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Abstract
Excessive oxidative damage to DNA leads to activation of poly(ADP-ribose) polymerase-1
(PARP-1), accumulation of poly(ADP-ribose) (PAR) polymers, translocation of apoptosis-
inducing factor (AIF) from mitochondria to the nucleus, and cell death. Here, we compared the
effect of gene deletion of PARP-1 and PARP-2, enzymes activated by DNA oxidative damage, in
male mice subjected to 2 h of focal cerebral ischemia. Infarct volume at 3 days of reperfusion was
markedly decreased to a similar extent in PARP-1- and PARP-2-null mice. The ischemia-induced
increase in nuclear AIF accumulation was largely suppressed in both knockout genotypes. The
transient increase in PAR during early reperfusion was nearly blocked in PARP-1-null mice, but
only moderately decreased at 1-h reperfusion in PARP-2-null mice. Differences in the tissue
volume at risk, as assessed by arterial casts and autoradiographic analysis of regional blood flow,
did not fully account for the large reductions in AIF translocation and infarct volume in both
PARP null mice. Cell death was attenuated in PARP-2-null neurons exposed to a submaximal
concentration of 100 micromolar NMDA for 5 minutes, but not in those exposed to a near-
maximal toxic concentration of 500 micromolar NMDA. We conclude that PARP-2 contributes
substantially to nuclear translocation of AIF and infarct size after transient focal cerebral ischemia
in male mice, but that protection is disproportionate to the attenuation of overall PARP activity.
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Introduction
Oxidative damage to DNA leads to activation of poly(ADP-ribose) polymerase (PARP),
which participates in DNA repair. Within the nucleus, PARP-1 and PARP-2 are the major
enzymes that contribute to overall PARP activity induced by DNA damage (Ame et al.
1999), and they appear to have specific functions in the DNA repair process (Schreiber et al.
2006; Yelamos et al. 2008). With extensive oxidative damage, as occurs with cerebral
ischemia, PARP activity increases substantially, and poly(ADP-ribose) (PAR) polymers
accumulate on a variety of proteins (Li et al. 2007). Interestingly, inhibition of PARP
activity decreases infarct volume in models of experimental stroke (Abdelkarim et al. 2001;
Park et al. 2004; Takahashi et al. 1997). Studies in cell systems demonstrated that over-
activation of PARP produces cell death by a mechanism that involves translocation of
apoptosis-inducing factor (AIF) from mitochondria to the nucleus (Yu et al. 2002).
Furthermore, delivery of PAR polymer of sufficient size can trigger release of AIF from the
mitochondria (Andrabi et al. 2006; Yu et al. 2006). Focal cerebral ischemia is associated
with an increase in PAR polymer accumulation and translocation of AIF to the nucleus
(Eliasson et al. 1997; Li et al. 2007; Endres et al. 1997; Plesnila et al. 2004).
Pharmacological inhibition of PARP activity decreases AIF translocation and infarct size
(Culmsee et al. 2005), and infarct size is inversely related to the expression of poly(ADP-
ribose) glycohydrolase, the enzyme that catabolizes PAR polymers (Andrabi et al. 2006).
Thus, a major downstream pathway of focal ischemic damage appears to involve activation
of PARP and subsequent PAR-dependent translocation of AIF.

PARP-1-null (PARP-1-/-) neurons exhibit less AIF translocation and cell death in response
to NMDA than do wild-type (WT) neurons, and male PARP-1-/- mice have robust
neuroprotection from NMDA and focal cerebral ischemia in association with decreased AIF
nuclear translocation (Wang et al. 2004; Yuan et al. 2009). However, PARP-2-/- mice also
exhibit significant reductions in infarct volume after transient middle cerebral artery (MCA)
occlusion (Kofler et al. 2006). This reduction was somewhat unexpected because the
contribution of PARP-2 to overall PARP activity is considerably less than that of PARP-1
(Schreiber et al. 2002). The role of PARP-2 in PAR accumulation and AIF translocation
after focal ischemia has not been evaluated. Moreover, NMDA excitotoxicity plays a
significant role in focal ischemic injury, and PARP-1 contributes to NMDA excitotoxicity
(Eliasson et al. 1997; Mandir et al. 2000). However, the contribution of PARP-2 to NMDA
excitotoxicity has not been investigated.

In the present study, we tested the hypothesis that the reduction in infarct volume in
PARP-1-/- and PARP-2-/- male mice is associated with reductions in PAR accumulation and
AIF translocation and that PARP-2-/- neurons are resistant to NMDA toxicity. Because
reperfusion initiates rapid formation of PAR polymers, we used a transient focal cerebral
ischemia model to examine the time course of PAR formation. We also carried out Western
immunoblotting to provide quantitative assessments of PAR and nuclear AIF accumulation.
The study was restricted to male mice because female mice treated with a PARP inhibitor
and female PARP-1-/- mice are not further protected from cerebral ischemia beyond the
effects of gender (Hagberg et al. 2004; McCullough et al. 2005) despite decreases in AIF
translocation (Yuan et al. 2009). In previous work that showed protection from focal
ischemia in male PARP-2-/-, infarct volume was measured at 1 day of reperfusion (Kofler et
al. 2006). In the present study, we extended reperfusion to 3 days to determine if protection
was sustained. Lastly, the location of the border region between the MCA and the anterior
cerebral artery (ACA) was delineated as a measure of the tissue at risk, and regional cerebral
blood flow (CBF) during focal ischemia was quantified to determine if differences in infarct
volume could be attributed to differences in perfusion between PARP-null mice and their
respective WT controls.
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Methods
Transient focal cerebral ischemia model

All experiments were conducted in accordance with the guidelines of the National Institutes
of Health guide for the care and use of animals in research and were approved by the Johns
Hopkins University Animal Care and Use Committee. PARP-1-/- mice were bred on a Sv129
mouse background, and PARP-2-/- mice were backcrossed with C57Bl/6 mice (Eliasson et
al. 1997; Kofler et al. 2006; Mandir et al. 2000). Adult male mice (20 to 28 g) were
anesthetized with 1.5–2% isoflurane. Body temperature was maintained at 37°C by a
feedback-controlled heating system. Focal cerebral ischemia was induced with the
intraluminal filament technique and Laser-Doppler flow (LDF) was monitored over the
lateral parietal cortex. (Li et al. 2007; Mito et al. 2009). A small incision was made in the
scalp, and a 1-mm LDF probe was secured against the lateral temporal bone to assess the
adequacy of vascular occlusion during the first 10 min of ischemia. To produce focal
ischemia, a midline ventral incision was made in the neck, the common carotid artery was
occluded with a 6-0 silk suture, the external carotid artery was ligated and cut, and a 7-0
monofilament was passed through the cut stump of the external carotid and into the internal
carotid artery. The filament tip was enlarged by coating with silicone glue. The filament tip
was advanced until stable reductions in LDF were obtained (approximately 6 mm past the
bifurcation of the internal carotid and pterygopalantine arteries). Incisions were closed with
suture and isoflurane was discontinued. In most experiments, the mice were briefly re-
anesthetized with isoflurane after 2 hours of ischemia and the neck incision was re-opened.
To allow reperfusion, the filament in the internal carotid artery was withdrawn and the
suture around the common carotid artery was untied. The incision was then closed with
suture, and isoflurane was discontinued. Infarct volume was evaluated 3 days after 2-h of
ischemia by standard volumetric analysis of five 1-mm thick coronal sections stained with
1.5% 2,3,5-triphenyltetrazolium chloride, with correction for swelling. Infarct volume was
measured on 9 WT and 10 PARP-1-/- brains and on 12 WT and 10 PARP-2-/- brains.

Location of MCA–ACA border region
To visualize the line of anastomoses between the MCA and ACA distribution regions, mice
were anesthetized with pentobarbital (50 mg/kg, ip) and perfused with a black latex
suspension (Maeda et al. 1998). A midline incision was made, and papaverine hydrochloride
(50 mg/kg) was injected into the liver to produce maximal vasodilation and to minimize
cerebrovascular resistance. A 20-gauge intracatheter was inserted through the left ventricular
wall with the tip placed into the aorta, and the right atrium was incised to allow outflow. A
solution of warmed 0.9% NaCl was infused first to remove blood, and then a warmed black
latex suspension was infused until the suspension was observed to flow freely from the right
atrium. Next, the mouse was placed in ice for 15 min and decapitated. Finally, the brain was
removed, fixed in 10% formalin, and photographed. The line of anastomoses between the
MCA and ACA territories was delineated, and the distance of this line from the midline was
measured at 1-mm intervals from the frontal pole. Measurements were made on 6 WT and 6
PARP-1-/- brains and on 8 WT and 7 PARP-2-/- brains.

Regional CBF
At 1.5 h of ischemia, mice were anesthetized with isoflurane, the femoral artery was
catheterized with a 15-cm length of PE-10 tubing and the femoral vein was catheterized with
a 10-cm length of PE-10 tubing. Arterial blood pressure was monitored and an arterial blood
sample was obtained for analysis of blood gases, pH and hemoglobin concentration. At 2 h
of ischemia, regional CBF was determined by infusing 4 μCi of [14C]-iodoantipyrine
intravenously at a rate of 108 μL/min and sampling arterial blood at 5-s intervals to obtain
the arterial input function. The brain was rapidly harvested after 45 s of infusion and was
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frozen for later cutting on a cryostat into 20-μm coronal sections for autoradiography.
Optical density measurements were made on triplicate sections at 1-mm increments from +2
through −3 mm from bregma and regional CBF was calculated (Sakurada et al. 1978) using
image analysis software (Inquiry Image Analysis, Loats Associates, Westminister, MD).
Measurements of regional CBF and the volume of tissue with different ranges of CBF (Goto
et al. 2003; Mito et al. 2009) were made on 6 WT and 7 PARP-1-/- brains and on 7 WT and
5 PARP-2-/- brains. Regions of interest included dorsal, dorsolateral, and lateral cortex
corresponding to cortical tissue approximately 10%, 33%, and 100%, respectively, along the
perimeter of the dorsolateral quadrant of cerebral cortex.

Nuclear fractionation
Brains were rapidly harvested 24 h after sham surgery or focal ischemia. After removing the
anterior and posterior poles at approximately +2.2 mm and −4.9 mm from bregma,
hemispheres (including cortex and striatum) from two mice were pooled together to obtain a
sufficient highly purified nuclear pellet. A sucrose density-gradient centrifugation method
was used to separate nuclear and mitochondrial fractions as described (Li et al. 2007).
Briefly, freshly harvested tissue was homogenized in a handheld Teflon-coated glass
homogenizer on ice with 10 ml of ice-cold buffer A (250 mM sucrose, 10 mM HEPES at pH
7.4, 1 mg/mL bovine serum albumin, 0.5 mM EDTA, 0.5 mM EGTA), and then centrifuged
at 2,000 g for 3 min at 4°C. The loose pellet was homogenized with a Dounce homogenizer
in buffer A followed by suspension in 4 mL of buffer B (2 M sucrose, 5 mM Mg-acetate, 0.1
mM EDTA, 10 mM Tris-HCl at pH 8.0, 1 mM dithiothreitol). This suspension was placed in
an ultracentrifuge tube on top of 4.4 mL of buffer B, followed by the addition of 2–3 mL of
buffer C [320 mM sucrose, 3 mM CaCl2, 2 mM Mg-acetate, 0.1 mM EDTA, 10 mM Tris-
HCl at pH 8.0, 1 mM dithiothreitol, and 0.5% octylphenoxypolyethoxyethanol (IGEPAL®

CA-630)] for balance. The sample underwent ultracentrifugation at 30,000 g for 45 min at
4°C. The pellet containing the nuclear fraction was resuspended in glycerol storage buffer
and stored at −80°C.

Immunoblotting
Standard Western immunoblotting techniques were performed. Proteins were separated by
4–12% Tris-glycine gels, transferred to nitrocellulose membranes, and revealed with 62 kDa
rabbit anti-AIF, rabbit anti-Mn superoxide dismutase (SOD) (Yu et al. 2002), sheep anti-
histones (US-Biological, Swampscott MA, USA), mouse anti-actin (Sigma-Aldrich, St.
Louis MO, USA), anti-PARP-1 antibody (Cell Signaling, Beverly, MA, USA), anti-PARP-2
antibody (Alexis, Lausen, Switzerland), and rabbit anti-poly(ADPribose) polyclonal
antibody to poly(ADP-ribose) (LP96-10; BD Biosciences Pharmingen); horseradish
peroxidase-conjugated anti-rabbit (BIO-RAD, Hercules CA, USA) and anti-sheep (Pierce,
Rockford IL, USA) secondary antibodies were incubated for 1 h at room temperature and
detected with ECL reagents. After detection, the films were quantified with Imagequant
software (Molecular Dynamics, Sunnyvale CA, USA).

For immunoblots of PAR, striatal samples were dissected from mice at 20 min, 1 h, 4 h, or
24 h of reperfusion after 2 h of ischemia. Samples were homogenized in 200 μl NuPAGE
LDS Sample Buffer (Invitrogen, Carlsbad CA, USA). Equal samples were loaded onto the
gels for Western immunoblotting. Anti-human β–III tubulin antibody (Chemicon, Temecula
CA, USA) was used as a protein loading control. For each of the four genotypes, samples
from different mice were used on five independent gels probed for PAR at each of the four
time points after ischemia and at 24 h after sham surgery and anesthesia. Thus, 25 mice of
each genotype were used to obtain 5 lanes (5 time points) for 5 gels, and all of the PAR data
required a total of 100 mice.
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For AIF immunoblots, nuclear protein from two hemispheres were pooled for each lane, and
samples from different mice were used on four or five independent gels to determine nuclear
AIF at 24 h after sham surgery and ischemia. Four gels were used for the WT and PARP-1-/-

comparisons, which represents the results from 16 WT and 16 PARP-1-/- mice (2 mice/lane
× 2 time points × 4 gels). Five gels were used for the WT and PARP-2-/- comparisons, which
represents the results from 20 WT and 20 PARP-1-/- mice (2 mice/lane × 2 time points × 5
gels). Thus, another 72 mice were used to generate the AIF data.

To test for altered expression of PARP-1 and PARP-2 in each genotype, immunoblots were
performed on nuclear fractions from non-ischemic brains from 4 WT and 4 PARP-1-/- brains
and from 4 WT and 4 PARP-2-/- brains.

NMDA toxicity in primary neuronal cultures
Primary cortical cell cultures were prepared from PARP-2 WT, PARP-2-/-, and PARP-1-/-

mouse embryos at gestational day 15 as previously described (Gonzalez-Zulueta et al.
1998). Experiments were carried out at 14 days in vitro. Under these conditions, neurons
represent 90% of the cells in the culture. Mature neurons were treated with NMDA (100 or
500 μM for 5 min) and 10 μM glycine in control salt solution (CSS) containing 120 mM
NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 25 mM Tris-HCl (pH 7.4) and 15 mM D-glucose.
Control cultures received CSS alone for 5 min. Following 5 min of NMDA or CSS
treatment, the cells were washed with CSS and re-supplemented growth medium. At 24 h
after CSS/NMDA exposure, cell death was assessed with 5 μM Hoechst 33342 and 2 μM
propidium iodide (Invitrogen) to stain live and dead cells, respectively. Cell death was
quantified with a mechanized stage Zeiss microscope (Axiovert 200M) coupled with
automated computer-assisted counting software Axiovision (Carl Zeiss, Jena, Germany).
Percent cell death was determined as the ratio of live-to-dead cells compared with the
percent cell death in control wells. Glial nuclei fluoresce at a lower intensity than neuronal
nuclei and were gated out. Thus, the procedure largely eliminates glial cell death, which is
not distinguished in the commonly used lactate dehydrogenase assay.

Statistical analysis
Comparisons of PAR and AIF optical densities between null mice and their respective WT
controls at different times were made by ANOVA and the Newman-Kuels multiple range
test. Comparisons of infarct volume, blood flow, and the line of anastomoses location were
made between PARP-null mice and their respective WT controls by t-test. Comparisons of
the percent cell death after NMDA exposure between WT neurons and PARP-1-/- and
PARP-2-/- neurons at each dose were made by ANOVA and the Newman-Kuels multiple
range test. Data are presented as mean ± SD.

Results
PARP-1 and PARP-2 expression

To test if gene deletion of PARP-2 upregulated PARP-1 expression or if gene deletion of
PARP-1 upregulated PARP-2 expression, immunoblots were performed on the nuclear
fractions of WT and null mouse brains. Expression of PARP-1 was similar in WT and
PARP-2-/- brains (Fig.1). Likewise, expression of PARP-2 was similar in WT and PARP-1-/-

brains. Thus, gene deletion of one isoform did not result in a substantial upregulation of the
other isoform.

MCA distribution
Latex casts of pial artery anatomy were used to visualize the border of the MCA distribution
territory. The distance from the midline to the line of anastomoses was measured (Fig. 2).
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No significant difference was evident in the distance at any coronal level between PARP-1-/-

or PARP-2-/- and its WT counterpart.

Regional CBF
Autoradiograms revealed widespread reductions of regional CBF at 2 h of ischemia in all
genotypes (Fig. 3). Analysis of CBF in dorsal cortex (ACA territory), dorsolateral cortex
(MCA-ACA border region), dorsolateral tissue underlying cortex, lateral cortex (cortical
ischemic core), and ventrolateral striatum did not show significant differences between WT
and PARP-1-/- mice or between WT and PARP-2-/- mice in the hemisphere ipsilateral to the
occlusion (Fig. 4). CBF averaged over the entire non-ischemic contralateral hemisphere was
similar in PARP-null mice and the corresponding WT mice. Interestingly, contralateral
values in PARP-1-/- mice backcrossed with Sv129 mice were 59% greater than those in
PARP-2-/- mice backcrossed with C57Bl/6 mice. Likewise, contralateral values in PARP-1
WT mice were 52% greater than those in PARP-2 WT mice. Arterial blood gases, pH, and
blood pressure were similar between WT and PARP-1-/- mice and between WT and
PARP-2-/- mice (Table 1).

The distribution of intraischemic CBF also was analyzed by calculating the volume of tissue
with different ranges of CBF summed over coronal sections between +2 and −3 mm from
bregma (Fig. 5A and B). Two-way ANOVA did not indicate a significant interaction
between the volume of tissue with different ranges of CBF and genotype for WT and
PARP-1-/- mice. However, a significant interaction was detected between WT and PARP-2-/-

mice. PARP-2-/- mice had a somewhat greater volume of tissue in the CBF ranges of 50–60
and 60–70 mL/min/100 g (P < 0.05). As expected, the volumetric distribution of CBF in the
hemisphere ipsilateral to the occlusion differed markedly from the distribution in the
contralateral hemisphere for each genotype (Fig. 5C and D). However, the contralateral flow
distribution was similar in WT and PARP-1-/- mice and in WT and PARP-2-/- mice.

Infarct volume
At 10 min of occlusion, LDF measured over lateral cortex was decreased to 20 ± 5% of
baseline in WT mice and to 22 ± 9% of baseline in PARP-1-/- mice. After discontinuing
anesthesia, neurologic deficits were scored on a 0–4 scale (Zeynalov et al. 2006). The
deficits were similar in WT (2.4 ± 0.4) and PARP-1-/- (2.4 ± 0.2) mice during occlusion,
consistent with a similar ischemic insult between groups. After 2 h of ischemia and 3 days of
reperfusion, infarct volume was 78% smaller in cerebral cortex, 75% smaller in striatum,
and 74% smaller in the cerebral hemisphere of PARP-1-/- mice than in their WT
counterparts (Fig. 6C). The decrease in infarct volume was significant at all coronal levels
except the most posterior level where infarction was small and variable (Fig. 6A).

Likewise, LDF was decreased to a similar extent in WT (23 ± 9% of baseline) and
PARP-2-/- (27 ± 5% of baseline) mice and the neurological deficit scores were not different
(2.5 ± 0.2 for both genotypes). Furthermore, PARP-2-/- mice had infarct volumes that were
81% smaller in cerebral cortex, 77% smaller in striatum, and 80% smaller in the hemisphere
than those of WT mice (Fig. 6D). The reduction in infarct volume was consistent at all
coronal levels (Fig. 6B).

PAR accumulation
As in previous work (Li et al. 2007), Western blots showed that PAR was increased in
PARP-1 WT striatum at 20 min and 1 h of reperfusion and gradually recovered to baseline
levels from 4 to 24 h of reperfusion (Fig. 7). In PARP-1-/- mice, PAR expression remained
close to values obtained in sham-operated animals. Values in PARP-1-/- mice were
significantly less than those in WT mice throughout 24 h of reperfusion. In PARP-2 WT
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mice, robust increases in PAR occurred at 20 min and 1 h of reperfusion. In PARP-2-/- mice,
PAR increased during reperfusion, but the increase was significantly less than that in WT
mice at 1 h of reperfusion.

Nuclear AIF accumulation
Previous work showed that AIF progressively increased in the nucleus over a 24-h period of
reperfusion (Li et al. 2007). Accordingly, we made comparisons between groups at 24 h in
the current study. Western blots of the nuclear fraction indicated an increase in AIF
immunoreactivity at 24 h of reperfusion in both WT groups (Fig. 8). The increase in nuclear
AIF was significantly reduced in both PARP-1-/- and PARP-2-/- mice compared to their WT
counterparts.

NMDA toxicity
Exposure of primary cortical neurons to NMDA produced dose-dependent cell death in
PARP-2 WT neurons (Fig. 9). The magnitude of cell death was significantly lower in
PARP-1-/- neurons in response to 100 and 500 μM NMDA and was significantly lower in
PARP-2-/- neurons in response to 100 μM NMDA (P = 0.012). Protection in PARP-2-/-

neurons was lost at the higher concentration of 500 μM NMDA.

Discussion
Previous studies have shown that infarct volume is reduced at 1 day of reperfusion in
PARP-1-/- and PARP-2-/- mice compared with WT mice (Eliasson et al. 1997; Goto et al.
2002; Kofler et al. 2006). Our current work extends these findings by demonstrating that the
reduction in infarct volume remains robust at 3 days of reperfusion without major
differences in the MCA distribution territory or intraischemic blood flow between each of
the PARP isoform-null mice and their respective WT mice. The principal new findings are
1) that PAR accumulation is largely suppressed throughout 24 h of reperfusion in PARP-1-/-

mice but only moderately attenuated at 1 h of reperfusion in PARP-2-/- mice, and 2) that AIF
accumulation in the nucleus is substantially lower in both PARP-1-/- and PARP-2-/- mice
than in WT mice.

The large suppression of PAR accumulation in PARP-1-/- mice and the modest suppression
in PARP-2-/- mice are consistent with the concept that PARP-1 comprises the majority of
PARP activity (Schreiber et al. 2002). Earlier work showed that activation of PARP activity
by direct damage to DNA within an alkylating agent or indirectly by NMDA-induced
excitotoxicity produces cell death that is dependent on AIF translocation from the
mitochondria to the nucleus (Wang et al. 2004; Yu et al. 2002). Subsequent work revealed
that PAR was a critical factor in mediating the release of AIF from the mitochondria
(Andrabi et al. 2006; Yu et al. 2006). Thus, the results in PARP-2-/- mice were somewhat
unexpected in that the reduction in nuclear AIF and infarct volume were disproportionately
greater than the reduction in PAR accumulation.

Several points need to be considered for understanding this apparent nonlinear relationship
between PAR accumulation and AIF translocation. PARP activity generates polymers of
different sizes and branching complexity. The PAR antibody does not discriminate the size
or complexity of the polymer. Previously it was reported that large, complex polymers are
the most potent for stimulating release of AIF (Andrabi et al. 2006). In addition, a variety of
proteins are poly-ADP-ribosylated by PARP-1 and PARP-2, and these target proteins do not
appear to be identical for each PARP isoform (Yelamos et al. 2008). It is likely that only one
or a select subset of these proteins acts as a key PAR binding partner in signaling AIF
release. Our analysis of PAR blots, which integrated optical density over a wide range of
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molecular weights, did not discriminate the molecular weight of the individual PAR polymer
or binding partner. For these reasons, the amount of AIF translocation integrated over 24 h
may not be strictly proportional to the total PAR immunoreactivity measured at discrete time
points.

Another interesting finding is that the reductions in AIF translocation and infarct volume in
PARP-2-/- mice were approximately as great as those seen in PARP-1-/- mice. The fact that
the reduction was greater than 50% in both PARP-1-/- and PARP-2-/- mice implies that each
isoform exerts a non-additive interaction on AIF translocation and infarct volume. PARP-1
and PARP-2 form catalytically active homodimers and heterodimers (Schreiber et al. 2002),
and colocalization of PARP-1 and PARP-2 is particularly evident in the nucleolus (Meder et
al. 2005). One possibility is that PARP-1 and PARP-2 heterodimers poly-ADP-ribosylate a
specific binding partner with a large-size polymer that is selective for triggering AIF release.
Another consideration is that PARP-1 and PARP-2 can selectively interact with specific
proteins (Bai et al. 2007) and play a role in chromatin modifications (El Ramy et al. 2009;
Quenet et al. 2009). Thus, it is conceivable that PARP-2 could influence cell death by
interactions independent of PAR generation. Consequently, several explanations can be
offered for why infarct volume and nuclear AIF are markedly reduced in PARP-2-/- mice
with only a moderate decrease in overall PAR availability and why PARP-1 and PARP-2
appear to act in a non-additive fashion during focal cerebral ischemia.

It should also be appreciated that because the PARP-1-/- mice were bred on a Sv129
background and the PARP-2-/- mice were bred on a C57Bl/6 background, quantitative
comparisons of infarct volume between PARP-1-/- and PARP-2-/- mice can not strictly be
made. Moreover, the Western blot experiments were designed to compare null mice with
their respective WT and not to directly compare null mice with each other. Nevertheless, the
large reduction in infarct volume and AIF translocation in each null genotype compared to
their respective WT indicates that each PARP isoform makes a major contribution. We did
not test a PARP inhibitor for residual effects of PARP activity in the null mice because the
reductions were already large and statistically detecting further reductions in infarct volume
and nuclear AIF would have required a very large sample size. Furthermore, combined gene
deletion of PARP-1 and PARP-2 is embryonically lethal (Menissier et al. 2003). PARP-1
and PARP-2 are the two major isoforms that respond to DNA strand breaks. Because we did
not observe a compensatory increase in the expression of the other isoform in either the
PARP-1-/- or PARP-2-/- brain, the difference in PAR accumulation between WT and null
mice reflects the loss of that isoform rather than a change in expression of the other isoform.
Another point to consider is that a small increase in AIF translocation in PARP-1-/- mice
observed on some gels despite the marked reduction in PAR accumulation could be due to
non-PAR–dependent triggering mechanisms of AIF release.

We found that the distance from the midline to the line of MCA-ACA anastomoses did not
differ between WT and knockout mice. This finding suggests that the volume at risk was not
influenced by the loss of each PARP isoform. This line of anastomoses shifts further from
the midline in SV129 mice than in C57Bl/6 mice (Maeda et al. 1998). Because the
PARP-1-/- mice were bred on an SV129 background, the finding that PARP-1-/- mice had a
greater distance to the line of anastomoses than did the PARP-2-/- mice, which were
backcrossed with C57BL/6 mice, was expected.

The level of CBF did not significantly differ between the PARP-null mice and the respective
WT mice at 2 h of ischemia in lateral cortex or striatum, where ischemia was severe, or in
dorsolateral cortex or subcortex, where ischemia was moderate. Although there was some
variability in the CBF measurements among mice in each cohort that may have prevented
small differences in CBF from being detected, large differences in CBF that would have
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accounted for the large reduction in infarct volume in each of the PARP-null mice should
have been detectable with this technique. Moreover, levels of CBF <50 mL/min/100 g are
associated with impaired protein synthesis and eventual infarction in rats (Jacewicz et al.
1992; Mies et al. 1991). Mice, which have normal CBF at least as great as rats, would be
expected to have an ischemic threshold in approximately the same range as rats. Volumetric
analysis did not reveal significant differences in the amount of tissue with CBF in any of the
ranges below 50 mL/min/100 g during ischemia. Nevertheless, there was a tendency for the
amount of tissue with CBF <20 ml/min/100g to be smaller in PARP-2-/- mice than in WT
mice, whereas the amount of tissue with levels of CBF in the 50–60 and 60–70 mL/min/100
g range was statistically greater in PARP-2-/- mice than in WT mice. However, the
statistically significant difference in tissue volume over the 50–70 ml/min/100g range
amounted to a total of only 8 mm3, which is only a fraction of the 50 mm3 difference in
infarct volume between WT and PARP-2-/- mice. Although we cannot completely exclude
improved perfusion at 2 h of occlusion in PARP-2-/- mice as one explanation for the reduced
infarct volume, improved perfusion is unlikely to be the major reason for tissue protection.

Comparison of CBF between PARP-1-/- and PARP-2-/- mice was not a primary endpoint.
However, CBF in the non-ischemic hemispheres was noted to be 52% higher in PARP-1
WT than in PARP-2 WT mice and 58% higher in PARP-1-/- mice than in PARP-2-/- mice.
Interestingly, the contralateral CBF in the PARP-1 WT on the Sv129 background is similar
to the 166 ml/min/100g value previously obtained in C57Bl/6 mice not subjected to
ischemia (Mito et al. 2009). Thus, one possible explanation for the low CBF in the
hemisphere contalateral to the vascular occlusion of the PARP-2 WT mice on a C57Bl/6
background is that contralateral CBF is more greatly reduced by transcallosal diaschisis in
C57Bl/6 mice.

NMDA excitotoxicity is a major factor that contributes to focal ischemic injury and PARP-
dependent neuronal cell death. NMDA is known to exert less toxicity in PARP-1-/- neurons
than in PARP-1 WT neurons (Eliasson et al. 1997; Wang et al. 2004). Although PARP-1-/-

neurons were not directly compared to their own WT neurons in the present experiment, we
have found no differences in NMDA toxicity among neurons from these different
background strains, and the degree of injury obtained in PARP-2 WT neurons in the present
study is similar to that previously obtained in PARP-1 WT neurons (Mandir et al. 2000).
Moreover, the low number of dead PARP-1-/- neurons exposed to 500 μM NMDA for 5 min
is similar to that previously observed (Eliasson et al. 1997; Wang et al. 2004). Thus, the
results are consistent with PARP-1 acting as a principal contributor to NMDA
excitotoxicity. The present study demonstrated that NMDA toxicity also is attenuated in
PARP-2-/- neurons compared to their WT neurons at a concentration of 100 μM NMDA,
which exerts moderate toxicity. However, protection was lost at the higher concentration of
500 μM, which exerts near maximal toxicity. These observations indicate that PARP-2 has
the potential to contribute directly to moderate excitotoxic neuronal injury in vivo.

In conclusion, this study provides further evidence that PARP activation and translocation of
AIF from the mitochondria to the nucleus comprise a major pathway of injury in transient
focal cerebral ischemia in male subjects. Despite the smaller contribution of PARP-2 to
overall PARP activity, PARP-2 plays a role in the injury process that is comparable to
PARP-1. This role for PARP-2 may be specific for focal ischemia because, unlike PARP-1,
the hippocampus in PARP-2-/- mice remains vulnerable to delayed cell death from global
cerebral ischemia (Kofler et al. 2006). Because calpain appears to play a role in causing AIF
release from the mitochondria in hippocampus after global ischemia (Cao et al. 2007) but
not focal ischemia (Wang et al. 2009), the precise mechanisms for triggering AIF release
may depend on the nature of the ischemic stimulus.
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Fig. 1.
Western immunoblot for PARP-1, PARP-2, and histones in nuclear fractions from brains of
4 PARP-1-/- and 4 PARP-1 WT mice and of 4 PARP-2-/- and 4 PARP-2 WT mice. No major
differences were apparent in PARP-1 expression between WT and PARP-2-/- brains or in
PARP-2 expression between WT and PARP-1-/- brains.
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Fig. 2.
A. Example of latex-perfused WT and PARP-1-/- (KO) brains for delineating distance from
midline to site of anastomoses between middle cerebral artery and anterior cerebral artery
distribution regions. To pool data among mice, distances were interpolated at 1-mm
increments caudal from the frontal pole. B. Mean distance (± SD) to the line of anastomoses
in 6 WT and 6 PARP-1-/- brains. C. Mean distance to the line of anastomoses in 8 WT and 7
PARP-2-/- brains. No significant differences were seen between PARP-null mice and the
respective WT mice.
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Fig. 3.
Representative pseudo-color images of cerebral blood flow (CBF) at 6 coronal levels
relative to bregma for PARP-1 WT and null brains and for PARP-2 WT and null brains at 2
h of ischemia.
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Fig. 4.
Mean regional cerebral blood flow (CBF; ±SD) at 2 h of ischemia in 6 WT and 7 PARP-1-/-

mice (A) and in 7 WT and 5 PARP-2-/- mice (B). Values from dorsal cortex, dorsolateral
cortex, dorsolateral subcortical tissue, lateral cortex, striatum, and entire contralateral
hemisphere (Contra Hemisph) were not significantly different between PARP-null mice and
the corresponding WT mice.
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Fig. 5.
Mean volume of tissue (±SD) between +2 mm and −3 mm from bregma with CBF in
discrete ranges in PARP-1 WT and PARP-1-/- mice ipsilateral (A) and contralateral (C) to
arterial occlusion and in PARP-2 WT and PARP-2-/- mice ipsilateral (B) and contralateral
(D) to arterial occlusion. * P < 0.05 from WT.
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Fig. 6.
Infarct volume (mm3; mean±SD) of individual coronal sections (1 anterior, 5 posterior) in 9
WT and 10 PARP-1-/- mice (A) and in 12 WT and 10 PARP-2-/- mice (B). Infarct volume
(% of contralateral structure) in cerebral cortex, striatum, and the entire hemisphere for WT
and PARP-1-/- mice (C) and WT and PARP-2-/- mice (D). * P < 0.001 from WT; † P < 0.01
from WT; ‡ P < 0.02 from WT.
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Fig. 7.
Examples of PAR immunoblots from WT and PARP-1-/- striatum (A) and WT and
PARP-2-/- striatum (B) after sham surgery or 2 h ischemia + 20 min, 1, 4, or 24 h of
reperfusion. The increase in PAR during early reperfusion was largely attenuated in
PARP-1-/- mice (C; ±SD; n=5 independent gels) and moderately attenuated at 1 h of
reperfusion in PARP-2-/- mice (D; n=5). Separate mice were used for each gel. * P < 0.05
from WT.
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Fig. 8.
Example of Western blots of AIF, the mitochondrial marker Mn superoxide dismutase
(MnSOD), and histone (loading control) from WT and PARP-1 knockout (KO) mice (A)
and from WT and PARP-2 KO mice (B). Lanes 1–4 are nuclear fractions obtained from two
cerebral hemispheres of sham-operated mice and from two ischemic hemispheres of WT and
PARP-1-/- (KO) mice subjected to 2-h ischemia and 1-day reperfusion. Lane 5 is the
mitochondrial fraction from naïve mouse brain used as an internal standard for AIF on each
gel. Normalized nuclear AIF (±SD) from WT and PARP-1-/- mice (C; n=4 gels) and from
WT and PARP-2-/- mice (D; n=5 gels) showed significant reduction in nuclear AIF
accumulation at 24 h after middle cerebral artery occlusion (MCAO) in both PARP-1-/- and
PARP-2-/- post-ischemic brains. Separate mice were used for each gel. * P < 0.05 from
sham; + P < 0.05 from WT.
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Fig. 9.
Percent of dead cells in primary neuronal cultures (±SD; n = 5 independent culture
experiments) of PARP-2 WT, PARP-1-/-, and PARP-2-/- neurons 24 h after a 5-min
exposure to controlled saline solution (CSS), 100 μM NMDA, or 500 μM NMDA. * P <
0.05 from WT at same NMDA concentration by ANOVA and the Newman-Keuls test.
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Table 1

Physiological parameters prior to regional cerebral blood flow measurements during ischemia

Parameter PARP-1 WT PARP-1-/- PARP-2 WT PARP-2-/-

MABP (mmHg) 78±5 75±6 80±4 81±9

Temperature (°C) 36.9±0.4 36.9±0.3 37.0±0.3 36.9±0.3

pH 7.37±0.04 7.31±0.06 7.33±0.04 7.30±0.07

PCO2 (mmHg) 51±4 56±8 49±5 53±5

PO2 (mmHg) 143±10 156±34 149±16 157±39

Hemoglobin (g/dL) 13.1±1.1 14.2±2.1 13.4±1.6 14.4±1.4

MABP, mean arterial blood pressure
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