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SUMMARY

 

Poly(ADP-ribose) polymerase (PARP) is a nuclear enzyme activated by DNA

 

damage. Activated PARP cleaves NAD

 

�

 

 into nicotinamide and (ADP-ribose) and polymer-
izes the latter on nuclear acceptor proteins. Over-activation of PARP by reactive oxygen

 

and nitrogen intermediates represents a pathogenetic factor in various forms of inflam-

 

mation, shock, and reperfusion injury. Using a novel commercially available substrate,
6-biotin-17-nicotinamide-adenine-dinucleotide (bio-NAD

 

�

 

), we have developed three ap-
plications, enzyme cytochemistry, enzyme histochemistry, and cell ELISA, to detect the acti-
vation of PARP in oxidatively stressed cells and tissues. With the novel assay we were able
to detect basal and hydrogen peroxide-induced PARP activity in J774 macrophages. We
also observed that mitotic cells display remarkably elevated PARP activity. Hydrogen perox-
ide-induced PARP activation could also be detected in wild-type peritoneal macrophages
but not in macrophages from PARP-deficient mice. Application of hydrogen peroxide to
the skin of mice also induced bio-NAD

 

�

 

 incorporation in the keratinocyte nuclei. Hydrogen
peroxide-induced PARP activation and its inhibition by pharmacological PARP inhibitors
could be detected in J774 cells with the ELISA assay that showed good correlation with the
traditional [

 

3

 

H]-NAD incorporation method. The bio-NAD

 

�

 

 assays represent sensitive, spe-
cific, and non-radioactive alternatives for detection of PARP activation.

 

(J Histochem Cytochem 50:91–98, 2002)

 

Poly(ADP-ribose) polymerase (PARP) is a nuclear en-
zyme that becomes activated in response to DNA
damage (de Murcia and Menissier de Murcia 1994).
Activated PARP cleaves NAD

 

�

 

 to nicotinamide and
ADP-ribose and polymerizes the latter on nuclear ac-
ceptor proteins such as histones, transcription factors,
and PARP itself. Poly-ADP ribosylation contributes to
DNA repair and to the maintenance of genomic stabil-
ity (Wang et al. 1997; Simbulan–Rosenthal et al.
1999; Muiras and Bürkle 2000). During inflamma-
tion, ischemia–reperfusion, or shock, free radical/oxi-
dant-induced DNA single-strand breakage triggers the

over-activation of PARP, leading to depletion of
NAD

 

�

 

 (Szabó and Dawson 1998; Szabó 2000). In an
effort to re-synthesize NAD

 

�

 

, ATP is also consumed,
resulting in necrotic type cell death (Schraufstatter et
al. 1986; Virág et al. 1998a,b). This PARP-mediated
pathway of cell suicide has been implicated in the
death of immune-stimulated macrophages as well as
in peroxynitrite- or hydrogen peroxide-induced dys-
function or cell death of thymocytes, macrophages,
endothelial cells, neuronal cells, and fibroblasts (Zin-
garelli et al. 1996; Szabó et al. 1998; Virág et al.
1998b; Soriano et al. 2001). Inhibition of PARP activ-
ity by pharmacological inhibitors or the absence of
functional PARP enzyme in PARP knockout animals
provided significant protection in animal models of a
wide variety of diseases, including various forms of in-
flammation, shock, stroke, myocardial ischemia, dia-
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betes, and diabetic endothelial dysfunction (Szabó and
Dawson 1998; Szabó 2000).

For measurement of PARP activity, the incorpo-
ration of radioactivity from isotope-labeled NAD

 

�

 

into TCA-precipitable proteins is considered the gold
standard (Schraufstatter et al. 1986). Alternatively,
poly(ADP-ribose), the product of the PARP-catalyzed
reaction can be purified from cells and tissues by a te-
dious procedure and the polymer can be quantitated
by HPLC (Kiehlbauch et al. 1993; Shah et al. 1995). A
more convenient approach to assessment of PARP ac-
tivation is the detection of poly(ADP-ribose) by a
monoclonal anti-poly(ADP-ribose) antibody in West-
ern blots, dot-blots, immunocytochemistry, and flow
cytometry (Affar et al. 1998,1999). However, the use
of the murine monoclonal anti-poly(ADP-ribose) anti-
body in mouse tissues, especially in inflamed tissues,
often results in high background staining (unpub-
lished observations). Moreover, the amount of the poly-
mer synthesized does not necessarily reflect the degree
of PARP activation, because in the cells and tissues
poly(ADP-ribose) is rapidly metabolized by poly(ADP-
ribose) glycohydrolase (PARG) (Ueda et al. 1972).

Recently, a novel non-radioactive assay has been
marketed by Trevigen (Gaithersburg, MD) for screen-
ing of potential PARP inhibitors. The assay utilizes a
novel PARP substrate, 6-biotin-17-nicotinamide-ade-
nine-dinucleotide (bio-NAD

 

�

 

), which was originally
developed to detect and isolate mono-ADP-ribosylated
proteins (Zhang and Snyder 1993). In this assay, 96-
well plates are coated with histones as acceptor pro-
teins and biotinyl-ADP ribose is incorporated from
bio-NAD

 

�

 

 into the histones by purified PARP. Biotin
incorporation is then detected by streptavidin–peroxi-
dase and a suitable peroxidase substrate. The potency
of PARP inhibitors is assessed on the basis of their in-
hibition of biotinyl–ADP-ribose incorporation. We set
out to investigate whether this commercially available
novel PARP substrate, bio-NAD

 

�

 

, can be used to de-
tect cellular PARP activation. We have developed a cel-
lular ELISA (CELISA) assay to quantify PARP activa-
tion in cultured cells and an enzyme cytochemical/
histochemical reaction to detect PARP activation in
oxidatively stressed cells and tissues.

 

Materials and Methods

 

Materials

 

Biotinylated NAD

 

�

 

 and the TACS-Saphire substrate were
purchased from Trevigen. Streptavidin–peroxidase was from
Sigma (St Louis, MO). Peroxynitrite was from Cayman
Chemical (Ann Arbor, MI). The PARP inhibitor PJ-34 was
synthesized in our laboratory as described (Soriano et al.
2001). Cryoembedding medium was from Shandon (Pitts-
burgh, PA). Nuclear fast Red and Vectamount were ob-
tained from Vector Laboratories (Burlingame, CA). Triti-

 

ated NAD was from NEN Life Science Products (Boston,
MA). All other chemicals were from Sigma.

 

Application of Hydrogen Peroxide to the Skin

 

Animal experiments conform with the “Guide for the Care
and Use of Laboratory Animals” published by the US Na-
tional Institutes of Health and the treatment protocol was ap-
proved by the Institutional Animal Care and Use Committee.
C57/BL6 mice were used in the experiments and were allowed
free access to food and water. Hair was removed from the
back of mice (

 

n

 

�

 

4) by Veet creme. Next day, hydrogen per-
oxide (250 nmol/50 

 

�

 

l PBS, pH 7.4) was smeared onto the
skin by a micropipette. Control animals (

 

n

 

�

 

4) were treated
the same way with PBS. After 30 min, mice were sacrificed
and skin was excised. Samples were embedded in cryoembed-
ding medium and immediately placed in a 

 

�

 

70C freezer.

 

Isolation of Peritoneal Macrophages

 

PARP-proficient (PARP

 

�

 

/

 

�

 

) and PARP-deficient (PARP

 

�

 

/

 

�

 

)
mice generated by Wang et al. (1995) were sacrified by an
overdose of CO

 

2

 

 and 10 ml of RPMI 1640 medium was in-
jected IP. The medium was then withdrawn and spun down
(250 

 

�

 

 

 

g

 

, 10 min). Cells were resuspended in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum and seeded
on chamber slides. After 2-hr incubation at 37C, non-adher-
ent cells were removed and cells were incubated in RPMI me-
dium/10% FCS for 1 hr. Cells were pretreated with 5 

 

�

 

M
PJ34, 5 mM 3-aminobenzamide, or PBS for 30 min and then
treated with 200 

 

�

 

M hydrogen peroxide. Cytochemical PARP
detection was carried out as described below.

 

Cytochemical PARP Detection

 

J774.1 cells were cultured on coverslips in RPMI medium
supplemented with 10% FCS. At 20 min after treatment
with H

 

2

 

O

 

2

 

 (500 

 

�

 

M), the medium was removed and re-
placed with PARP reaction buffer (56 mM HEPES, 28 mM
KCl, 28 mM NaCl, 2 mM MgCl

 

2

 

, pH 8.0, complemented
with 0.01% digitonin, 12.5 

 

�

 

M biotinylated NAD

 

�

 

 immedi-
ately before use). Control reactions were carried out in the
presence of the PARP inhibitors PJ34 (30 

 

�

 

M) or 3-ami-
nobenzamide (5 mM). After 60-min incubation at 37C, the
cells were fixed in 95% ethanol (10 min at 

 

�

 

20C) followed
by 10 min in 10% TCA (

 

�

 

20C). Coverslips were rinsed in
PBS, pH 7.4 (10 min), and endogenous peroxidase was
blocked by 0.5% H

 

2

 

O

 

2

 

/methanol for 15 min. After two 5-min
rinses with PBS, pH 7.4, coverslips were blocked in 1%
BSA/PBS for 30 min followed by two rinses in PBS–Triton
X-100 (0.1%). Incorporated biotin was detected by strepta-
vidin–peroxidase (diluted 1:100 in PBS–Triton X-100 for 30
min at room temperature). Coverslips were washed four
times for 5 min with PBS, pH 7.4–Triton X-100 and color
was developed with cobalt-enhanced nickel–DAB substrate.
Coverslips were mounted with glycerol on slides and viewed
with a Zeiss Axiolab microscope. Pictures were taken with a
Zeiss Axiocam digital camera.

 

PARP Enzyme Histochemistry

 

Cryosections (10 

 

�

 

m) were fixed for 10 min in 95% ethanol
at 

 

�

 

20C and then rinsed in PBS. Sections were permeabi-
lized by 1% Triton X-100 in 100 mM Tris, pH 8.0, for 15
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min. Reaction mixture (10 mM MgCl

 

2

 

, 1 mM dithiothreitol,
30 

 

�

 

M biotinylated NAD

 

�

 

, in 100 mM Tris, pH 8.0) was
then applied to the sections for 30 min at 37C. Reaction mix
containing PARP inhibitors (30 

 

�

 

M PJ34 or 5 mM 3-ami-
nobenzamide) or biotinyl–NAD

 

�

 

-free reaction mix were
used as controls. After three washes in PBS, incorporated bi-
otin was detected by peroxidase-conjugated streptavidin
(1:100, 30 min, RT). After three 10-min washes in PBS,
color was developed with cobalt-enhanced nickel–DAB sub-
strate: 4 min incubation in nickel–DAB solution (95 mg
DAB, 1.6 g NaCl, 2 g nickel sulfate and 25 

 

�

 

l of 30% hy-
drogen peroxide in 0.1 M acetate buffer pH 6.0) followed
by 5 min incubation in TRIS–cobalt solution (1.2 g TRIS
base, 1 g cobalt chloride in 200 ml distilled water, pH 7.2).
Sections were counterstained in Nuclear Fast Red, dehy-
drated, and mounted in Vectamount.

 

CELISA Method for Detection of PARP Activation

 

J774.1 cells were seeded in 96-well plates in RPMI/10% fe-
tal bovine serum. Next day, cells were treated with the
PARP inhibitor PJ34 (5 

 

�

 

M) for 30 min and then stimulated
with hydrogen peroxide (100–400 

 

�

 

M). Medium was then
replaced by PARP reaction buffer (56 mM HEPES, 28 mM
KCl, 28 mM NaCl, 2 mM MgCl

 

2

 

) containing 0.01% digito-
nin and 10 

 

�

 

M biotinylated NAD

 

�

 

. Plates were incubated
for 30 min at 37C. Buffer was then aspirated and cells were
fixed by the addition of 200 

 

�

 

l/well pre-chilled 95% ethanol
at 

 

�

 

20C for 10 min. Endogenous peroxidase activity was
blocked by 15-min incubation in 0.5% hydrogen peroxide/
methanol. Wells were washed once with 300 

 

�

 

l/well PBS
and then blocked by 1% BSA in PBS (200 

 

�

 

l/well) for 30
min at 37C. BSA solution was then aspirated and replaced
by 50 

 

�

 

l/well peroxidase-labeled streptavidin (diluted 1:500
in 1% BSA–PBS). After incubation (30 min at 37C), plates
were washed three times with PBS and reaction was devel-
oped with TACS-Saphire (Trevigen) substrate (100 

 

�

 

l/well).
The optical density was measured with a microplate spectro-
photometer (Molecular Devices; Sunnyvale, CA). Data were
expressed as mean 

 

�

 

 SD of quadruplicate samples.

 

[

 

3

 

H]-NAD Incorporation Assay

 

The assay was carried out as described previously (Szabó et
al. 2001). J774 cells were seeded in 12-well plates and
were treated with the PARP inhibitor PJ34 (5 

 

�

 

M) for 30
min. Cells were then exposed to 50–400 

 

�

 

M hydrogen per-
oxide and incubated for 30 min at 37C. Medium was then
replaced by 0.5 ml PARP buffer [56 mM Hepes pH 7.5, 28
mM KCl, 28 mM NaCl, 2 mM MgCl

 

2

 

, 0.01% digitonin,
and 0.125 

 

�

 

M [

 

3

 

H]-NAD (0.5 

 

�

 

Ci/ml)] and plates were in-
cubated for 10 min at 37C. Cells were then scraped and
transferred into Eppendorf tubes. Two hundred 

 

�

 

l ice-cold
50% trichloroacetic acid (TCA) was added to the samples
and tubes were incubated for 4 hr at 4C. Samples were then
spun (10,000 

 

�

 

 g, 10 min) and the pellets washed twice in
ice-cold 5% TCA and solubilized overnight in 250 

 

�

 

l 2%
SDS/0.1 N NaOH at 37C. Contents of the tubes were added
to 7 ml ScintiSafe Plus scintillation liquid (Fisher Scientific)
and radioactivity was determined in a liquid scintillation
counter (Wallac; Gaithersburg, MD). Data were expressed
as mean 

 

�

 

 SD of quadruplicate samples.

 

Statistical Analysis

 

PARP activity in the CELISA and [

 

3

 

H]-NAD assays was de-
termined from quadruplicate samples. Data are given as
mean 

 

�

 

 SD of quadruplicate samples. Experiments were re-
peated three times. Statistical significance was calculated by
unpaired Student’s 

 

t

 

-test.

 

Results

 

Enzyme Cytochemical Detection of PARP Activity
in J774 Cells

 

J774 macrophages were stained for PARP activity
with the bio-NAD

 

�

 

 substrate (Figure 1). All cells
showed a predominantly nuclear staining (Figure 1A),
indicating that the bio-NAD

 

�

 

-metabolizing enzyme
localizes in the nucleus. The intensity of nuclear stain-
ing in the vast majority of cells was moderate, reflect-
ing basal PARP activity. In sharp contrast to inter-
phase cells, mitotic cells displayed an intense nuclear
staining (Figures 1A and 1B). These cells appeared to
be in the metaphase or ana–telophase of the mitotic
cycle. Treatment of J774 cells with 500 

 

�

 

M H

 

2

 

O

 

2

 

 in-
duced a marked enhancement of ADP ribosylating ac-
tivity, as indicated by the strong nuclear staining of
H

 

2

 

O

 

2

 

-treated cells (Figure 1C). Pretreatment of cells
with the novel potent PARP inhibitor PJ34 (5 

 

�

 

M)
(Abdelkarim et al. 2001; Soriano et al. 2001) 30 min
before H

 

2

 

O

 

2

 

 exposure prevented enhancement of bio-
NAD

 

�

 

 staining (Figure 1D). Similar results were also
obtained with other types of cells, including fibro-
blasts and human keratinocytes (data not shown).

 

Lack of Hydrogen Peroxide-induced Bio-NAD

 

�

 

 
Incorporation into PARP-1-deficient Macrophages

 

To prove the identity of the product synthesized by the
cells from bio-NAD

 

�

 

, we used wild-type (PARP

 

�

 

/

 

�

 

)
and PARP-deficient (PARP

 

�

 

/

 

�

 

) macrophages (Figure 2).
Exposure of cells to 200 

 

�

 

M hydrogen peroxide induced
bio-NAD

 

�

 

 incorporation into the nuclei of wild-type
but not of PARP-deficient macrophages. Bio-NAD

 

�

 

 in-
corporation could be inhibited with PJ34 (Figure 2) or
3-aminobenzamide (not shown). These results indicate
that PARP-1 is responsible for bio-NAD

 

�

 

 incorpora-
tion into hydrogen peroxide-treated macrophages.

 

Enzyme Histochemical Detection of PARP Activation 
in Hydrogen Peroxide-treated Mouse Skin

 

To demonstrate the ability of the bio-NAD

 

�

 

 method
to detect PARP activation in tissues, we applied hy-
drogen peroxide (250 nmol/50 

 

�

 

l) to the skin of mice
for 30 min. Skin was excised and immediately frozen
in cryoembedding medium to preserve enzyme activity.
Frozen sections (10 

 

�

 

m) permeabilized with Triton
X-100 were incubated with the bio-NAD

 

�

 

 substrate
followed by biotin detection with streptavidin–per-
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oxidase. In control (vehicle-treated) skin, no detect-
able ADP ribosylation was found (Figure 3A). Per-
oxynitrite treatment activated PARP in the skin, as
indicated by the appearance of darkly stained cells
(Figure 3B). Staining was nuclear and was most in-
tense in keratinocytes. However, some scattered cells
in the dermis also showed nuclear PARP activity (Fig-
ure 3B). The presence of the PARP inhibitor PJ34 (5

 

�

 

M) (Figure 3C) or 3-aminobenzamide (5 mM) (not
shown) abolished peroxynitrite-induced bio-ADP–ribose
incorporation, demonstrating that PARP activation
was responsible for the staining.

 

Determination of Cellular PARP Activation
with Bio-NAD

 

�

 

 Substrate in a CELISA Method

A cellular ELISA method allows the quantification of
PARP activity. Furthermore, the potency of pharma-
cological PARP inhibitors in cells can also be deter-

mined in a CELISA. J774 macrophages seeded in
96-well plates were exposed to hydrogen peroxide
(50–400 �M) in the presence or absence of PJ34 (5 �M).
Hydrogen peroxide induced a dose-dependent PARP
activation in J774 cells, and pretreatment with the
PARP inhibitor PJ-34 suppressed hydrogen peroxide-
induced PARP activation (Figure 4). As a reference
method, [3H]-NAD incorporation was also used to
measure PARP activity and the two assays showed
good correlation (r2 � 0.92) with the bio-NAD�

method, giving higher induction results.

Discussion
We have demonstrated that bio-NAD� can be used as
a substrate for PARP in cells and tissues. In untreated
J774 macrophage, bio-NAD� metabolizing activity
could be detected in the nuclei. The nuclear staining

Figure 1 Basal and hydrogen peroxide-induced poly-ADP ribosylation in J774 macrophages. Untreated (A,B) and hydrogen peroxide-
treated J774 cells were stained with the bio-NAD method as described in Materials and Methods. A low-intensity nuclear staining could be
visualized with the assay in untreated cells, reflecting baseline PARP activity (A,B). Mitotic cells displayed increased poly-ADP ribosylating ac-
tivity (arrows). In response to hydrogen peroxide (500 �M), a markedly increased nuclear staining could be detected in J774 cells (C) but not
in cells pretreated with the PARP inhibitor PJ34 (5 �M) (D). Bars: A,C,D � 8 �m; B � 3 �m.
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pattern indicates that bio-NAD� is metabolized most
likely by PARP, a nuclear enzyme polymerizing ADP-
ribose units on nuclear acceptor proteins. It has been
shown previously that bio-NAD� can also serve as a
substrate for mono-ADP ribosylation in vitro (Zhang
and Snyder 1993). However, this G-protein-coupled
process takes place in the plasma membrane. Because
bio-NAD staining is localized to the nuclei, mono-
ADP ribosylation is not likely to contribute to bio-
NAD� metabolism in our system. Furthermore, the
polymeric nature of the PARP product, as opposed to
mono-ADP-ribose, may also be responsible for its
good detectability with streptavidin–peroxidase. We
observed an interesting phenomenon in untreated
J774 cells. Mitotic cells displayed strong nuclear posi-
tivity compared to interphase cells. Many cells repre-
senting various stages of mitosis could be found with
strong reactivity localized to the condensed chromatin
but not to the interchromatin areas. This observation,
however, is not surprising in light of previous observa-
tions linking PARP to the process of replication. PARP
has been shown to associate with and to regulate the
activity of topoisomerase I, an enzyme-uncoiling DNA,
by temporarily cutting into one of the DNA strands
(Ferro et al. 1984; Bauer et al. 2000; Bauer and Kun
2000). Association of PARP with other proteins in-
volved in replication, such as the DNA polymerase I–pri-
mase complex, has also been demonstrated (Dantzer et

al. 1998). Furthermore, it has also been reported that
in PARP knockout cells, but not in cells treated with
PARP inhibitors, a tetraploid population emerges, in-
dicating that the presence of PARP protein but not
PARP activity is required to maintain chromosomal
stability (Simbulan–Rosenthal et al. 1999,2001). Al-
though PARP protein has previously been shown to
localize to centrosomes and chromosomes during cell
division and in the interphase (Kanai et al. 2000), to
our best knowledge this is the first morphological
demonstration of increased poly(ADP-ribose) poly-
merase activity in mitotic cells.

In line with previous data reporting PARP activa-
tion in oxidatively stressed cells (Szabó et al. 1998;
Virág et al. 1998b), treatment of J774 cells with hy-
drogen peroxide caused a marked enhancement of nu-
clear bio-NAD� staining. Hydrogen peroxide-induced
bio-NAD� metabolism could be blocked by PJ34 or
3-aminobenzamide, inhibitors of PARP, providing fur-
ther confirmation that PARP activity is responsible for
bio-NAD� staining in our system. The question arises
as to what degree the different PARP isoenzymes con-
tribute to bio-NAD� incorporation under basal condi-
tions and after oxidative stress. Until recently, PARP
activity was believed to result from the function of a
single enzyme. After the observation that PARP-defi-
cient cells have some residual PARP activity (Shieh et
al. 1998), intensive research began to identify enzymes

Figure 2 Hydrogen peroxide-induced poly-ADP ribosylation in mouse peritoneal macrophages. Macrophages were isolated from the peri-
toneal cavity of wild-type (PARP�/�) and PARP deficient (PARP�/�) mice. Cells were seeded onto chamber slides and treated with 200 �M hy-
drogen peroxide in the presence or absence of PJ34 (5 �M). Bio-NAD� incorporation was detected as described in Materials and Methods.
Bar � 15 �m.
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responsible for this activity. In the past 3 years, four
other enzymes possessing poly(ADP-ribosylation) ac-
tivity have been described (for review see Szabó 2000)
and named PARP-2–5, with the founding member of
the PARP enzyme family now designated as PARP-1.
Although research on the biological role of these novel
PARP enzymes is in the embryonal stage, interesting
differences in domain structure, subcellular localiza-

Figure 3 Enzyme histochemical detection of PARP activation in
hydrogen peroxide-treated skin. Frozen sections were cut from un-
treated (A) and hydrogen peroxide-treated (B,C) mouse skin and
were stained with the bio-NAD method. (C) A section stained in the
presence of the PARP inhibitor 3-aminobenzamide (5 mM). Bar �
10 �m.

Figure 4 Detection of hydrogen peroxide-induced PARP activa-
tion in J774 cells with the PARP CELISA method. J774 cells were
seeded in 96-well plates (for the CELISA method) or 12-well plates
(for the [3H]-NAD� assay) and were treated with the indicated con-
centration of hydrogen peroxide in the absence or presence of 5
�M PJ34. PARP activity was detected with the CELISA method and
with the [3H]-NAD� assay, as described in Materials and Methods.
Results are given as mean � SD of quadruplicate samples. Asterisks
indicate significantly (*p�0.05; **p�0.01) increased PARP activity
compared to control; ## indicates significant (p�0.01) suppression
of PARP activity by PJ34. p values were calculated by unpaired Stu-
dent’s t-test.
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tion, tissue distribution, and ability to bind to DNA
have already been established. Our data showing in-
creased bio-NAD� incorporation in wild-type but not
in PARP-1-deficient macrophages indicates that, at
least under conditions of oxidative stress, PARP-1 is
responsible for bio-NAD�-incorporating activity.

In situ immunohistochemical demonstration of PARP
activation in tissues by detecting poly(ADP-ribose)
was successfully demonstrated in some cases by our
group (Liaudet et al. 2000) and by others (Eliasson et
al. 1997). However, in mouse tissues, evaluation of
stainings obtained by using the mouse monoclonal anti-
poly(ADP-ribose) antibody is often difficult because of
possible crossreaction of the secondary anti-mouse im-
munoglobulin–peroxidase conjugates with the endoge-
nous immunoglobulins that are present in the mouse
tissues. This problem may be very difficult to overcome
in inflamed tissues, in which extravasation leads to in-
creased immunoglobulin content. This technical prob-
lem can be circumvented by the use of bio-NAD� en-
zyme histochemistry. Using this assay, PARP activation
has been detected and localized in vascular tissues of di-
abetic mice in our recent studies (Soriano et al. 2001).

Another technical difficulty that must be considered
is the removal of poly(ADP-ribose) by poly(ADP-ribose)
glycohydrolase (PARG). This could theoretically also
occur with biotinyl–poly(ADP-ribose). Bürkle and co-
workers have previously reported that PARG can be in-
activated by treating cells with trichloroacetic acid (Lan-
kenau et al. 1999). Therefore, we included this step in
our cytochemical procedure to prevent removal of the
incorporated biotinylated-ADP-ribose. In tissues, how-
ever, we found that TCA treatment was unnecessary.

For a long time the only assay in which PARP inhib-
itors could be tested was a radioactive method using ei-
ther 32P- or 3H-labeled NAD�. This assay could be used
both with purified PARP and in cellular systems. The
appearance of the bio-NAD� assay on the market pro-
vided a non-radioactive alternative to assess the efficacy
of potential PARP inhibitors in a cell-free system. Our
CELISA protocol has now extended the applicability of
the bio-NAD� substrate to the measurement of cellular
PARP activity. The CELISA assay showed good corre-
lation with the [3H]-NAD� method. It is also important
to emphasize here that, according to our experience, be-
cause of differences in cell permeability of different
compounds the IC50 values may dramatically differ in
a cellular PARP assay compared to cell-free assays.
Therefore, we believe that elaboration of a CELISA
method for quantitation of cellular PARP activity rep-
resents an important advancement aiding more success-
ful research in the PARP field.

In summary, we have developed three applications
to detect or to measure PARP activation in cells and
tissues. The assays are based on the use of biotinylated
NAD� as a commercially available PARP substrate.

The straightforward protocols described here allow a
simple, cost-effective two-step detection of activated
PARP in oxidatively stressed tissues and cells.

Acknowledgments
Supported by grants from the Hungarian Ministry of

Health (ETT 104/99) and from the Hungarian National Sci-
ence Research Fund (OTKA T 035182) to LV, by a grant
from the National Institutes of Health to CS (R01GM60915),
and by a grant from the Health Science Center of the Univer-
sity of Debrecen to ES (Mec 10/99). LV was supported by a
Bolyai fellowship from the Hungarian Academy of Sciences.

Literature Cited
Abdelkarim GE, Gertz K, Harms C, Katchanov J, Dirnagl U, Szabó

C, Endres M (2001) Protective effects of PJ34, a novel, potent in-
hibitor of poly (ADP-ribose) polymerase in in vitro and in vivo
models of stroke. Int J Mol Med 7:255–260

Affar EB, Duriez PJ, Shah RG, Sallmann FR, Bourassa S, Kupper
JH, Burkle A, Poirier GG (1998) Immunodot blot method for the
detection of poly(ADP-ribose) synthesized in vitro and in vivo.
Anal Biochem 259:280–283

Affar EB, Duriez PJ, Shah RG, Winstall E, Germain M, Boucher C,
Bourassa S, Kirkland JB, Poirier GG (1999) Immunological deter-
mination and size characterization of poly(ADP-ribose) synthe-
sized in vitro and in vivo. Biochim Biophys Acta 1428:137–146

Bauer PI, Buki KG, Comstock JA, Kun E (2000) Activation of to-
poisomerase I by poly [ADP-ribose] polymerase. Int J Mol Med
5:533–540

Bauer PI, Kun E (2000) Binding of topo I to PARP I-antibody im-
munocomplex. Int J Mol Med 6:153–154

Dantzer F, Nasheuer HP, Vonesch JL, de Murcia G, Menissier de
Murcia J (1998) Functional association of poly(ADP-ribose)
polymerase with DNA polymerase alpha-primase complex: a
link between DNA strand break detection and DNA replication.
Nucleic Acids Res 26:1891–1898

de Murcia G, Menissier de Murcia (1994) Poly(ADP-ribose) poly-
merase: a molecular nick-sensor. Trends Biochem Sci 19:172–176

Eliasson MJ, Sampei K, Mandir AS, Hurn PD, Traystman RJ, Bao J,
Pieper A, Wang ZQ, Dawson TM, Snyder SH, Dawson VL
(1997) Poly(ADP-ribose) polymerase gene disruption renders
mice resistant to cerebral ischemia. Nature Med 3:1089–1095

Ferro AM, Thompson LH, Olivera BM (1984) Poly (ADP-ribosyla-
tion) and DNA topoisomerase I in different cell lines. Adv Exp
Med Biol 179:441–447

Kanai M, Uchida M, Hanai S, Uematsu N, Uchida K, Miwa M
(2000) Poly(ADP-ribose) polymerase localizes to the centrosomes
and chromosomes. Biochem Biophys Res Commun 278:385–389

Kiehlbauch CC, Aboul-Ela N, Jacobson EL, Ringer DP, Jacobson
MK (1993) High resolution fractionation and characterization of
ADP-ribose polymers. Anal Biochem 208:26–34

Lankenau S, Bürkle A, Lankenau DH (1999) Detection of
poly(ADP-ribose) synthesis in Drosophila testes upon gamma-
irradiation. Chromosoma 108:44–51

Liaudet L, Soriano FG, Szabó E, Virág L, Mabley JG, Salzman AL,
Szabó C (2000) Protection against hemorrhagic shock in mice ge-
netically deficient in poly(ADP-ribose)polymerase. Proc Natl
Acad Sci USA 97:10203–10208

Muiras ML, Bürkle A (2000) Defending genomic stability over life
span: a proposed role for PARP-1. Exp Gerontol 35:703–709

Schraufstatter IU, Hyslop PA, Hinshaw DB, Spragg RG, Sklar LA,
Cochrane CG (1986) Hydrogen peroxide-induced injury of cells
and its prevention by inhibitors of poly(ADP-ribose) polymerase.
Proc Natl Acad Sci USA 83:4908–4912

Shah GM, Poirier D, Duchaine C, Brochu G, Desnoyers S, Lagueux
J, Verreault A, Hoflack JC, Kirkland JB, Poirier GG (1995)



98 Bakondi, Bai, Szabó, Hunyadi, Gergely, Szabó, Virág

Methods for biochemical study of poly(ADP-ribose) metabolism
in vitro and in vivo. Anal Biochem 227:1–13

Shieh WM, Ame JC, Wilson MV, Wang ZQ, Koh DW, Jacobson
MK, Jacobson EL (1998) Poly(ADP-ribose) polymerase null
mouse cells synthesize ADP-ribose polymers. J Biol Chem 273:
30069–30072

Simbulan–Rosenthal CM, Haddad BR, Rosenthal DS, Weaver Z,
Coleman A, Luo R, Young HM, Wang ZQ, Ried T, Smulson ME
(1999) Chromosomal aberrations in PARP(�/�) mice: genome
stabilization in immortalized cells by reintroduction of poly-
(ADP-ribose) polymerase cDNA. Proc Natl Acad Sci USA
96:13191–13196

Simbulan–Rosenthal CM, Rosenthal DS, Luo R, Li JH, Zhang J,
Smulson ME (2001) Inhibition of poly(ADP-ribose) polymerase
activity is insufficient to induce tetraploidy. Nucleic Acids Res
29:841–849

Soriano GF, Virág L, Jagtap P, Szabó E, Mabley JG, Liaudet L,
Marton A, Hoyt DG, Murthy KG, Salzman AL, Southan GJ,
Szabó C (2001) Diabetic endothelial dysfunction: the role of
poly(ADP-ribose) polymerase activation. Nature Med 7:108–113

Szabó C, ed. (2000) Cell Death: the Role of PARP. Boca Raton, FL,
CRC Press

Szabó C, Dawson VL (1998) Role of poly(ADP-ribose) synthetase
in inflammation and ischaemia-reperfusion. Trends Pharmacol
Sci 19:287–298

Szabó É, Virág L, Bakondi E, Gyüre L, Haskó G, Bai P, Hunyadi J,
Gergely P, Szabó C (2001) Peroxynitrite production, DNA
breakage and poly(ADP-ribose) polymerase activation in a
mouse model of oxazolone-induced contact hypersensitivity. J
Invest Dermatol 117:74–80

Szabó C, Virág L, Cuzzocrea S, Scott GJ, Hake P, O’Connor MP,
Zingarelli B, Salzman AL, Kun E (1998) Protection against per-
oxynitrite-induced fibroblast injury and arthritis development by
inhibition of poly (ADP-ribose) synthetase. Proc Natl Acad Sci
USA 95:3867–3872

Ueda K, Oka J, Naruniya S, Miyakawa N, Hayaishi O (1972) Poly
ADP-ribose glycohydrolase from rat liver nuclei, a novel enzyme de-
grading the polymer. Biochem Biophys Res Commun 46:516–523

Virág L, Salzman AL, Szabó C (1998a) Poly(ADP-ribose) synthetase
activation mediates mitochondrial injury during oxidant-induced
cell death. J Immunol 161:3753–3759

Virág L, Scott GS, Cuzzocrea S, Marmer D, Salzman AL, Szabó C
(1998b) Peroxynitrite-induced thymocyte apoptosis: the role of
caspases and poly (ADP-ribose) synthetase (PARS) activation.
Immunology 94:345–355

Wang ZQ, Auer B, Stingl L, Berghammer H, Haidacher D, Schweiger
M, Wagner EF (1995) Mice lacking ADPRT and poly(ADP-ribo-
syl)ation develop normally but are susceptible to skin disease.
Genes Dev 9:509–520

Wang ZQ, Stingl L, Morrison C, Jantsch M, Los M, Schulze–Osthoff
K, Wagner EF (1997) PARP is important for genomic stability
but dispensable in apoptosis. Genes Dev 11:2347–2358

Zhang J, Snyder SH (1993) Purification of a nitric oxide-stimulated
ADP-ribosylated protein using biotinylated beta-nicotinamide
adenine dinucleotide. Biochemistry 32:2228–2233

Zingarelli B, O’Connor M, Wong H, Salzman AL, Szabó C (1996)
Peroxynitrite-mediated DNA strand breakage activates poly-
adenosine diphosphate ribosyl synthetase and causes cellular en-
ergy depletion in macrophages stimulated with bacterial li-
popolysaccharide. J Immunol 156:350–358


