes the nucleosomal structure (Boulikas, 1990; Bou-
likas, 1993; Kim et al., 2004), resulting in a transient loosening of
the highly condensed structure of chromatin (D’Amours et al.,
1999; Rouleau et al., 2004). This renders DNA accessible to repair
and transcription factors (Kraus and Lis, 2003), thereby enabling
a fast gene expression and DNA repair. Neurotrophin-induced
PARP-1 activation (Figs. 1, 3) could therefore promote neurotro-
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Figure 4.  Single stranded DNA examined for nick formation in neurons treated by nerve
growth factors and NAP. Alkaline gel electrophoresis of DNA was used to examine nicks in
single-stranded DNA. DNA was extracted from nuclei of rat brain cortical neurons, untreated
(lane 1), orincubated (5 min, 25°C) with 100 ng/ml NGF, BDNF, or NT-3 and with 10 ~ 2 NAP,
asindicated. As a positive control for nicked DNA, DNA was treated with DNase |. Isolated nuclei
of cortical neurons were incubated for 5 min at 37°C with DNase | (10 U; RNase free; D7291;
Sigma). Single-stranded DNA in the samples was stained with ethidium bromide (1 ..g/ml) and
photographed under UV illumination. MW, Molecular weight.

phic effects as a result of polyADP-ribosylation of histone H1
(Fig. 6) and chromatin relaxation.

Discussion

Our findings outline a mechanism for PARP-1 activation by
nerve growth factors and by the neuroprotective peptides NAP
and ADNF-9 (Figs. 1, 3 and supplemental material, available at
www.jneurosci.org). Although PARP-1 activation by damaged
DNA has been well documented (D’Amours et al., 1999), these
findings present an alternative mode of PARP-1 activation, which
is not mediated by a measurable damage in DNA (Fig. 4). This
suggested mechanism complies with recent data by Kim et al.
(2004), presenting evidence for PARP-1 activation when it is
bound to intact polynucleosomes.

The findings, along with previous results indicating IP;-
induced PARP-1 activation in isolated nuclei (Homburg et al.,
2000), outline an alternative mode of PARP-1 activation down-
stream to signal transduction cascades initiated by stimulation of
Trk receptor tyrosine kinases, activation of PLC+y, PIP, hydrolysis
forming DAG (diacylglycerol) and IP; (Berridge and Irvine,
1989), IP,-induced Ca** mobilization (Mikoshiba, 1997), and

<«

Figure3. Mediators affecting neurotrophin induced PARP-1 activation. a, Phosphorylation
of PLCy-1iin rat brain cortical neurons in response to stimulation by NGF-related nerve growth
factors. Immunolabeling of PLCy-1and phosphorylated PLCy-1 (phos. PLCy-1; on Tyr783; see
Materials and Methods) are presented. b, Changes in polyADP-ribosylation of PARP-1 assayed
by the shift in its isoelectric point. PARP-1 was activated in brain cortical slices after a 5 min
incubation (at room temperature, 5% 0,, 95% C0,) with NGF (100 ng/ml) or NAP (10 ~ ™ u), by
cAMP (150 v dbc-AMP), and by PKC activation after a 30 min incubation of cortical slices with
PMA (200 nm). NGF-induced PARP-1 activation was suppressed by blockers of PKC[1 pum Bim-|
(Bim) or 0.5 um G66976 (G6)] and by a blocker of CAMK (10 wum KN-93) added 40 min before
stimulation with NGF or NAP. cAMP-induced PARP-1 activation was suppressed by the PKA
inhibitor H-89 (20 wum; applied for 40 min before stimulation). Nuclei wereisolated from cortical
slices treated by the indicated compounds. Nuclear proteins were extracted and analyzed by
two-dimensional gel electrophoresis. Inmunolabeled PARP-1 (MCA1522) in the nuclear pro-
tein extracts is displayed for each treatment (n = 3 for each treatment).
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ulating the activity of PKC and CAMK af-
fected neurotrophin-induced PARP-1 ac-
tivation (Fig. 3b), thereby suggesting a
possible involvement of these Ca’*-
dependent kinases in neurotrophin-
induced PARP-1 activation (supplemental
material, available at www.jneurosci.org).

PARP-1 activation by neurotrophins
may be necessary for their activity.
PolyADP-ribosylation was involved in
neuroprotection by NAP as well as in
NGF-induced and NAP-induced differen-
tiation of PC12 cells. Cole and Perez-Polo
(2004) recently showed that PARP-1 in-
hibitors delay cell death of differentiated
PC12 cells under oxidative stress. Interest-
ingly, here, in the absence of stress condi-
tions, inhibition of PARP-1 prevented
neurite outgrowth in PC12 cells treated by
NGF or NAP (Fig. 5a).

The involvement of polyADP-ribosy-
lation in the neurotrophic effects may be at-
tributed to polyADP-ribosylation of linker
histone H1 (Fig. 6). The role of polyADP-
ribosylation induced chromatin relaxation
in DNA transcription has been demon-
strated recently in the giant chromosomes of
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Figure 5.

labeled with fluorescein-conjugated secondary antibody (n = 3).

activation of Ca®" dependent kinases (Schlessinger, 2000) (see
supplemental material, available at www.jneurosci.org).

PARP-1 auto-polyADP-ribosylation in neurons stimulated by
NGF-related nerve growth factors was suppressed by capturing
free intracellular Ca** (Fig. 1b,c) and by inhibiting the activity of
Ca’*-dependent kinases (Fig. 3b). Activation of PARP-1 by
NGF-related nerve growth factors is therefore consistent with our
previous findings indicating a dose-dependent PARP-1 activa-
tion by IP; and Ca** applied to isolated nuclei of cortical neurons
(Homburg et al., 2000). This may involve IP;-induced Ca** mo-
bilization from perinuclear stores into the nucleoplasm (Malviya
and Rogue, 1998). Ca?"-induced PARP-1 activation has been
observed recently in a cell-free system (Kun et al., 2004). Other
members of the PARP family (Amé et al., 2004) might be simi-
larly activated by Ca®" and therefore may take part in Ca*"-
dependent PARP-1 activation and in polyADP-ribosylation of
nuclear proteins.

Ca’" release from internal stores could also activate PARP-1
as a result of activation of Ca**-dependent kinases. Agents mod-

PolyADP-ribosylation is involved in neurite outgrowth in rat PC12 cells. a, Neurite outgrowth in PC12 cells after 48 h
of incubation with NGF (50 ng/ml) or NAP (10 "% m) in the presence or absence of PARP-1 inhibitor (3-AB; 1 mw). Top, Confocal
microscope images are presented, indicating morphological changes and fluorescent immunolabeling of MAP2 in the fixed cells.
Bottom, Cells were also visualized by phase contrast in transmitted light (n = 3). Neurite outgrowth induced by NGF (50 ng/ml)
or by NAP (10 ~ "2 u) was prevented by the PARP-1 inhibitors 3-AB (0.5 mm) or Phen. (25 um). b, PARP-1 was activated in PC12
cells exposed for 5 min, 1h, or 24 h to NGF. PolyADP-ribosylated proteins were immunolabeled by anti-PAR. PolyADP-ribosylation
was suppressed in the presence of Phen. (25 um). Confocal images indicate polyADP-ribosylated proteins in the neuronal nuclei

Drosophila larva salivary glands (Tulin and
Spradling, 2003). PolyADP-ribosylation of
linker histone H1 may underlie this effect
(Kraus and Lis, 2003; Rouleau et al., 2004).
PolyADP-ribosylation of histone H1 by acti-
vated PARP-1 has been demonstrated in a
variety of cell types and in cell-free system
(Buki et al., 1995; D’Amours et al.,1999;
Rouleau et al., 2004). Although recent data
demonstrated different binding sites of
PARP-1 and histone H1 on the giant chro-
mosome of Drosophila (Kim et al., 2004), an
interaction between these two proteins may
still be possible because of the dynamic
structure of chromatin (Jenuwein and Allis,
2001; Harrer et al., 2004).

Neurotrophin-induced polyADP-
ribosylation of H1, rapidly rendering the DNA accessible to tran-
scription factors and repair enzymes needed for differentiation
and cell survival (Kraus and Lis, 2003; Tulin and Spradling, 2003;
Rouleau et al., 2004), may take part in neurite outgrowth in PC12
cells treated by NGF or NAP (Fig. 5) as well as in neuroprotection
by NGF-related nerve growth factors and NAP (Nakajima and
Kohasaka, 1998; Riccio et al., 1999; Sofroniew et al., 2001; Pinha-
sov et al., 2003; Gozes et al., 2004).

Neurotrophin-induced PARP-1 activation may also polyADP-
ribosylate other DNA-binding proteins affecting chromatin
structure and DNA transcription. This may involve polyADP-
ribosylation of high-mobility group proteins (Tanuma et al.,
1986), core histones, histone acetyl transferases, and deacetylases
(D’Amours et al., 1999; Kraus and Lis, 2003; Rouleau et al., 2004).

Recently, we associated long-term facilitation in sensory-to-
motor synapses of the marine mollusk Aplysia with PARP-1 ac-
tivation in sensory ganglia of trained Aplysia (Cohen-Armon et
al., 2004). Moreover, polyADP-ribosylation was essential during
training for the formation of long-term memory in the animal
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Figure 6.  PolyADP-ribosylation of linker histone H1 in neurons treated by nerve growth
factors and NAP. PolyADP-ribosylation of histone H1 in nuclei isolated from cortical neurons
treated by neurotrophins, as indicated. PolyADP-ribosylation was assayed by the shift in the pl
of H1 toward acidic pH values. The shift in pl was prevented by the PARP-1 inhibitors 3-AB (0.5
mu) and Phen. (25 wm). Brain cortical neurons were incubated for 5 min with 100 ng/ml NGF,
BDNF,NT-3,0r 10 ~"2mNAP (n = 3 for each treatment). Histone H1 was labeled by monoclonal
anti-human H1 antibody (Upstate Biotechnology, Lake Placid, NY) on Western blots of nuclear
proteins separated by two-dimensional gel electrophoresis (see Materials and Methods).

(Cohen-Armon et al., 2004). This may be attributed to a fast and
transient chromatin relaxation (Cohen-Armon et al., 2004), en-
abling a fast gene expression, needed for long-term memory for-
mation (Kandel, 2001). A possible PARP-1 activation by secre-
tion of nerve growth factors during neuronal activity (Chao,
1992; Klintsova and Greenough, 1999; Blondel et al., 2000;
Huang and Reichardt, 2001; Keyvani and Schallert, 2002) may

Visochek et al. @ PARP-1 Activation by Neurotrophins

take part similarly in long-term memory formation promoted by
NGF and BDNF (Schinder and Poo, 2000; Mizuno et al., 2003;
Koponen et al., 2004).
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