brovascular disease.

Poly(ADP-ribose) polymerase (PARP, EC 2.4.4.30) is a nuclear en-
zyme that utilizes NAD as a substrate to transfer up to 100 ADP-
ribose groups to a variety of nuclear proteins, including histones

as well as PARP itself, following its activation by DNA frag- .

ments'. The exact range of functions of PARP has not been es-
tablished, although the enzyme is thought to play a role in DNA
repair**’. During major cellular stresses extreme activation of
PARP may lead to cell death due to energy depletion'. Thus NAD,
the substrate of PARP, is depleted by massive PARP activation,
and in efforts to resynthesize NAD, ATP may also be depleted'. .
Neural damage following stroke and other neurodegenerative
processes is thought to stem from overexcitation attributable to
a massive release of the excitatory neurotransmitter glutamate
acting on the N-methyl-p-aspartate (NMDA) receptor and other
subtype receptors™. Evidence includes findings in ' many animal
species that glutamate receptor antagonists block neural damage
following vascular stroke and reduce neurotoxicity elicited by
treatment of cerebral cortical cultures with glutamate or NMDA
(ref. 9). Neurotoxicity elicited by stimulation of NMDA receptors
is mediated, at least in part, by augmentation of nitric oxide
(NO) formation, as NMDA receptor activation stimulates neu-
ronal NO synthase (nNOS) activity. Protection against NMDA
neurotoxicity occurs following treatment of primary brain cul-
tures with NOS inhibitors" and in cortical cultures from nice
‘with ‘targeted disruption of nNOS (zef. 12). Neural damage fol-
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Nitric oxide (NO) and peroxynitrite, formed from NO and superoxide anion, have been impli-
cated as mediators of neuronal damage fbllowing focal ischemia,
have not been defined. One candidate pathway is DNA damage leading to activation of the nu-
clear enzyme, poly(ADP-ribose) polymerase (PARP),
units from NAD to nuclear proteins following DNA damage. Excessive activation of PARP can de-
plete NAD and ATP; which is consumed in regeneration of NAD, leading to cell death by energy
depletion. We show that genetic disruption of PARP provides profound protection against
glutamate-NO-mediated ischemic insults in vitro and major decreases in infarct volume after re-
versible middle cerebral artery occlusion. These results provide compelling evidence for a pri-
mary involvement of PARP activation in neuronal damage following focal ischemia and suggest
that therapies designed towards inhibiting PARP may provide benefit in the treatment of cere-

but their molecular targets

which catalyzes attachment of ADP ribose

lowing vascular stroke is markedly diminished in animals treated
with NOS inhibitors® or in mice with nNOS gene disruption®,
Nitric oxide is a free radical that chemically reacts with its cel-
lular targets. There are multiple potential cellular targets that NO
can modify to elicit a range of activities from cellular signaling to
-cell death. The majority of the toxic effects of NO appears to be a
result of the reaction of NO with superoxide to form the very
toxic compound peroxynitrite™. Both NO and peroxynitrite
can cause DNA damage, which activates PARP (ref. 16-18). PARP
activation plays a key role in NMDA- and NO-induced neurotox-
icity, as PARP inhibitors prevent such toxicity in cortical cultures
in proportion to their potencies as inhibitors of this enzyme".
~ Studies using drugs that are PARP inhibitors can be criticized
on the grounds of lack of specificity and poor bioavailability.
Recently Wang et al.” generated mice with targeted disruption of
the gene that encodes PARP (PARP™). Tissues from homozygous .
PARP-deleted ~mice display a loss of PARP catalytic activity.
Although the mice are healthy and fertile and PARP* embryonic
fibroblasts exhibit normal DNA excision repair, these mice dis-
play some abnormalities in cellular proliferation and are suscep-
tible to the: development of skin diseases with epidermal
hyperplasia®. In the present study we demonstrate that cerebral
cortical cultures from PARP’- mice are completely resistant to
neurotoxicity and that tissue damage following vascular stroke is
profoundly reduced in PARP* animals.
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Fig. 1 PARP inhibitors attenuate N-methyl-p-aspartate (NMDA) and NO
toxicity. The PARP inhibitors benzamide (BZD) (triangles).and 3,4-dihydro-
5-[4-(1-piperidinyl) butox]-1(2H)-isoquinolinone (DPQ) (circles) inhibit tox-
icity induced by a 5-min exposure to 500 uM - NMDA (open symbols).or
500 pM sodium’ nitroprusside (SNP) (closed symbols) neurotoxicity in @
dose-dependent manner. DPQ is 500 times as potentas BZD and abolishes
toxicity at maximal doses. Each data point isthe mean 's.e;m. (n = 8)-of at
least two separate experiments and reflects-a minimuri-of 16,000 neurons

counted. Significance was determined by a.balanced two-way ANOVA

demonstrating significance for the effects of DPQ (F =105, P<0.0001) and
the Fisher PLSD post hoc test demonstrating differences at *P<0.0001 when
comparing NMDA treatment with NMDA + DPQ or comparing SNP treat-
ment with' SNP + DPQ.A balanced two-way ANOVA demonstrating signifi-

cance for the effects of BZD (F=178.42, P.<0.0001) and the Fisher PLSD

post hoc test differences were determined at $P-< 0.0001 when comparing
NMDA treatment with NMDA + BZD or comparlng SNP"treatment w:th
SNP + BZD.

Neurotoxicity in cerebral cortical-cultures is reduced in PARP" mice
Earlier we showed that the nonselective PARP inhibitors, such as
benzamide and 3-aminobenzamide; reduce'NMDA toxicity in
cortical cultures and also reduce toxicity elicited by NO donors",
Benzamide and its derivatives are relatively weak PARP. in-
hibitors with poor bioavailability. At a conceritration of 100 pM,
benzamide only provides a:50% protection against NMDA neu-
rotoxicity”. - More  recently  3,4-dihydro-5-[4-(1-piperidinyl)
butox]-1(2H)-isoquinolinone (DPQ) has been reported to be a
much more potent and selective inhibitor of PARP with a 50%
inhibitory concentration (ICy;) of 40 nM (ref. 20). Accordingly,
we compared the effects of DPQ and benzamide in cortical cul-
tures treated with NMDA or an NO donor, sodium nltropru551de
(SNP). (Fig. 1). As reported previously, benzamide provides.pro-
tection against NMDA- or NO-induced neurotoxicity with a me-

dian effective concentration (EC,,) of about 100 uM: By contrast,"

DPQ is much more potent providing 50% of maximal protection
at 0.2 uM. At concentrations of 10-100 uM, DPQ virtually abol-
ishes neurotoxicity, whereas the maximally effective concentra-
tion of benzamide only reduces neurotoxicity by 65%. The IC;,
of benzamide for PARP is 22 uM (ref. 21, 22). Therefore, benza-
mide is a less potent inhibitor of PARP-than DPQ; the difference
is a factor of 500, which corresponds to the 500-fold difference
in-potencies of the compounds in protecting against rieurotoxic-
ity, fitting with the notion that PARP activation plays.a role in
neurotox1c1ty

We next evaluated toxicity in cortical cultures «elicited by
NMDA ot NO donors or by 60 min of oxygen and glucose depri-
vation (OGD), comparing cultures from wild-type and PARP"-
mice (Fig. 2). In wild-type cultures, NMDA kills approximately
65% of cells, consistent with previous observations”. NMDA-
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induced neurotoxicity is virtually abolished uf cultures from
PARP” animals and is not significantly different. from buffer-
treated controls, whereas in heterozygotes (PARP™) toxicity is re-

-duced by 72% (Fig. 2a). The NMDA antagonist MK801 abolishes
-~ "NMDA toxicity in wild:type and heterozygote cultures, but has

no effect on the minimal residual toxicity of PARP™ cultures.

As NO has been shown to mediate the neurotoxic actions of
NMDA (ref. 10-12), we evaluated the influence of the NO syn-
thase (NOS) inhibitor nitroarginine on NMDA toxicity. Nitro-
arginine markedly reduces NMDA toxicity in wild-type cultures
and the PARP" cultures. Arginine reverses the protective effect of
nitroarginine, as previously reported®™, but has no significant
effect in. PARP” cultures. Neurotoxicity induced by the NO
donor, sodium nitroptusside (SNP), is reduced by 73% in PARP™
cultures and abolished-in PARP? cultures. The PARP™ cultures
are:also resistant to-NO neurotoxicity induced by another NO
donor, ' 3-morpholino-sydnonimine hydrochloride (SIN-1).
These observations are consistent with the notion that PARP in-
volvement in toxicity is distal to,NOS.

We also examined the influence of PARP inhibitors on NMDA
neurotoxlclty. Benzamide (500 uM) reduces NMDA toxicity in
wild-type cultures and PARP”, with no significant effect on the
negligible- residual toxicity of PARP" preparations. DPQ (10 pM)

‘produces greater reduction of NMDA toxicity than benzamide in

wild-type and in PARP* cultures with no significant effects on
PARP” preparations. DPQ also reduces toxicity elicited by the

- NO donor, SNP, in both wild- -type and PARP" cultures with no

effect on the PARP™ cultures, These observations confirm the
role of PARP in NMDA:mediated toxicity and demonstrate that

. the residual toxicity observed in the PARP™ cultures is due to

PARP activity.

The  neurotoxicity in cortical cultures elicited by oxygen-
glucose deprivation (OGD) has previously been shown to in-
volve NMDA receptor and: nNOS activation™; In PARP"- cultures
OGD toxicity is virtually abolished and is not significantly differ-
ent from residual toxicity in buffer-treated control cultures (Fig.
2b). In wild-type cultures and PARP*-.cultures, MK801 and ni-

' troarginine: also reduce toxicity with no differential effects in

PARP™- preparations. L-Arginine reverses the nitroarginine pro- .
tection in wild-type and PARP* culture preparations but not in
PARP" cultures. Benzamide reduces OGD toxicity in wild-type -
and PARP™: cultures preparations to the same extent that it di-
minishes NMDA toxicity with no influence on PARP™ prepara-
tions. DPQ also. abolishes ‘OGD toxicity as it does for NMDA

- toxicity.

Neural damage after vascular stroke is reduced in PARP"- mice

The combination of oxygen-glucose deprivation and NMDA
neurotoxicity in primary neuronal cultures is a. common in vitro
model for studying early mechanisms of vascular stroke damage.
Because: of the profound neuroprotection against OGD and
NMDA neurotoxicity in- this: model, we evaluated the extent of
brain injury following middle cerebral artery occlusion (MCAo)
in the transgenic PARP* and PARP™ mice compared with that in
wild-type mice: (129/SV). Mice ‘'were subjected to 2 hours of
MCAo followed by 22 hours of reperfusion, after which the ex-
tent of infarct was determined. Infarct volume is reduced by
~80% in- PARP*. animals compared with wild-type animals,
15.4 mm? versus 69.0 mm® (Fig. 3a). Significant decreasesin in-
jury are evident in each of the five coronal sections except in the
most anterior 2. mm (Fig. 3b). Infarct volume in PARP"" animals is
also reduced by ~65% compared with that in wild-type animals,
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Fig. 2 Neurotoxicity is profoundly a b

reduced in PARP™ cerebral cortical cul- 80 I wia-Type 80 Il v Type
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inhibitor of NOS, reduces NMDA toxi-
city in wild-type cultures and the PARP*
cultures. L-Arginine (LArg) (1 mM) reverses the protection against NMDA tox-
icity provided by NArg. Benzamide (BZD) (500 pM) reduces NMDA toxicity
in wild-type and PARP*" cultures. DPQ (10 uM) produces greater reduction
of NMDA toxicity than benzamide in wild-type and in PARP*- cultures. Neuro-
toxicity induced by the NO donor, sodium nitroprusside (SNP) (500 uM), is
markedly reduced by 73%in PARP cultures and abolished in PARP* cultures.
The PARP™ cultures are also resistant to NO neurotoxicity induced by the
NO donor, 3-morpholino-sydnonimine hydrochloride (SIN-1) (1 mM). - b,
60 min of oxygen-glucose deprivation(OGD) results in 65% cell death in wild-
type cortical cultures, which is reduced to 15% in PARP*. In PARP” cultures
OGD toxicity is virtually abolished and is not significantly different from
residual toxicity in buffer-treated control cultures. MK801 (10 uM) and NArg
(100 uM) profoundly reduce toxicity in wild-type cultures and PARP' cultures.
L-Arginine (1. mM) reverses the protection provided by NArg in wild-type
and PARP* cultures. Benzamide (500 uM) reduces OGD toxicity and DPQ

LArg
LArg

(10 uM) abolishes OGD toxicity in wild-type and PARP™ cultures.

Each data point is the miean + s.e.m. (0 = 8) of at least two separate ex-
periments. Each data point reflects a minimum of 16,000 neurons counted.
Significance was determined by a balanced two-way ANOVA demonstrat-
ing significance for the effects of NMDA exposure on genotype (F=96.359,
P<0.0001) or treatment (F=18.931, P<0.0001); or OGD on genotype (F=
406, P<0.0001) or treatment (F= 191, P <0.0001) and the Fisher PLSD post
hoc test demonstrating differences at *P < 0.0001 when comparing NMDA,
SNP, SIN-1-treated or. OGD-treated wild-type cultures with PARP*" and
PARP™ cultures (genotype). The Fisher PLSD post hoc test demonstrated dif-
ferences at P <0.0001 when comparing wild-type NMDA-treated or OGD-
treated cultures with cultures with the addition of MK801, NArg, BZD or
DPQ and differences at 1P < 0.0001 when comparing NMDA-treated cul-
tures from PARP* animals with MK801, NArg, BZD or DPQ treatments-in
the PARP cultures (treatment).

30.1 mm’* versus 69.0 mm’ (Fig. 3a) with 51gnlf1cant protectlon in
the three most caudal sections (Fig. 3b). ’

In two of the PARP™ animals negligible infarct volume was

observed, and these animals displayed no neurologic deficit at
22 hours of reperfusion. It is conceivable that these two.mice have

been completely protected against stroke damage. Alternatively, -

in these two animals the filament may not have been optimally
placed to elicit MCAo. Because of the lack of neurologic deficit
at 22 hours, data from these two mice have not been included
in analyses of infarct volume (Fig. 3). If data from these two mice
were included, the overall infarct volume for the
PARP" group would be decreased from 15.4 mm?®

a 12
1.8 to 12.1 mm® + 1.6 (n = 10).
100
Hemodynamic measures are unaltered )
in PARP™ mice ' g %
Hemodynamic alterations can markedly influence § 60
the effects of vascular stroke. Accordingly, physiol- °
ogy was monitored in wild-type, PARP" and PARP™ g 40
animals before, during and after MCAo (Table 1). E

Regional cerebral blood-flow (rCBF) is decreased to 20
approximately 30%. of baseline following MCAo 0
and sustained during 2 hours of ischemia similarly
among all three groups (Fig. 4).’After removal of the
filament, rCBF immediately increases to 90-110%
of baseline. There are no significant differences in
mean arterial blood pressure, core temperature, ot -
blood gases between the groups that could provide
nonspecific neuroprotection. Thus, reduction of in-
farct volume in the PARP*- and PARP™ animals does
not result from altered hemodynamic effects on
cerebral blood flow, body temperature, blood gases
or blood pressure.

*
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PARP protein and catalytic activity: are undetectable
Because of the pronounced reduction in neurotoxicity and
stroke damage in PARP*" as well as in PARP"~ mice, we compared
PARP. protein expression and catalytic activity in the adult
mouse forebrain (Fig. 5). Wang and colleagues”* demonstrated
abolition of PARP protein and catalytic activity in cultured em-
bryonic fibroblasts from PARP” mice but did not report data
from PARP"" mice. PARP activity is much higher in embryonic
and postnatal tissue than in adult tissues, so that PARP protein
and catalytic activity -are not readily detectable in adult mice.

b
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Fig. 3' - Protection against focal ischemia in PARP-deficient mice. Infarct volume (a) and
area (b) after transient focal ischemia in wild-type (O), PARP'- (@) and PARP™ (A) mice.
Animals were subjected to MCA filament occlusion for 2 h and reperfused for 22 h as de-
. scribed. The forebrains were shced into five coronal sections, 2 mm thick, and stained with
1% 2,3,5-triphenyltetrazolium chloride. The volume of infarction was determined by nu-
meric integration of areas of marked pallor with section thickness. Data are presented as
the means * s.e.m. (Control, n = 9; PARP*-, n = 8; PARP”, n'=8). Significance was deter-
mined by comparing PARP*~ or PARP™ to wild-type by using a one-way ANOVA with
Fisher's post hoc test. *P<0.05; 1P <0.01; P <0.001. Additionally,-a data point from each
individual animal is plotted as a separate point overlayed on each histogram bar.
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Table 1

under halothane anesthe5|a

Physiological variables before, during, and-after -
middle cerebral artery occlusion in wild-type (129/5V), PARP* or PARP* mice

FK506 (ref. 27) and after genetic alterations such as
in transgenic nNOS” mice* and ‘mice overexpress-
ing copper-zinc superoxide dismutase™”. Indepen-

Parameters An/mal, . Before During
MABP (mmHg) Wild type 86+ 4 85+5
PARP* 89+9 86+9
: : PARP™- 818 81+5
Core temperature (2C) Wild type 35.7 £0.5 359104
E 5 PARP: 357205 . 36,0+0.6
; PARP* 36.0+£0.4 . 36204
Arterial pH ~Wild type 7.27 £0.02 7.27 £0.02
PARP" 7.28 £0.01 7.28 £ 0.00
- PARPT 7.27+0.02. .- 7.27 £0.01
Arterial PaCO,.(torr) Wild type 4116 401
PARP" 373 393
PARP™ 383 3841
Arterial PaQ, (torr) .. - Wild type - 145+12 - _136+10
o i - PARP" 141 £8 120+ 20
PARP™ 126 £ 34~ 116 £22

dently,  Moskowitz  and associates® have -also

 After observed pronounced protection.against vascular

: stroke damage in PARP™ animals. The profound
79+£5 neuroprotection .observed ‘in the. PARP™ mice,
76+ 4 which exceeds protection reported for any other
357§i(6) s transgenic- model: or- pharmacologic -treatment,
3 5:9 ;0 6 may represent a common role’forPA’RP activation
' by .other excitotoxic mechanisms ‘in addition to

36.140.8 :
~o o production of free radicals and NO. Additionally,

the failure of reported pharmacologic‘ approaches
to provide the dramatic protection conferred. by
the disruption of the PARP gene may reflect issues’
of bioavailability and drug delivery.,
Recently the genetic variation among 129 sub-
strains of mice was' reported®. Because of the ge-
“netic variance between the 129-derived embryonic

MABP (mean arterial blood-pressure), core temperature, and -arterial blood gases (pH, PaCO,, Pa0,) were
measured-before occlusion, during ischemia (2 h), and during up to30-min of reperfusion. Data are pre=
sented as the means + s.d. (wild type, n'=4; PARPY, n = 3; PARP™, n = 3). Values:were averaged over

stem cell lines used for the ‘construction of trans-
genic.animals and the 129km1ce available for exper-
-imental studies, we cannot exclude the possibility

15 min before, 2 h during, and1h follqw_ing middle cerebral artery occlusion.

Nevertheless: we successfully identified PARP protein and cat-
alytic activity, detectable at modest levels in wild-type mouse
forebrain (Fig. 5). PARP protein expression is markedly reduced
from wild-type in the PARP" forebrain and is not detectable in
the PARP* forebrain (Fig. 5a). PARP catalytic activity is not de-
tectable in the forebrain from PARP” or PARP"~ mice. We esti-
mate that our PARP assays should have detected as little as 20%
of wild-type activity, so that enzyme activity is probably reduced
by at least 80% in the PARP" mice desplte a lesser depletlon of
PARP protein.

ADP-ribose polymer formation is absent in PARP” cortex

ADP-ribose polymer formation is a matker of PARP catalytic ac-
tivity. Wild-type mice express high levels of nuclear ADP-ribose
polymer formation as identified by immunohistochemistry in
the ipsilateral cortex following 2 hours of MCAo and 2 hours of
reperfusion (Fig. 6, @ and b). There is minimal nuclear staining in
the contralateral hemisphere of the same animal. In both the ip-
silateral and contralateral cortical hemispheres in the PARP™" an-

imals following 2 hours of MCAo and 2 hours of reperfuswn k

there is a complete absence of any ADP-ribose polymer staining
(Fig. 6, c and d).

Discussion

The major ﬁndiné of this study is the dramatic protection ob- -

served in PARP* animals-against ischemia, In cortical cultures is-
chemic damage- is virtually abolished in neurons. derived: from

PARP* animals. NMDA neurotoxicity has been' examined in

~other mice with genetic alterations. In- nNOS™ mice” and in
transgenic mice-overexpressing: copper-zinc superoxide dismu-
tase™, only about 50-60% maximal protection against NMDA
toxicity is observed in the same culture systems as those utilized
in the present study. Protection against vascular damage follow-

ing middle cerebral artery occlusion is also impressive. The 80% °

reduction in infarct volume of PARF” * mice exceeds protection

reported-with any known. treatment. Maximal protéction of .

50-65% typically occurs with glutamate receptor antagonists’;

NOS inhibitors®®,.  treatment with -the immunosuppressant
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that the dramatic. protection we.observe in the
‘PARP mice isduetoa cosegregating gene from the
129- denved embryonic stem cells. However, reported: genetic
variability in response to stroke damage between inbred lines of
mice’is at most 10% (réf. 14). Additionally, we have not observed
variability in tissue cultures between strains of mice in vitro in re-
sponse to NMDA- or NO-mediated neurotoxicity in this or other
studies””. ‘We routinely use a strain of ‘related 129 mice in our
control experiments. Our observations in vitro and in vivo argue

against a“genetic. contribution by ‘the 129-derived embityonic

stem cell line in our models of glutamate neurotoxmty and focal
ischemia.

-The reduction in stroke damage ‘in-PARP™ ammals suggests
that PARP inhibitors will be useful for treating strokes. This no-
tion is supported by the pronounced protection against NMDA
and OGD neurotoxicity afforded by the selective PARP inhibitor
DPQ: Greenberg and colleagues™ have demonstrated that DPQ
provides marked protection- against neural damage: following

150
1254
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g s
50 —o—Wild-Type

25 ] | —e—PARP+-

—&—PARP+-

o 0 S0 100 150 200
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.Flg 4 Regional cerebral blood flow before, during and after 2 h of middle

cerebral-artery occlusion. The laser-doppler-probe was placed on the skull
ipsilateral to the occlusion: 2 mm posterior and 3 mm lateral from the
bregma. Wild-type (n= 4), PARP'- (n = 3), or PARP™ (n = 3) mice. Datawere |
analyzed by a one-way ANOVA with Fisher’s post hoc test. There were no
significant differences between the groups. The standard deviations are riot ‘3
shown for clarity, but the mean of the standard deviations for each data

“point'is 8.2. Abbreviations: rCBF, regional cerebral blood flow.
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Fig. 5 PARP expression and catalytic activity are reduced in PARP- deficient
mice. PARP expression (a) and catalytic act|V|ty (b) in the mouse brain is
markedly reduced in the PARP* and PARP" mouse brains as compared with
wild-type (WT). Protein expression was determined by western blot analy-
sis, and catalytic activity was determined by a self-modification assay.
Arrows denote the expression of PARP protein (a) or PARP catalytic activity
(b). In the wild-type catalytic assay other ribosylated nuclear proteins pre-
sent as the grey background, which is reduced with benzamide treatment
(WT +Bzd) and is absent in the PARP*-(+/-) and PARP*"(~/-) lanes confirm-
ing the reduced expression and absence ‘of PARP protein in the brains of
these animals. Data shown are representative of duplicate experiments. -

vascular stroke in rats.

Reduction in stroke damage and neurotoxicity in PARP*~ mice
- is almost as great as in PARP™ mice. This protection parallels the
greater than 80% reduction in enzyme activity in the PARP”
preparations. The marked reduction in PARP expression in
PARP*- mice suggests that more than gene copy number affects
the expression of PARP in adult brain. Since PARP is involved in
regulating the normal activity of numerous nuclear proteins’, it
is possible that the loss of one PARP allele significantly affects
transcriptional elements that regulate the mature expression of
PARP, resulting in lower than expected protein expression.

Activation of PARP may also be important in conditions other
than neurotoxicity. For instance, cytokine and oxidant damage
to pancreatic islet cells and hepatocytes is reversed by PARP in-
hibitors"* and in-PARP”- mice*. PARP inhibitors block cardiac
damage following occlusion of coronary arteries®. Peroxynitrite
toxicity to pulmonary epithelium, macrophages and smooth

muscle cells is also blocked by PARP inhibitors®™*. Accordingly, .

PARP inhibitors may be therapeutic in a variety of nonneuro-
logic conditions such as myocardial infarction.

Eatlier studies had suggested that PARP activation following
DNA damage may be one of several factors contributing to. cell
death in cerebral ischemia. Consistent with this notion are our
observations that ADP-ribose polymer formation is induced in
ischemic tissue but not in the contralateral, nonischemic hemi-
sphere of the same animal. Additionally, there is complete ab-

Fig. 6 ADP-ribose polymer formation is absent in the PARP™ cortex follow-
ing MCAo: Following2 h of MCAo and 2 h reperfusion, ADP-ribose polymer
formation is elevated in the nuclei in'the ipsilateral cortex of wild-type mice
(@) but not in the contralateral cortex:(b). In the PARP” mice, neither the ip-
silateral (¢) or contralateral (d) cortex demonstrates any positive staining for
ADP-ribose polymer. Contrast in the microphotographs of the PARP™ tissue
was ‘adjusted to allow visualization: of tissue in the complete absence of
staining. Microphotographs were taken with a X630 objective with-a cooled
'CCD camera, Abbreviations: Co, contralateral; Ip, ipsilateral; WT, wild type.
Data shown are representative ‘of duplicate experiments. with either a
monoclonal-antibody or polycional antibodies. B
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sence of ADP-ribose formation in the PARP" following MCAo.
The present study indicates that PARP activation may be a prin-
cipal determinant of cell death. In neurotoxicity the following
sequence of events presumably takes place (Fig. 7). Ischemia fol-
lowing blood vessel occlusion reduces the resting membrane po-
tential of glia and neurons in the ‘brain. Potassium leaks out of
cells and depolarizes neuronsleading to a massive release of glu-
tamate. Acting via NMDA receptors, glutamate triggers a release
of NO, which combines with superoxide to form peroxynitrite.
Peroxynitrite damages DNA and its fragments activate PARP.
Massive activation of PARP depletes NAD via ADP-ribose poly-
mer formation. ATP is depleted in an effort to resynthesize NAD
leading to cell death by energy depletion. Inhibition of PARP ac-
tivity spares the cell from energy loss, preventing irreversible de-
polarization of the neurons and thus provides neuroprotection.

Methods

Primary cortical cultures. Primary cortlcal cell cultures were prepared from
gestational day 16 fetal mice ina procedure modified from that previously
described™. Briefly, the cortex was dissected, and the cells were dissociated
by trituration in modified Eagle’s medium (MEM), 20% horse serum,
25 mM glucose and 2 mM L-glutamine following a 30-min digestion in
0.027% trypsin/saline solution (Gibco BRL, Galthersburg, MD). The cells are
plated on 15-mm multiwell plates coated with polyornithine. Four.days
after plating, the cells are treated with 5-fluoro-2- deoxyuridine for 3 days to
inhibit proliferation ‘of nonneuronal cells. Cells are then:maintained in
MEM, 10% horse serum, 25 mM glucose and. 2 mM L-glutamine in a8%
€O, humidified 37 °C incubator. The growth medium is refreshed twice per
week and the neurons are allowed to mature for 14 days in culture before
being used for experiments. Ontogeny studies in wild-type cultures have
shown that nNOS is expressed at mature levels by day 14 in culture. Mature
levels of nNOS neurons correspond to 1-2% of total neuronal popula-
tl0n4243

Cytotoxicity. The cells were exposed to neurotoxic conditions as previously

described™. Before exposure, the cells were washed with Tris-buffered con-

trol salt solution (CSS) containing 120 mM NaCl, 5.4 mM KCl, 1.8 mM

CaCl,, 25 mM Tris-HCI (pH 7.4) and 15 mM glucose. The exposure solu-

tions containing experimental reagents were administered for 5 min and '
then washed off. The cells were then placed in growth medium and re-

turned to the incubator overnight.

Combined oxygen-glucose deprivation was performed as previously de-
scribed**, The culture medium: was completely exchanged with deoxy-
genated, -glucose-free Earle’s balanced salt solution (EBSS) containing
116 mM NaCl, 5.4 mMKCl, 0.8 mM MgSO,; 1 mM NaH,PO, and 0.9 mM
CaCl,, bubbled with 5% H,/85% N,/5% CO,. The cultures were kept in an
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Fig. 7 = Asimple model of PARP activation iri ischemia. Blood vessel occlusion
induces a multitude of cellular events. PARP activation leading to cell death
would fit into the known schema as follows: Ischemic events result in the re-
duction of the resting membrane potential of glia and neurons in the brain.
Potassium leaks out of cells and depolarizes neurons leading to a massive re-
lease of glutamate. Acting via NMDA receptors, glutamate triggers a release
of NO, which-combines with superoxide to form peroxynitrite. Peroxynitrite
damages DNA, and the fragments activate PARP. Massive activation of PARP
leads to ADP-ribosylation and depletion of NAD. ATP is depleted in an effort
to resynthesize NAD, leading to cell death by energy depletion. ) )

anaerobic chamber for 60-min containing the gas mixture, 5% H,/85%
N,/5%. CO,, maintained at 37 °C. Combined: oxygen-glucose deprivation
was terminated. by removal of the cultures from the chamber and-replace-
ment of the EBSS solution.with oxygenated growth medium. The cultures
were returned to a humidified- incubator containing: 5% CQ, and atmos-
pheric oxygen at 37 °C overnight. ' s :

Toxicity was assayed.20-24 h after exposure to ¢ytotoxic conditions by
microscopic examination with computer-assisted cell counting following
staining of all nuclei with 1 ug/mil Hoescht 33342 stain and staining of dead

cell nuclei with 7 pM propidium iodide. Total and dead cells were counted. -

Glial nuclei fluoresce at a different intensity then neuronal nuclei and were
gated out. Percent cell death was determined as the ratio of live-to-dead
cells as compared with the percent cell death in control wells to account for
cell death due to mechanical stimulation of the cultures. At least two sepa-
rate experiments utilizing four separate wells were performed with a mini-
mum of 15,000-20,000 neurons counted per data point. All reagents were
purchased from Sigma Chemical Co. ,
A .

Western blot analysis for PARP. For western blot analysis, fresh mouse
brain was homogenized in 20% (wt/vol) 50-mM Tris-HCl (pH 7.4) buffer
containing 1 mM EDTA, T mM dithiothreitol, 50 mM NaCl;:0.25 M SUCTOSE,
0.2 mM PMSF and 1 mg/mi of chymostatin, leupeptin-and pepstatin. The
homogenate was centrifuged at 1000g for 15 min at 4 °C. The pellet, con-
taining- the nuclear fractioh, was then washed with ‘the_homogenizing
buffer. The nuclear fraction was dissolved in SDS-PAGE sample buffer con-
taining 4 M urea. The mixture was subjected to an extensive sonication, fol-
lowed by boiling at 90 °C for 15 min. The PARP protein (200 pg) was
separated on a gradient SDS-PAGE and identified by anti-PARP monoclonal
antibody by the enhanced chemiluminescence (ECL) method (Amersham,
Arlington Heights; IL).

PARP catalytic assay. PARP activity was assessed using a method previously
described". Briefly, fresh mouse brain tissues were ‘homogenized in 20%
(wt/vol) 50 mM Tris-HCl (pH 7.4) buffer containing'1 mM-EDTA, 1 mM
dithiothreitol, 50- mM Nacl, 0.25 M sucrose, 0.2 mM PMSF and 1-pg/ml of

1094 :

chymostatin, leupeptin and pepstatin. The homogenate was centrifuged at
1000g for 15 min at 4 °C. The nuclear fraction, referred to as the pellet, was
then washed with the homogenizing buffer. The washed pellet was resus-
pended in the homogenizing buffer. In a typical PARP assay; each 50 ul mix-
ture contained 0.1 mM [adenylate-*PINAD" (10 Ci/mmol) (NEN Life
Sciences, Boston, MA). Following a 5-min incubation at 25 °C, 25 ul of 50%

~ ice-cold TCA was added to each mixture, and the mixture was centrifuged

at-8000g for 5 min. The resulting peliet was subjected to two more washes
of 50% TCA and two washes of ice-cold acetone. After a brief air-drying, the
pellet was dissolved in SDS-PAGE sample buffer containing 4 M urea and
was boiled at-90 °C for 15 min. The PARP protein was separated on an 8%
SDS-PAGE. The gel was fixed, dried and exposed to a Phosphorimager cas-
sette (Molecular Dynamics, Sunnyvale, CA).

Ischemic model. The study was conducted in accordance with National
Institutes: of Health guidelines for the use. of experimental animals, and the
protocols were approved by the Institutional Animal Care and Use Commit-
tee. Adult male, 129/SV mice (Taconic Farms, Germantown, NY) or mutant
PARP mice weighing 23-38 g were anesthetized with 1-1.2% halothane in
oxygen-enriched air by face mask. The femoral artery was cannulated for
measurement of arterial blood gases and blood pressure. Rectal tempera-
ture was controlled at or near 37 °C throughout the experiment with heat-
ing -lamps/water pads in all_animals.. After baselirie -arterial blogd ‘gas
measurement, unilateral MCAo occlusion was performed using intraluminal
filament insertion-with a 5-0 nylon monofilament. The filament was intro-
duced.into the internal carotid artery via the external carotid artery up to a
point 6-mm distal to the internal carotid artery-pterygopalatine artery bi-
furcation. Concurrently, the ipsilateral common carotid artery was occluded
by a temporary clip. After 2'h.of ischemia, animals were briefly reanes-
thetized with halothane, and the filament.was withdrawn through the ex-
ternal carotid artery, allowing reperfusion of the common and internal
carotid-arteries but not the external carotid artery. '

Determination of infarction volume. After 2 h of ischemia and 22 h of
reperfusion; brains were harvested for damage assessment. The forebrain
was. sliced into five ¢oronal sections, 2 mm thick. These sections were
stained with 1% 2,3,5-triphenyltetrazolium, -as described®. ‘Infarction vol-
ume was determined by numeric integration of areas of distinct pallor xsec-
tion thickness using digital planimetry.

Immunohistochemical staining for poly(ADP-ribose) polymers. After 2 h
of ischemia and 2 of reperfusion, brains were rapidly removed and flash-
frozen. To detect poly(ADP-ribose) polymerase activation, 15-am-thick sec-
tions from fresh frozen brains were incubated in 200 UM NAD at 37 °C for
45 min with modifications”. Briefly, sections were fixed in:95% ethanol at
20-°C for 10' min and incubated overnight with.mouse anti-poly (ADP-
ribose). monoclonal antibody (Biomol Research . Laboratories, Plymouth
Meeting, PA) at a 1:100 dilution. A biotin-SP-conjugated goat anti-mouse
19G, F(ab"), specific antibody (Jackson ImmunoResearch Laboratories, West
Grove, PA) was used as'secondary at a 1:100 dilution. For signal amplifica-
tion, an immunoperoxidase ABC kit (Vector Laboratories, Burlingame, CA)
was “used followed by a TSA-Indirect kit-(NEN. Life ‘Sciences). Diamino-
benzidine was used as a chromogen (Gibco BRL). s :
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