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Abstract. Focal cerebral ischemia activates the nuclear protein
poly(ADP-ribose) polymerase (PARP) by single DNA strand
breaks which leads to energy depletion and cell necrosis.
Deletion or inhibition of PARP protects against ischemic brain
injury. Here we examined the neuroprotective effect of PJ34,
a novel potent inhibitor of PARP in vitro and in vivo. Serum-
free primary neuronal cultures derived from rat cortex (E15-17)
and kept in culture for 10 days were exposed to oxygen glucose
deprivation (OGD) in vitro. Neuronal injury was quantified
by LDH release after 24 h. Pretreatment with 30-1000 nM
PJ34 significantly protected from OGD-induced cell injury in
a dose-dependent manner. For in vivo experiments SV/129
mice were treated with PJ34 (50 ug) by intraperitoneal
injection 2 h before 1 h middle cerebral artery occlusion
(MCAOo) and again 6 h later. Twenty-three h after reperfusion
ischemic injury was significantly decreased compared to
vehicle-treated controls (infarct volume reduction of 40%,
p<0.05). Similarly, in a rat model of MCAo (2 h occlusion
followed by up to 22 h reperfusion), PJ34 administration
(10 mg/kg i.v.) significantly reduced infarct size, and the
effect of the drug was maintained even if it was given as late
as 10 min prior to reperfusion time. PJ34 significantly
protected in a 4 h, but not in a 24 h permanent occlusion
model. In conclusion, PI34, a novel, potent inhibitor of
PARP exerts massive neuroprotective agents, with a
significant therapeutic window of opportunity. The present
work strengthens the concept that pharmacological PARP
inhibition may be a suitable approach for the treatment of
acute stroke in man.
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Introduction

Recent evidence has implicated the activation of poly(ADP-
ribose) polymerase (PARP) in the development of brain injury
following brain ischemia (1-6). PARP (EC 2.4.2.30), an
enzyme believed to be involved in DNA repair and cell
proliferation, is specifically activated by single-stranded DNA
breaks and, upon activation, catalyzes the covalent attachment
of ADP-ribose subunits from its substrate, nicotinamide
adenine dinucleotide (NAD") onto various nuclear proteins (7).

Following cerebral ischemia and reperfusion, DNA damage
is initiated by peroxynitrite and hydroxyl radicals. DNA single
strand breakage, in turn, activates PARP as evidenced by
poly(ADP-ribose)-polymer formation (3,4). Rapid activation
of PARP depletes the intracellular concentration of its
substrate, NAD*, slowing the rate of glycolysis, electron
transport and ATP formation (7-10). This process, also termed
‘PARP-suicide hypothesis’, may eventually lead to cell death
by energy depletion and has been demonstrated in neurons,
and other cells types during cerebral ischemia in vivo (1-7).

Although studies using PARP knockout animals established
PARP as a novel target for neuroprotective strategies for the
treatment of stroke, so far data with specific, potent, water-
soluble PARP inhibitors in stroke are sparse. We have recently
synthesized a novel, potent inhibitor of PARP, termed PJ34,
based on a modified phenanthridinone structure (11). PJ34 is
approximately 10,000 times more potent than the prototypical
PARP inhibitor 3-aminobenzamide. PJ34 was previously
evaluated in a cell-free PARP assay, utilizing NAD* and
purified PARP enzyme. PJ34 dose-dependently inhibited
PARP activity, with an EC;, of 20 nM. ECs, of the prototypical
PARP inhibitor 3-aminobenzamide was 200 uM (11). In order
to evaluate the efficacy of PJ34 as a protector of cells against
oxidant-induced necrosis, peroxynitrite-treated murine
thymocytes were used. PI34 inhibited peroxynitrite-induced
cell necrosis, with respective ECs, value of 20 nM (11).

In the present study, we investigated whether PJ34 would
be effective in reducing neuronal damage following oxygen
and glucose deprivation in vitro and ameliorating stroke
damage following occlusion of the middle cerebral artery and
reperfusion in mice and rats in vivo.
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Materials and methods

Oxygen-glucose deprivation (OGD) studies in primary
neuronal cell cultures. Primary neuronal cultures of cerebral
cortex were obtained from embryos (E17) of Wistar rats
(Bundesinstitut fiir gesundheitlichen Verbraucherschutz und
Veterindrmedizin, Berlin, Germany). Cultures were prepared
as described previously (12,13). Briefly, whole cerebral cortices
were dissected, incubated for 15 min in trypsin/EDTA (0.05/
0.02% w/v in PBS) at 36.5°C, rinsed twice with PBS and once
with dissociation medium (modified Eagle's medium with
10% fetal calf serum, 10 mM HEPES, 44 mM glucose, 100 U
penicillin + streptomycin/ml, 2 mM L-glutamine, 100 IE
insulin/l), dissociated by Pasteur pipette in dissociation
medium, pelleted by centrifugation (at 210 x g for 2 min at
21°C), re-dissociated in starter medium (neurobasal medium
with supplement B27, 100 U penicillin + streptomycin/ml,
0.5 mM L-glutamine, 25 uM glutamate), and plated in 24-
well plates in a density of 200,000 cells per cm?. Wells were
pretreated by incubation with poly-L-lysine (0.5% w/v in
PBS) for 1 h at room temperature, then rinsed with PBS,
followed by incubation with coating medium (dissociation
medium with 3% w/v collagen G) for 1 h at 37°C, then rinsed
twice with PBS, before seeding cells in starter medium.
Cultures were kept at 36.5°C and 5% CO,, were fed beginning
from fourth days in vitro with cultivating medium (starter
medium without glutamate) by replacing half of the medium
twice a week.

The serum-free primary neuronal cultures were treated
after 10 to 14 DIV. The condition of cells at various time points
after treatment was determined morphologically by phase
contrast microscopy. For OGD medium was removed from
the cultures and preserved. Cultures were rinsed twice with
PBS, then subjected to OGD for 120 min in a balanced salt
solution at pO, <2 mm Hg, followed by replacement of the
preserved medium as described previously (12,14). For control
conditions, cells were subjected in a balanced salt solution
with 20 mM D-glucose for 120 min in normoxic atmosphere
with 5% CO,. 100X stock solutions were prepared in H,O to
reach final concentrations of 0.03, 0.1, 0.3 and 1.0 uM PJ34
in the cultures. P34 was applied to cortical cell cultures 1 h
before and during OGD. The vehicle-treated cultures received
the equal amount of H,O. Neuronal injury was quantitatively
assessed by the measurement of LDH at various time points
in the medium (15). Representative photographs were taken
with phase contrast microscopy after 24 h.

Stroke studies in the mouse. Animal experiments were
conducted in strict accordance with national and institutional
guidelines. 129/SV wild-type mice (18-22 g) were treated with
50 ug PJ34 dissolved in 0.5 ml phosphate buffered saline.
The drug was administered intraperitoneally 2 h before onset
of ischemia and again 6 h later. Animals were anesthetized
for induction with 1.5% halothane and maintained in 1.0%
halothane in 70% N,0 and 30% O, using a vaporizer. Ischemia
experiments were essentially performed as described (2-4,16).
In brief, brain ischemia was induced with an 8.0 nylon mono-
filament coated with a silicone resin/hardener mixture. The
filament was introduced into the left internal carotid artery up
to the anterior cerebral artery. Thereby, the middle cerebral
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artery and anterior choroidal arteries were occluded. Filaments
were withdrawn after 1 h of ischemia to allow reperfusion.
Regional cerebral blood flow. (rCBF) measured using laser-
Doppler-flowmetry (Perimed, Jarfilla, Sweden) fell to less
than 20% during ischemia and returned to approximately
100% within 5 min after reperfusion in either group (p>0.05).
Core temperature during the experiment was maintained at
36.5+0.5°C with a feedback temperature control unit.

For infarct measurements after 23 h of reperfusion, animals
were deeply anesthetized by halothane anaesthesia (4%) and
decapitated. The brains were divided into five coronal 2-mm
sections using a mouse brain matrix (RBM-2000C, Activational
Systems, MI, USA) and stained with 2,3,5-triphenyltetrazolium
chloride (TTC, Sigma, Deisenhofen, Germany). Infarct
volumes were quantified with an image analysis system
(SigmaScan Pro 4.0, Jandel Scientific, San Rafael, CA, USA)
and calculated by summing the volumes of each section
directly or indirectly as described (2-4,16). Differences between
‘direct’ and ‘indirect’ volumes are likely to be accounted for
by brain swelling.

Stroke studies in the rat. Adult male Sprague-Dawley rats
(275-320 g) were anesthetized with pentobarbital (65 mg/kg
i.p.) and a supplement dose added prior to reperfusion
(22 mg/kg). The core body temperature was monitored and
maintained at 37°C with a rectal thermometer and servo-
controlled heating pad till the animal fully recovered. Blood
gase analysis was carried out from left femoral blood at the
beginning and the end of experiment PCO, maintained at
45 mmHg (Ciba-Corning 856 series).

The middle cerebral artery occluded by the method of
Longa et al with some minor changes (17,18). Under operating
microscope; (Cobra model, Vision Engineering Inc), the left
common carotid artery (CCA) was exposed through mid line
incision. The branches of the external carotid artery (ECA),
including the occipital, terminal lingual, and the maxillary
artery were isolated and coagulated. The internal carotid
artery (ICA) as then isolated and its external branch, the
pterygopalatine artery was ligated with 6-0 silk suture near
its origin. The ICA thus the only extra-cranial branch of the
CCA that remained patent. Using 3-0 Dermalon blue mono-
filament nylon; (Sherwood D & G), suture 3 cm long with
the tip enlarged smooth and round from 35 to 40 pum was
introduced into the transected lumen of the ECA and gently
advanced from the ECA into ICA. Resistance and slight
curving of the advancing suture verified that the blunt tip of
the suture had reached the proximal segment of the anterior
cerebral artery (ACA). The suture remained in this position
during occlusion of the MCA. The distance from the tip of the
suture to the bifurcation of the CCA was 1942 mm. All animals
having 18 mm or less of distance were excluded from the
study. To restore ICA-MCA perfusion, the suture was
withdrawn back into the ECA.

The length of the occlusion, in the ischemia-reperfusion
studies, was always set at 2 h, and the length of the reperfusion
varied between 2 and 22 h in the various sets of experiments.
In the 2 h occlusion - 2 h reperfusion study, vehicle or drug
treatment (10 mg/kg i.v. bolus over 3 min) started 10 min
before the start of the occlusion. In the 2 h occlusion - 22 h
reperfusion study, vehicle or drug treatment started at 10 min






