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Poly(ADP-ribose) polymerase-1 (PARP-1, EC 2.4.2.30), a DNA-bound enzyme, plays a key role in
genome stability, but after overactivation can also be responsible for cell death. The aim of the
present study was to investigate PARP-1 activity in the hippocampus, brain cortex, striatum and
cerebellum in adult (4 months) and aged (24 months) specific pathogen free Wistar rats and to
correlate it with PARP-1 protein level and p53 expression. Moreover, the response of PARP-1 in
adult and aged hippocampus to oxidative/genotoxic stress was evaluated. Our data indicated a
statistically significant enhancement of PARP-1 activity in aged hippocampus and cerebral cor-
tex comparing to adults without statistically significant changes in PARP-1 protein level. The ex-
pression of p53 mRNA was elevated in all aged brain parts with the exception of the cerebral
cortex. Our data suggest that enhancement of PARP-1 activity and p53 expression in aged brain
may indicate higher DNA damage. Our data also indicate that during excessive oxidative/geno-
toxic stress there is no response of PARP-1 activity in aged hippocampus in contrast to a signifi-
cant enhancement of PARP-1 activity in adults which may have important consequences for the
physiology and pathology of the brain.
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Poly(ADP-ribose) polymerase-1 (PARP-1, EC
2.42.30) is a highly conserved protein mainly lo-
calized in the nucleus. This about 113 kDa protein
contains nuclear localization signal and DNA bind-
ing domain that recognizes DNA strand breaks.
PARP-1 is activated by single and double DNA
strand breaks, being the earliest and the most sen-
sitive sensor of DNA damage (Malanga & Althaus,
2005). PARP-1 is responsible for the poly(ADP-
ribosyl)ation of more than 40 nuclear chromatin-
associated proteins, among them are p53, NF-«B,
histones, AP-1, AP-2, topoisomerase I and II, and
PARP itself. Automodified PARP-1 attracts the base
excision repair complex facilitating removal of DNA
damage (Masson et al., 1998; Pleschke et al., 2000;
Strosznajder et al., 2005). A lack of PARP-1 activity
causes hypersensitivity to genotoxic agents and el-
evates chromosomal abnormalities. Overactivation
of PARP-1 by massive DNA breakage (Zhang et al.,

1994) leads to a depletion of its substrate BNAD*
and of ATP. These events are responsible for altera-
tion of mitochondrial potential and may be involved
in the release of apoptosis inducing factor (AIF) (Yu
et al., 2002). Moreover, PARP-1 interacts with NF-xB
and other transcription factors (Hassa & Hottiger,
1999; Oliver et al., 1999; Wesierska-Gadek & Schmid,
2001; Chiarugi & Moskovitz, 2003; Wesierska-Gadek
et al., 2003; 2005). A growing body of evidence in-
dicates the importance of PARP-1 in cell death
during ischemia and neurodegenerative diseases
(Strosznajder et al., 2003; 2005). The role of PARP-1
as a “guardian of the genome” has raised question
about its significance in aging. Numerous publica-
tions have documented increased levels of damaged
DNA and mutation frequency in aged organs (Man-
davilli & Rao, 1996; Izzotti et al., 1999; Hamilton et
al., 2001; Cabelof et al., 2002), thus it was of great
interest to elucidate the influence of aging on PARP

Abbreviations: 3-AB, 3-aminobezamide; AIF, apoptosis-inducing factor; AP-1 and -2, activator protein-1 and -2; BSA,
bovine serum albumin; DTT, pr-dithiothreitol; ECL, enhanced chemiluminescence; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; IR, immunoreactivity; MNNG, N-methyl-N"-nitro-N-nitrosoguanidine; BNAD?, beta-nicotinamide adenine

dinucleotide; NF-kB, nuclear factor kappa B; NMDA, N-methyl-p-aspartate; P1, crude nuclear fraction; PMSF, phenyl-
methylsulfonyl fluoride; PARP-1, poly(ADP-ribose) polymerase-1; PBS-T, phosphate-buffered saline with 0.05% Tween-20;
ROS, reactive oxygen species; RT-PCR, reverse transcription and polymerase chain reaction; SPF, specific pathogen free.
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expression and activity. Increased PARP activity
during aging has been reported previously (Pero et
al., 1985; Bizec et al.,, 1989; Grube & Biirkle, 1992;
Messripour et al., 1994; Muiras et al., 1998) but the
PARP activity and its expression at the protein level
in mammalian aged brain has not been fully eluci-
dated. Moreover, the relationship between PARP-1
and p53 in aged brain is not well understood. In our
previous work we described changes of poly(ADP-
ribosyl)ation that occurred with age in brains of non
specific pathogen free (NSPF) rats (Strosznajder et
al., 2000a; 2000b). The activity of PARP-1 was elevat-
ed in aged brain cortex and cerebellum but it was
significantly lower in aged hippocampus comparing
to adult (Strosznajder et al., 2000a). The aim of the
present study was to investigate the PARP-1 activity
in correlation to PARP-1 protein level and expres-
sion of p53 in aged brain parts comparing to adults
from the specific pathogen free (SPF) health category
animals. Moreover, the response of PARP-1 activity
to oxidative/genotoxic stress in adult and aged hip-
pocampus was examined.

MATERIALS AND METHODS

Male Wistar adult (4 months) and old rats
(24-27 months) were obtained from the Animal
Breeding House of the Medical Research Centre,
Polish Academy of Sciences (Warszawa, Poland).
The animals were kept behind a barrier system and
were of the specific pathogen free health category.
The Local Medical Research Centre Ethics Commit-
tee that followed the European Communities Coun-
cil Directive of 24 November 1986 accepted the use
of these animals for the described experiments. [Ad-
enine-“C]nicotinamide adenine dinucleotide (NAD)
was from Amersham (Buckinghamshire, England).
Protease Inhibitor Cocktail Complete was obtained
from Boehringer Mannheim (Germany). (-Nicoti-
namide adenine dinucleotide (3-NAD), bpr-dithio-
threitol (DTT), 3-aminobezamide (3-AB), and other
reagents were obtained from Sigma (St. Louis, MO,
USA).

The animals were quickly decapitated. Brain
parts were isolated on ice. A 10% homogenate (w/
v) was immediately prepared in a Dounce-type
glass homogeniser in ice-cold 0.25 M sucrose with
50 mM NaCl, 1 mM EDTA and 1 mM dithiothreitol
in 10 mM Tris/HCl, pH 7.4, with “Complete™"” pro-
tease inhibitors. The homogenate was centrifuged
for 4 min at 600 x g to obtain crude nuclear fraction
(P1) pellet which was resuspended in half volume
of the homogenisation buffer and used for PARP-1
protein and activity measurements.

Determination of basal PARP-1 activity in
adult and aged brain parts. PARP-1 activity was
determined using [adenine-'*C]NAD as a substrate.

The incubation mixture in a final volume of 100 ul
contained 200 pM BNAD and 4 x 10° d.p.m. [ad-
enine-*C]NAD, 100 mM Tris/HCl buffer (pH 8.0),
10 mM MgCl,, 5 mM DTT, 50 uM PMSF and 200 ug
of protein. The mixture was incubated for 1 min at
37°C and the reaction was stopped by adding 0.8 ml
of ice-cold 25% trichloroacetic acid. Precipitates were
collected on Whatman GF/B filters, washed three
times with 5% trichloroacetic acid and left overnight
for drying. The radioactivity was measured using an
LKB, Wallach 1409 scintillator counter.

Determination of basal PARP-1 protein lev-
el in adult and aged brain parts. PARP-1 protein
immunoreactivity was measured by Western-blot.
The P1 nuclear fraction was denatured for 5 min at
95°C and electrophoresed through 7.5% SDS/poly-
acrylamide gel. The proteins were transferred onto
Hybond™ C-Extra nitrocellulose membrane (Am-
ersham). The membrane was blocked in 1% bovine
serum albumin (BSA) in PBS-T for 1 h at room tem-
perature and probed with 1:500 monoclonal anti-
PARP-1 antibody (Sigma, clone# C-2-10) in 0.5%
BSA overnight at 4°C and then with 1:2500 second-
ary horseradish peroxidase-linked anti-rabbit IgG
(Amersham) in 5% non-fat dry milk for 1 h at room
temp. The bands were visualized with ECL kit (Am-
ersham) and analyzed with a densitometer.

The same blots were then stripped for 30 min
at room temp. in 50 mM glycine/HCl, pH 2.0, with
1% SDS, blocked for 1 h at room temp. in 5% non
fat dry milk in PBS-T and probed for 2 h at room
temp. with 1/400 C4 anti-actin antibody in 0.1%
BSA. After probing with 1/5000 anti-mouse second-
ary antibody in 5% milk for 1 h at room temp. the
intensities of actin bands were recorded. The results
were expressed as the ratio of densities of PARP-1
bands to actin bands in the same lanes.

Determination of p53 mRNA level in adult
and aged rat brain parts. Total RNA was extracted
from brain cortex, hippocampus, striatum and cer-
ebellum from adult and aged rats using TRI REA-
GENT isolation kit (Sigma, St. Louis, MO, USA) ac-
cording to the manufacturer’s procedure. The yield
and quality of RNA were determined by measuring
the absorbance at 260 and 280 nm in a spectropho-
tometer. First-strand ¢cDNA was synthesized from
5 ug of total RNA by reverse transcription (RT), us-
ing Reverse Transcription System (Promega Corpo-
ration, Madison, WI, USA). The reaction was per-
formed in a final volume of 20 pl using 1500 units
of AMV reverse transcriptase, 0.5 ug oligo(dT) prim-
er, 2500 units of RNase inhibitor, 1 mM dNTP mix,
5mM MgCl, and RT buffer in one cycle: 42°C for
1 h and 99°C for 5 min with subsequent cooling to
4°C.

Polymerase chain reaction (PCR) was carried
out using Tag PCR Master Mix Kit (Qiagen, GmbH,
Germany) according to the manufacturer’s pro-
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cedure in a total volume of 50 ul with 20 pmol of
each primer. The primer sequences for p53 were 5'-
TTCCCTCAATAAGCTGTTCTGCC-3" (forward) and
5-TGCTCTCTTTGCACTCCCTGG-3" (reverse). As
an internal control, glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) cDNA was coamplified us-
ing primers 5-TGAAGGTCGGAGTCAACGGATTT-
GGT-3" (forward) and 5-CATGTGGGCCATGAG-
GTCCACCAC-3' (reverse). Each PCR cycle consisted
of denaturation at 94°C for 1 min, annealing at 66°C
for 1 min, and extension at 72°C for 1 min, followed
by a final 7-min extension at 72°C. PCR amplification
was carried out for 36 cycles using a Perkin-Elmer
GeneAmp 2400 thermal cycler. After amplification,
samples were separated on 2% agarose gel contain-
ing 200 pg/l ethidium bromide in 0.5x Tris/borate/
EDTA buffer. The intensity of the p53 and GAPDH
bands was estimated by densitometric analysis of
the gel in UV light using a NucleoVision apparatus
and GelExpert 4.0 software from NucleoTech.

Determination of PARP-1 activity in adult
and aged hippocampus subjected to oxidative
and genotoxic stress. For the determination of free
radical-stimulated PARP-1 activity, the P1 nuclear
fraction from hippocampus was preincubated with
25 uM FeCl, and 10 uM ascorbate for 1.5, 15 and 60
min. Then [adenine-"*C]NAD was added and the re-
action was carried as was described above. For deter-
mination of the effect of N-methyl-N’-nitro-N-nitro-
soguanidine (MNNG), the P1 nuclear fraction from
hippocampus was pre-incubated for 15 min at 37°C
and then incubated with 50 uM MNNG for 5 min.
Then 200 uM BNAD* was added and the reaction
was carried out for 1 min at 37°C. The reaction was
terminated with denaturing sample buffer and the
material was subjected to electrophoresis and trans-
fer as described above. The membrane was blocked
overnight in 5% non-fat dry milk and probed with
1:400 anti-poly(ADP-ribose) antibody (Alexis, clone#
10H) in 0.25% milk and then with 1:3000 secondary
horseradish peroxidase-linked anti-rabbit IgG (Am-
ersham) in milk. The bands were visualized with the
ECL kit (Amersham) and analysed with a densito-
meter.

RESULTS AND DISCUSSION

Our present results demonstrate that in SPF
animals PARP-1 activity is significantly elevated by
52% in aged hippocampus comparing to the adult
one (Fig. 1). The activity of this enzyme in the cer-
ebral cortex was also significantly enhanced by
64% while in cerebellum and striatum it was non-
significantly elevated by 24% and 16%, respectively
(Fig. 1). Our previous experiments demonstrated a
significantly lower PARP-1 activity in aged versus
adult hippocampus from non-SPF-category animals

(Strosznajder et al., 2000a). We suggest that PARP-1
in non-SPF animals was subjected to excessive stress
evoked by some kind of infection which markedly
affected this enzyme in the hippocampus, leading
in consequence to its covalent modification and in-
hibition. In the cerebral cortex and cerebellum the
values were very similar to those observed previ-
ously (Strosznajder et al., 2000a). Moreover, in the
current study we also estimated the PARP-1 protein
level. The immunoreactivity was unchanged in the
aged hippocampus and cerebellum, non-significant-
ly lowered in aged cerebral cortex and significantly
down-regulated in the striatum of old rats (Fig. 2).
These results indicate that the age related changes
of PARP-1 occurr at the level of enzymatic activ-
ity, not on the protein expression level. Also Grube
and Biirkle (1992) presented a lack of correlation
between the amount of PARP protein and the life
span with strong positive correlation between PARP
activity and life span. They observed a higher spe-
cific enzyme activity in longer-lived species. In con-
trast, Messripour et al. (1994) demonstrated an en-
hancement of PARP activity and also PARP protein
level in neurons and glia from aged rat brain. It is
known from previous studies that PARP regulates/
modulates p53 and NF-«xB function (Malanga et al.,
1998; Chiarugi, 2002; Wesierska-Gadek et al., 2003).
It has been demonstrated that the activity of PARP-
1 regulates expression of p53 (Agarwal et al., 1997;
Wang et al., 1998). Our data indicated no changes
of p53 expression in aged brain cortex comparing to
the adult one and a non-significant enhancement of
p53 mRNA level in the hippocampus and striatum
(Fig. 3). However, significantly elevated p53 mRNA
expression was found in aged cerebellum (Fig. 3).
These results correlate with the higher PARP-1 ac-
tivity in aged brain parts with the exception of brain
cortex where p53 mRNA was not elevated. The data
of Chung et al. (2000) presented higher immunore-
activity (IR) of p53 in the hippocampus and cerebel-

80 1 [ Adult MAged
70

&
60 - % J
50
40 4
30

20 4
10 -

PARP activity [pmol/mg protein/min]

Cortex Hippocampus Striatum Cerebellum

Figure 1. PARP-1 activity in nuclear fraction from differ-
ent parts of adult and aged brains.

Bars represent values (means +S.E.M.) from 3-5 animals.
*P<0.05 comparing to values from corresponding adult
brain parts. Student’s t-test.
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lum of aged rats. They did not observed p53 IR in
the brain of adult rats. The increased expression of
p53 seen with DNA damage indicated a possible
link between senescence and DNA damage. To bet-
ter understand the aged-related changes of PARP-1
we also determinated in in vitro experiments the re-
sponse of PARP-1 from adult and aged hippocampus
to oxidative and genotoxic stress. In contrast to our
previous approach when we stimulated free radical
generation by ligating glutamatergic NMDA recep-
tors or by adding extracellular B-amyloid (Stroszna-
jder et al., 2000b), our current study was more di-
rect, independent of age-related changes in signaling
pathways, expression of proteins, and other factors
that might uncontrollably change with age. FeCl,
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Figure 2. PARP-1 protein level in nuclear frac-
tion from different parts of adult and aged
brains.

Bar represent values (means +S.E.M.) from 3 ani-
mals. *P <0.05 comparing to values from corre-
sponding adult brain parts. Student’s t-test.

Aged

(25 uM) and ascorbate (10 uM) which generated the
oxidative stress (1.5 and 15 min) stimulated signifi-
cantly the PARP-1 activity in the adult tissue (Table
1, Fig. 4). In aged hippocampus PARP-1 activity was
near the control value (Table 1, Fig. 4). However, a
prolonged, 60 min oxidative stress had an inhibitory
effect on PARP-1 activity in aged and also in adult
hippocampus. The enzyme activity was about 40%
of the corresponding control value (Fig. 4). Dam-
age of DNA by alkylating agent MNNG also caused
strong, significant increase of poly(ADP-ribosyl)ation
in the adult (258% of control) but not in aged hip-
pocampus (Table 1). Reduced PARP activation in
response to enzymatic DNA cleavage was reported
by Malanga et al. (2005) in aged rat cerebellum. Our

*

Cortex Striatum

Hippocampus

Figure 3. p53 mRNA expression in
adult and aged rat brain.

The mRNA ratio was calculated by
dividing p53 mRNA levels by the
corresponding GAPDH mRNA lev-
els measured in the same experi-
ment. Bars represent values (means
+S.E.M.) from 8 animals. Values from
adult brains were taken as 100%. Dif-
ferences between adult (a) and aged
(b) animals were analyzed using un-
paired Student’s t-test, *P <0.05.

Cerebellum
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Figure 4. Effect of in vitro oxidative stress on PARP-1 ac-
tivity in nuclear fraction from adult and aged hippocam-
pus.

Nuclear fractions from adult and aged hippocampus were
preincubated in the presence of 25 uM FeCl, and 10 pM
ascorbic acid for 1.5, 15 and 60 min. Control values from
non-treated adult and aged hippocampus were taken in
each case as 100%. The values are means from one typical
experiment carried out in triplicate. Pooled material from
3 adult and 2 aged animals was used.
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data indicate that PARP-1 in aged hippocampus has
a lower ability to respond to excessive oxidative or
genotoxic stress. In consequence, the alteration of
PARP-1 may have a protective effect against energy
depletion but may also lead to a decreased efficiency
of DNA repair machinery.

Acknowledgements

The authors express gratitude to Mrs. D. Ko-
pczuk and M. Kaminska for their excellent techni-
cal assistance. This work was supported by Polish-
German grant No. PBZ-MIN-001/P05/16 and by the
statutory budget of the Polish Academy of Science
Medical Research Center (Theme No. 1).

REFERENCES

Agarwal ML, Agarwal A, Taylor WR, Wang ZQ, Wagner
EF, Stark GR (1997) Defective induction but normal
activation and function of p53 in mouse cells lacking
poly-ADP-ribose polymerase. Oncogene 15: 1035-1041.

Bizec JC, Klethi ], Mandel P (1989) Regulation of protein
adenosine diphosphate ribosylation in bovine lens dur-
ing aging. Ophthalmic Res 21: 175-183.

Cabelof DC, Raffoul JJ, Yanamadala S, Ganir C, Guo Z,
Heydari AR (2002) Attenuation of DNA polymerase
beta-dependent base excision repair and increased
DMS-induced mutagenicity in aged mice. Mutat Res
500: 135-145.

Chiarugi A (2002) Poly(ADP-ribose) polymerase: killer or
conspirator? The ‘suicide hypothesis’ revisited. Trends
Pharmacol Sci 23: 122-129.

Chiarugi A, Moskowitz MA (2003) Poly(ADP-ribose)
polymerase-1 activity promotes NEF-kB-driven tran-
scription and microglial activation: implication for neu-
rodegenerative disorders. | Neurochem 85: 306-317.

Chung YH, Shin C, Kim M], Lee B, Park KH, Cha CI
(2000) Immunocytochemical study on the distribution

Table 1. PARP activity in adult and aged hippocampus
subjected to oxidative and genotoxic stress

% of control

Conditions Adult Aged
25 uM FeCl, + 10 uM Asc 157 + 22% 111 + 22
50 uM MNNG 258 + 46* 83 + 12

P1 nuclear fraction from hippocampus was incubated with FeCl,
and ascorbate (Asc) for 1.5 min. Then enzymatic activity was meas-
ured using [adenine-"*C]NAD as described in the text. P1 nuclear
fraction from hippocampus was incubated for 5 min with MNNG
and subjected to Western blot for poly(ADP-ribose) as described
in the text. Control values from non-treated adult and aged hip-
pocampus were taken in each case as 100%. The values are means
of 3—4 experiments +5.E.M. *P < 0.05, Student’s t-test.

of p53 in the hippocampus and cerebellum in the aged
rat. Brain Res 885: 137-141.

Grube K, Biirkle A (1992) Poly(ADP-ribose) polymerase
activity in mononuclear leukocytes of 13 mammalian
species correlates with species-specific life span. Proc
Natl Acad Sci USA 89: 11759-11763.

Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo
ZM, Kewitt K, Walter CA, Richardson A (2001) Does
oxidative damage to DNA increase with age? Proc Natl
Acad Sci USA 98: 10469-10474.

Hassa PO, Hottiger MO (1999) A role of poly(ADP-ribose)
polymerase in NF-kB transcriptional activation. Biol
Chem 380: 953-959.

Izzotti A, Cartiglia C, Taningher M, De Flora S, Balansky R
(1999) Age-related increases of 8-hydroxy-2’-deoxygua-
nosine and DNA-protein crosslinks in mouse organs.
Mutat Res 446: 215-223.

Malanga M, Althaus FR (2005) The role of poly(ADP-ri-
bose) in the DNA damage signaling network. Biochem
Cell Biol 83: 354-364.

Malanga M, Pleschke JM, Kleczkowska HE, Althaus FR
(1998) Poly(ADP-ribose) binds to specific domains of
p53 and alters its DNA binding functions. | Biol Chem
8: 11839-11843.

Malanga M, Romano M, Ferone A, Petrella A, Monti G,
Jones R, Limatola E, Farina B (2005) Misregulation of
poly(ADP-ribose) polymerase-1 activity and cell type-
specific loss of poly(ADP-ribose) synthesis in the cer-
ebellum of aged rats. | Neurochem 93: 1000-1009.

Mandavilli BS, Rao KS (1996) Neurons in the cerebral cor-
tex are most susceptible to DNA-damage in aging rat
brain. Biochem Mol Biol Int 40: 507-514.

Masson M, Niedergang C, Schreiber V, Muller S, Menis-
sier-de Murcia J, de Murcia G (1998) XRCCl is specifi-
cally associated with poly(ADP-ribose) polymerase and
negatively regulates its activity following DNA dam-
age. Mol Cell Biol 18: 3563-3571.

Messripour M, Weltin D, Rastegar A, Ciesielski L, Kopp
P, Chabert M, Mandel P (1994) Age-associated changes
of rat brain neuronal and astroglial poly(ADP-ribose)
polymerase activity. | Neurochem 62: 502-506.

Muiras ML, Muller M, Schachter F, Burkle A (1998) In-
creased poly(ADP-ribose) polymerase activity in lym-
phoblastoid cell lines from centenarians. | Mol Med 76:
346-354.

Oliver FJ, Menissier-de Murcia J, Nacci C, Decker P, An-
driantsitohaina R, Muller S, de la Rubia G, Stoclet JC,
de Murcia G (1999) Resistance to endotoxic shock as
a consequence of defective NF-«xB activation in poly
(ADP-ribose) polymerase-1 deficient mice. EMBO ] 18:
4446-4454.



914

R.P. Strosznajder and others

2005

Pero RW, Holmgren K, Persson L (1985) Gamma-radiation
induced ADP-ribosyl transferase activity and mamma-
lian longevity. Mutat Res 142: 69-73.

Pleschke JM, Kleczkowska HE, Strohm M, Althaus FR
(2000) Poly(ADP-ribose) binds to specific domains in
DNA damage checkpoint proteins. | Biol Chem 275:
40974-40980.

Strosznajder JB, Jesko H, Strosznajder RP (2000a) Age-re-
lated alteration of poly(ADP-ribose) polymerase activ-
ity in different parts of the brain. Acta Biochim Polon 47:
331-337.

Strosznajder JB, Jesko H, Strosznajder RP (2000b) Effect of
amyloid beta peptide on poly(ADP-ribose) polymerase
activity in adult and aged rat hippocampus. Acta Bio-
chim Polon 47: 847-854.

Strosznajder RP, Gadamski R, Czapski GA, Jesko H,
Strosznajder JB (2003) Poly(ADP-ribose) polymerase
during reperfusion after transient forebrain ischemia:
its role in brain edema and cell death. | Mol Neurosci
20: 61-72.

Strosznajder RP, Jesko H, Zambrzycka A (2005) Poly(ADP-
ribose) polymerase the nuclear target in signal trans-
duction and its role in brain ischemia reperfusion in-
jury. Mol Neurobiol 31: 149-167.

Wang X, Ohnishi K, Takahashi A, Ohnishi T (1998)
Poly(ADP-ribosyl)ation is required for p53-dependent
signal transduction induced by radiation. Oncogene 17:
2819-2825.

Wesierska-Gadek J, Schmid G (2001) Poly(ADP-ribose)
polymerase-1 regulates the stability of the wild-type
p53 protein. Cell Mol Biol Lett 6: 117-140.

Wesierska-Gadek ], Wojciechowski ], Schmid G (2003)
Phosphorylation regulates the interaction and complex
formation between wt p53 protein and PARP-1. | Cell
Biochem 89: 1260-1284.

Wesierska-Gadek J, Ranftler C, Schmid G (2005) Physiolog-
ical ageing: role of p53 and PARP-1 tumor suppressors
in the regulation of terminal senescence. | Physiol Phar-
macol 56 (Suppl 2): 77-88.

Yu SW, Wang H, Poitras MF, Coombs C, Bowers W], Fe-
deroff HJ, Poirier GG, Dawson TM, Dawson VL (2002)
Mediation of poly(ADP-ribose) polymerase-1-depend-
ent cell death by apoptosis-inducing factor. Science 297:
259-263.

Zhang ], Dawson VL, Dawson TM, Snyder SH (1994) Ni-
tric oxide activation of poly(ADP-ribose) synthetase in
neurotoxicity. Science 263: 687-689.



