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1 In the presence of genotoxic stress poly(ADP-ribose) polymerase-1 (PARP-1) leads to NAD+

and ATP depletion, participating in the pathogenesis of several disorders including in¯ammation.
Accordingly, chemical inhibitors of PARP-1 are e�cacious anti-in¯ammatories, albeit the underlying
molecular mechanisms are still under debate.

2 This study investigated the e�ect of the PARP-1 inhibitors 6(5H)-phenanthridinone and
benzamide as well as that of benzoic acid, an inactive analogue of benzamide, on development of
experimental allergic encephalomyelitis (EAE) in rats. Both 6(5H)-phenanthridinone and benzamide
attenuated development of EAE, reducing clinical score, neuroimmune in®ltration and expression of
in¯ammatory mediators such as inducible nitric oxide synthase, interleukin-1b and -2,
cyclooxygenase-2, tumour necrosis factor-a and interferon-g in the spinal cord of myelin-immunized
rats. Importantly, no evidence of NAD+ and ATP depletion as well as poly(ADP-ribose) formation
was detected in the spinal cord.

3 By contrast, a robust formation of poly(ADP-ribose) occurred in B- and T-cell areas in lymph
nodes of myelin-immunized rats and was suppressed by the treatment with 6(5H)-phenanthridinone
and benzamide. In cultures of activated rat lymphocytes, 6(5H)-phenanthridinone and benzamide
reduced the DNA-binding activity of NF-kB and AP-1 and transcription of pro-in¯ammatory
cytokines such as interleukin-2, interferon-g and tumour necrosis factor-a.
4 Notably, benzoic acid did not reproduce the in vivo and in vitro e�ects of its parent compound.

5 These ®ndings indicate that PARP-1 promotes transcriptional activation in lymphocytes and
inhibitors of its enzymatic activity are useful for the treatment of autoimmune disorders of the
central nervous system.
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Introduction

Poly(ADP-ribose) polymerase-1 (PARP-1) is a nuclear

enzyme activated by DNA damage. After binding to single-
or double-DNA strand breaks, PARP-1 transforms b-
nicotinamide adenine dinucleotide (NAD+) into long

branched polymers of ADP-ribose that are targeted to
chromatin-interacting proteins. By so doing, PARP-1 mod-
ulates nuclear functions and assists DNA repair (D'Amours

et al., 1999; Shall & de Murcia, 2000). However, once hyper-
activated by massive genotoxic stress, PARP-1 causes NAD+

and ATP depletion, eventually leading to cell death by energy
failure (Berger, 1985; Ha & Snyder, 1999; Herceg & Wang,

2001). This cascade of events, known as the `suicide pathway'

(Gaal et al., 1987), is causative in necrosis (Ha & Snyder,

1999; Moroni et al., 2001) with a still controversial role in
apoptosis (Leist et al., 1997; Scovassi & Poirier, 1999;
Smulson et al., 2000; Chiarugi, 2002).

A large body of evidence demonstrates that PARP-1 is
activated during the in¯ammatory response, contributing to
tissue damage. Accordingly, pharmacological inhibition of

PARP-1 is of therapeutic e�cacy in models of in¯ammation
(Szabo & Dawson, 1998; Szabo, 1998) and PARP7/7 mice are
protected from endotoxic shock (Oliver et al., 1999; Kuhnle et
al., 1999). However, the mechanisms underlying these anti-

in¯ammatory e�ects are still under debate (Szabo, 1998).
The unexpected identi®cation of multiple PARPs with

di�erent cellular localization (Smith, 2001; Chiarugi, 2002)

suggests that poly(ADP-ribose) formation has pleiotropic
e�ects under both physiological and pathological conditions.
Furthermore, a growing body of evidence demonstrates that,

British Journal of Pharmacology (2002) 137, 761 ± 770 ã 2002 Nature Publishing Group All rights reserved 0007 ± 1188/02 $25.00

www.nature.com/bjp

*Author for correspondence at: Department of Cellular and
Molecular Physiology, University of Massachusetts Medical School,
55 Lake Avenue North, Worcester, MA 06105, U.S.A.;
E-mail: alberto.chiarugi@umassmed.edu



in addition to its role in DNA repair, PARP-1 also regulates
transcriptional activation (D'Amours et al., 1999; Butler &
Ordahl, 1999; Vyas et al., 2001; Akiyama et al., 2001; Nirodi

et al., 2001) and modulates the activity of transcription
factors such as activator-protein-2 (AP-2) (Kannan et al.,
1999), p53 (Wang et al., 1998), nuclear factor-kB (NF-kB)
(Hassa & Hottinger, 1999; Oliver et al., 1999; Chang &

Alvarez-Gonzalez, 2001) and octamer-binding protein-1 (Oct-
1) (Nie et al., 1998; Ha et al., 2002) (for reviews see Ziegler &
Oei, 2001; Chiarugi, 2002). The key role of poly(ADP-ribose)

in transcription is well exempli®ed by the profound alteration
in gene expression revealed by the oligonucleotide microarray
analysis in PARP-17/7 cells (Simbulan-Rosenthal et al.,

2000). Thus, the involvement of PARP-1 in the in¯ammatory
response may be more complex than previously expected, and
the therapeutic e�ects of PARP-1 inhibitors mediated by

several mechanisms in addition to the prevention of NAD+

and ATP shortage (Chiarugi, 2002).
To further investigate the mechanisms underlying the anti-

in¯ammatory e�ects of inhibitors of poly(ADP-ribose)

formation, the present study analysed the e�ects of 6(5H)-
phenanthridinone (PHE) and benzamide (BZD) (two enzy-
matic inhibitors of PARP-1) and of benzoic acid (BA, an

inactive analogue of BZD) (Banasik et al., 1992), on the
development of experimental allergic encephalomyelitis (EAE)
in rats, an experimental model of multiple sclerosis. The

working hypothesis was that PARP-1 inhibitors might protect
from EAE through two major mechanisms. First, they could
directly prevent cellular energy depletion and subsequent

demyelination and axonal injury in glia and neurones exposed
to DNA-damaging reactive radicals formed during EAE
(Smith et al., 1999). Second, considering the role of
poly(ADP-ribose) in transcription, PARP-1 inhibitors might

modulate gene expression in immune cells, thereby in¯uencing
the autoimmune attack on the central nervous system (CNS).

Methods

Materials

Myelin basic protein, complete Freund's adjuvant (CFA),
PHE, BZD, BA, ATP, NAD+, alcohol dehydrogenase,

bicine, bovine serum albumin (BSA), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium, phenazine ethosulfate, 12-myr-
istate 13-acetate (PMA), ionomycin and REDTaq DNA

polymerase were from Sigma (St. Louis, MO, U.S.A.).
Mycobacterium tuberculosis H37 Ra was from DIFCO
Laboratories (Detroit, MI, U.S.A.). ATP contents were

measured using the ATP Determination Kit from Molecular
Probes (Eugene, OR, U.S.A.).

Induction of EAE, drug treatment and evaluation of
neurological score

EAE has been induced in rats as previously reported

(Chiarugi et al., 2001a) in accordance with standard approved
protocols. At day 1 post immunization (p.i.), animals (®ve per
group) were intraperitoneally injected every 12 h with 30/

60 mg kg71 PHE, 100/200 mg kg71 BZD or 100/200 mg kg71

BA dissolved in DMSO. Myelin-immunized vehicle-treated
animals received the same amount of DMSO. Each drug was

evaluated in a separate experiment. The neurological de®cit
was daily monitored from day 1 to 20 p.i. according to the
following scoring system: 0, no impairment in muscle tone

and motility; 1, tail paralysis; 2, hind limbs weakness; 3, hind
limbs paralysis and incontinence; 4, forelimb weakness and/or
loss of righting re¯ex; 5, tongue paralysis or death.

Tissue preparation

Four groups (®ve animals each) of myelin-immunized rats

were treated every 12 h from day 1 p.i. with vehicle (DMSO),
60 mg kg71 PHE, 200 mg kg71 BZD or 200 mg kg71 BA.
Five sham-immunized rats were used as controls. At day 14

p.i., animals were anaesthetized, transcardially perfused with
saline isotonic solution and the spinal cord as well as the
brain and inguinal lymph nodes collected, snap frozen and

stored at 7808C. Organs were cut with cryostat in 14 mm
sections, mounted on slides, air dried and stored at 7808C.
Portions of lumbar spinal cord were collected in eppendorf
tubes for RT ±PCR, Western blotting and measurements of

NAD+ and ATP contents.

Immunohistochemistry

For immunohistochemistry, sections on slides were ®xed in
cold ethanol for 10 min. Spinal cord sections were incubated

for 1 h with phosphate bu�ered saline pH 7.4 (PBS)
containing 10% horse serum (HS) and then for 6 h at room
temperature (RT) with a ¯uorescein-conjugated anti-rat class

II major histocompatibility complex (MHC II) antibody
(Pharmingen, San Diego, CA, U.S.A.) diluted 1 : 100 in PBS/
2% HS. After washing with PBS (three times/10 min each),
¯uorescence was examined with a Nikon Labophot-2 inverted

microscope using a ¯uorescein ®lter (excitation 460 ± 490,
emission 4515 nm). Later on, sections were incubated
overnight at 48C with a biotin-conjugated anti rat ED1

antibody (Serotec, Oxford, U.K.) or monoclonal anti rat
Pan-T antibody (Pharmingen, San Diego, CA, U.S.A.)
diluted 1 : 100 in PBS/2% HS. After washes with PBS,

sections were incubated 1 h at RT with streptavidin-
conjugated Cy3 (for ED1 visualization) or Cy3-conjugated
anti-mouse antibody (for PanT visualization) diluted 1 : 300
in PBS/2% HS. Fluorescence was visualized using a

rhodamine ®lter (Ex 520, Em 4580). Spinal cord sections
were subsequently subjected to haemotoxylin-eosin staining
for histological evaluation. For immunohistochemical analy-

sis of poly(ADP-ribose), sections were incubated with the anti
poly(ADP-ribose) antibody 10H (Alexis, Zurich, CH) diluted
1 : 100 in PBS containing 0.3% Triton X-100 and 2% HS for

6 h at RT. Sections were then incubated 1 h with a Cy3-
conjugated anti-mouse antibody. Speci®city of immune-
detection was established by the omission of the primary

antibody.

In vitro lymphocyte activation

Lymphocytes from lymph nodes of healthy Lewis rats were
isolated by teasing through stainless steel wire mesh in PBS.
Macrophage/dendritic cells were eliminated by plastic

adherence. Lymphocytes were seeded in 24-well plates and
cultured in AIM V (Gibco, Rockville, MD, U.S.A.) for 24 h
and then stimulated with 50 ng ml71 PMA and 2 mM
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ionomycin. PHE, BZD and BA were dissolved in dimethyl
formamide. Cells were harvested in eppendorf tubes, pelleted
and stored at 7808C.

Western blotting

For Western blotting, spinal cord sections or lymphocytes

were processed as previously described (Chiarugi et al.,
2001a). Twenty mg of protein/lane were subjected to SDS ±
PAGE in 10% acrylamide mini-gels and then blotted to

nitrocellulose membranes (Hybond-ECL, Amersham, U.K.).
Membranes were blocked with PBS containing 0.1% Tween-
20 and 5% skimmed milk (TBPS/5% milk) and then

incubated 1 h with the primary antibody (1 : 1000) in TBPS/
5% milk. For phospho c-Jun NH(2)-terminal kinase (JNK)
determination, 5% BSA was used instead of milk. Mem-

branes were then washed with TBPS and incubated 1 h in
TBPS/5% milk containing a peroxidase-conjugated anti
rabbit antibody (1 : 2000). After washing in TBPS, ECL
(Amersham) was used to visualize the peroxidase-coated

bands. Polyclonal anti-inducible NO synthase (iNOS) and
monoclonal anti b-actin antibodies were from (Sigma, St.
Louis, MO, U.S.A.); anti cyclooxygenase (COX)-2, anti IkBa,
anti phospho-JNK and anti interleukin (IL)-1b were poly-
clonal antibodies from Santa Cruz (Palo Alto, CA, U.S.A.).

Semi-quantitative RT ±PCR

One mg of total RNA extracted with Trizol (GIBCO-BRL,

Rockville, MD, U.S.A.) from the spinal cord or cultured
lymphocytes was reverse transcribed into DNA and
subjected to PCR using the following software-designed
oligonucleotide primers: IL-2, 5'-GCGCACCCACTTCAA-

GCCCT-3' (sense) and 5'-CCACCACAGTTGCTGGCTCA-
3' (antisense); interferon-g (IFNg), 5'-TCGAATCGCACCT-
GATCACTA-3' (sense) and 5'-GGGTTGTTCACCTCGA-

ACTTG-3' (antisense); tumour necrosis factor-a (TNFa), 5'-
ATGAGCACAGAAAGCATGATC-3' (sense) and 5'-CA-
GAGCAATGACTCCAAAGTA-3' (antisense); GAPDH, 5'-
CCCTCAAGATTGTCAGCAATG-3' (sense) and 5'-GTCC-
TCAGTGTAGCCCAGGAT-3' (antisense). The number of
PCR cycles (948C 30 s, 588C 30 s, 728C 1 min, 5 min for the
last extension) was selected after determining the linear

working range for the reaction. RT products from
lymphocytes were ampli®ed 26 times for GAPDH, IFNg
and IL-2, and 30 times for TNFa. RT products from the

spinal cords were ampli®ed 26 times for GAPDH, 30 times
for TNFa and IFNg and 38 times for IL-2. PCR
ampli®cation products were separated on a 1.8% agarose gel.

Quantification of the contents of NAD+ and ATP

NAD+ contents were quanti®ed by means of an enzymatic
cycling procedure according to Shah et al. (1995), and those
of ATP with the luciferin-luciferase bioluminescence assay
according to Chiarugi et al. (2001b). Data were calculated as

nmoles of ATP or NAD+ mg71 protein.

Electrophoresis mobility gel shift assay

The DNA binding activity of NF-kB, nuclear factor of
activated T-cells (NFAT) and activator protein-1 (AP-1) was

investigated in lymphocytes resuspended in bu�er `A'
containing (in mM): HEPES pH 7.8 10, KCl 10, EDTA 1,
EGTA 0.1, PMSF 1, and 4 mg/ml71 aprotinin and leupeptin.

Cells were kept on ice for 15 min, vortexed every 3 min and
then centrifuged at 90006g for 5 min at 48C. The nuclear
pellet was resuspended in 50 ml of bu�er `B', analogous to `A'
plus 400 mM NaCl and incubated for 10 min on ice. The

mixture was centrifuged at 15,0006g for 10 min at 48C and
the surnatant aliquoted and stored at 7808C. The DNA
binding activity was tested by incubating 10 mg of proteins of

the nuclear extract in 20 ml of a bu�er containing (in mM):
Tris pH 7.4 10 (4% glycerol), MgCl2 1, ethylenediamineter-
aacetic acid (EDTA) 0.5, dithiothreitol 1, NaCl 50,

0.05 mg ml71 poly(dl-dC), and 10,000 c.p.m. of speci®c 32P-
labelled oligonucleotide for 20 min at RT. The mixture was
electrophoresed in 4% non-denaturing polyacrylamide gels

that, after drying, were exposed to X-ray ®lm (Amersham).
The following double-stranded oligonucleotides were used: 5'-
AGTTGAGGGGACTTTCCCAGGC-3' (NF-kB), 5'-CGCC-
CAAAGAGGAAAATTTGTTTCATA-3' (NFAT), 5'-CGC-

TTGATGAGTCAGCCGGAA-3' (AP-1).

Statistical analysis

Results are expressed as the mean+s.e.mean for n observa-
tions. Evaluation of signi®cant di�erences among groups was

performed using the Student's t-test, Kruskal-Wallis with
Dunn's post test, and Mann-Whitney U-test. Di�erence
among groups was considered signi®cant for P values 50.05.

Results

Effects of PHE, BZD and BA on the development of EAE

The e�ects of PHE, BZD and BA on the development of EAE

are summarized in Table 1 and Figure 1. In myelin-immunized
rats, the injection of 30 mg kg71 PHE reduced the peak disease
score, whereas it had no e�ect on day of onset, duration and

day of maximal disease. At 60 mg kg71, PHE also delayed
onset and day of maximal disease (Table 1, Figure 1A). Sim-
ilarly, BZD attenuated development of EAE dose-dependently,
delaying onset and day of maximal disease, and reducing

duration and peak disease score (Table 1, Figure 1B). Neither
PHE nor BZD a�ected the incidence of EAE. Notably, BA had
no e�ects on the development of EAE (Table 1, Figure 1C).

Effects of PHE, BZD and BA on neuroinflammatory
infiltrates and expression of pro-inflammatory mediators
in the spinal cord of rats with EAE

Rats were sacri®ced at day 14 p.i. Spinal cords of sham-

immunized rats were free of in¯ammatory in®ltrates and
MHC II+ cells. Conversely, the spinal cords of myelin-
immunized vehicle-treated rats showed massive in¯ammatory
in®ltrates of MHC II+ cells in meningeal and perivascular

localization. Immune cell in®ltration was drastically reduced
by the treatment with PHE and BZD but not BA (Figure 2).
Similarly, in®ltrates of Pan-T+ lymphocytes and ED1+

macrophages were absent in the spinal cord of sham-
immunized animals, massive in those of myelin-immunized
vehicle- or BA-treated rats and suppressed in those of rats
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sensitized with myelin and injected with PHE or BZD (data
not shown). In the spinal cord of rats with EAE, double

labelling immunohistochemistry showed that numerous
ED1+ macrophages expressed MHC II, whereas rare Pan-
T+ cells were MHC II+, in line with the ability of T

lymphocytes to acquire MHC II antigens from MHC II+

cells during EAE (Flugel et al., 2001). A population of MHC
II+ cells, probably B lymphocytes, expressed neither ED1 nor
PanT (data not shown).

The mRNA levels of IL-2, TNFa and IFNg were markedly
increased in the spinal cord of rats with EAE. The treatment
with PHE and BZD but not BA reduced cytokine transcript

levels (Figure 3A). iNOS and IL-1b were not detected in the
spinal cord of sham-immunized rats, whereas COX-2 was
slightly expressed, in line with its constitutive presence in the

rat CNS (Quan et al., 1998). Remarkably, PHE or BZD but
not BA reduced the expression of the three proteins induced
in the spinal cord of myelin-immunized rats (Figure 3B).

NAD+ and ATP contents in the spinal cord of rats with
EAE: effect of PHE, BZD and BA

The contents of NAD+ and ATP were increased in the
lumbar spinal cord of myelin-sensitized vehicle-treated rats
at day 14 p.i. compared to sham-immunized animals.

NAD+ levels increased about 2 fold from 12.3+4 to
27.5+2.5 nmol mg prot71, whereas those of ATP augmented
from 23.4+2.2 to 37+4.2 nmol mg prot71. These increments

were signi®cantly reduced by the treatment with PHE or
BZD but not BA (Table 2). Although various cell types
contribute to the spinal cord contents of NAD+ and ATP,

these ®ndings, along with the reduction of neuroimmune
in®ltrates induced by PHE and BZD (Figures 2 and 3),
suggest that the nucleotide increase was due to the presence
of actively metabolizing immune cells.

Poly(ADP-ribose) formation in the spinal cord and
lymph nodes of rats with EAE

Poly(ADP-ribose) formation was evaluated by means of
immunohistochemistry in the spinal cord and draining lymph

Table 1 E�ects of PHE, BZD and BA on EAE in the rat

Incidence Mean day of Mean duration Mean day of max Mean peak
(%) disease onset (day) disease score disease scorea

Group 1
Vehicleb 100 13.0+0.3c 6.2+0.6 15.4+0.2 4.0+0.15
PHE 30d 100 13.6+0.2 5.2+0.4 15.0 3.2+0.2*
PHE 60 100 14.4+0.2**e 6.0+0.4 16.6+0.2** 2.9+0.4*

Group 2
Vehicle 100 11.0+0.4 7.2+0.8 14.0+0.4 3.8+0.2
BZD 100 100 12.2+0.2* 6.0+0.5 13.8+0.4 2.0+0.3**
BZD 200 100 16.5+0.6** 3.2+0.7** 17.7+0.2** 1.2+0.4**

Group 3
Vehicle 100 12.8+0.4 5.6+0.5 14.4+0.2 3.4+0.2
BA 100 100 12.8+0.4 6.2+0.5 14.6+0.2 3.4+0.2
BA 200 100 13.0+0.4 5.8+0.6 14.8+0.4 3.2+0.2

aAverage of the maximal clinical score achieved by each animal at any day during the experiment. bIn the vehicle group rats received an
i.p. injection of DMSO every 12 h starting at day 1 p.i. cValues are expressed as the mean+s.e.mean, n=5. dThe number represents the
dose of drug expressed in mg/kg injected i.p. every 12 h starting at day 1 p.i. e*P50.05; **P50.01 vs vehicle, Student's t-test (mean day
of disease onset, mean duration, mean day of maximal disease score) and Mann±Whitney U-test (mean peak disease score).

Figure 1 PHE and BZD but not BA reduce symptoms in rats with
EAE. After immunization, animals were treated every 12 h from day
1 p.i. with PHE (A), BZD (B) or BA (C) dissolved in DMSO.
Vehicle-treated animals received an equal volume of DMSO. Each
drug was evaluated in a separate experiment. Multiple clinical score
(MCS) was assessed daily and is shown as mean+s.e.mean of ®ve
animals per group. *P50.05; **P50.01 vs vehicle, Kruskal-Wallis
and Dunn's post test.
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nodes of rats at day 14 p.i. Polymer content was below the

detection limit in the spinal cord of sham- and myelin-
immunized rats (not shown). Low levels of poly(ADP-ribose)
immunoreactivity were detected in the medulla of lymph
nodes of sham-immunized rats (Figure 4A). By contrast,

numerous poly(ADP-ribose)+ cells were present in medullary
cords and paracortex of lymph nodes of rats with EAE
(Figure 4B,G,H). Fluorescence was localized in round-shaped

structures (Figure 4F), consistent with the nuclear synthesis
of poly(ADP-ribose). Some poly(ADP-ribose)+ cells were
MHC II+ (data not shown). Because both the anti-

poly(ADP-ribose) and anti-PanT antibodies were raised in
mouse, it was impossible to test whether PanT+ cells
expressed ADP-ribose chains. Notably, polymer formation
was reduced in lymph nodes of rats treated with PHE (Figure

4C) or BZD (Figure 4D) but not BA (Figure 4E),
demonstrating that administration of PARP-1 inhibitors
inhibited poly(ADP-ribose) formation in rats.

Effects of PHE, BZD and BA on transcriptional
activation and Th1 cytokine expression in lymphocytes

It is well established that EAE is triggered by clonal
expansion of autoreactive lymphocytes in draining lymph

nodes and subsequent migration into the CNS (Bar-Or et al.,
1999). The evidence that the decreased content of poly(ADP-
ribose) in lymph nodes correlated with reduced levels of pro-
in¯ammatory cytokines of the Th1 pro®le in the spinal cord

and attenuation of EAE, suggested that PHE and BZD
targeted key step(s) of lymphocyte activation. Thus, the e�ect
of the PARP-1 inhibitors on in vitro lymphocytes activation

was evaluated.
As shown in Figure 5A, PHE (1 ± 100 mM) or BZD (0.1 ±

10 mM) but not BA (0.1 ± 10 mM) reduced the levels of IL-2

mRNA dose-dependently in lymphocytes activated in vitro
for 2.5 h with PMA/ionomycin. The inhibition was
maintained over time (Figure 5Ba and b). PHE reduced

the levels of IL-2 transcripts even when added 4 h after
lymphocyte activation (Figure 5Bc) and transcriptional
inhibition was promptly relieved after PHE wash out
(Figure 5Bd), indicating that PHE's e�ects were not due

to cytotoxicity. PHE or BZD, but not BA, also reduced the
transcript levels of IFNg and TNFa in activated lympho-
cytes (Figure 5C).

The expression of IL-2, IFNg and TNFa depends on the
activation of signalling pathways leading to activation of
transcription factors such as NF-kB, AP-1 and NFAT. In

lymphocytes exposed 1 h to PMA/ionomycin, 100 mM PHE
or 10 mM BZD did not a�ect both IkBa degradation and
JNK phosphorylation (Figure 6A), triggers of NF-kB and
AP-1 activation, respectively. These results suggested that

PARP-1 inhibitors did not interfere with signalling upstream
of transcription factor activation. The exposure to PMA/
ionomycin increased the DNA binding activity of NF-kB,
AP-1 and NFAT in lymphocytes (Figure 6B ±D). The
binding activity was reduced by the addition of 50 fold
molar excess of speci®c but not non-speci®c cold oligoprobes

in the binding mixture (not shown), indicating speci®city of
the retarded bands. Notably, incubation with PHE or BZD
selectively reduced the PMA/ionomycin-induced DNA bind-

ing activity of NF-kB and AP-1 (Figure 6B and C), having
no e�ects on that of NFAT (Figure 6D).

Discussion

This study reports the novel ®ndings that PARP-1 inhibitors

PHE and BZD (i) reduced neuroin¯ammation and symptoms
in rats with EAE; (ii) prevented poly(ADP-ribose) formation
in their draining lymph nodes, and (iii) impaired NF-kB and

Figure 2 PHE and BZD but not BA reduce in¯ammatory in®ltrates
in the spinal cord of myelin-immunized rats. In¯ammatory in®ltrates
in sections of the lumbar spinal cord of sham- (A, B) and myelin-
immunized (C-L) rats at day 14 p.i. are shown with haematoxylin-
eosin staining (A, C, E, G, I) or MHC II immunohistochemistry (B,
D, F, H, L). In¯ammatory in®ltrates are not detectable in sham-
immunized animals (A, B). Massive meningeal and perivascular
in¯ammatory in®ltrates (C) colocalize with MHC II+ cells (D)
(arrows) in rats with EAE. Note the striking reduction of in®ltrates
in rats treated daily with 60 mg kg71 PHE (E, F, arrows) or
200 mg kg71 BZD (G, H, arrows). The treatment with 200 mg kg71

BA does not a�ect immune in®ltration (I, L, arrows). Each section is
representative of one group of animals (n=5). Scale bar=550 mm.
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AP-1 activity as well as transcription of pro-in¯ammatory
cytokines in lymphocytes.

It is well established that PARP-1 activation participates in
the development of in¯ammation by inducing cell death by
NAD+ and ATP depletion and subsequent immune cell

in®ltration (Szabo & Dawson, 1998; Szabo, 1998). It is
reported here that the contents of NAD+ and ATP were
increased in the spinal cord of rats with EAE but, still,

PARP-1 inhibitors PHE and BZD exerted anti-in¯ammatory
e�ects. Therefore, the absence of NAD+ and ATP depletion,

together with that of poly(ADP-ribose) formation suggest
that, under these experimental conditions, PARP-1 was not
hyper-activated in the spinal cord during the acute phase of

EAE, in apparent contrast with the results of Scott et al.
(2001). The present ®ndings, however, are in agreement with
the anti-in¯ammatory e�ects of 3-amino BZD in a model of

chronic colitis characterized by an increased energy charge in
the in¯amed tissue (Jijon et al., 2000), and with the induction
of the metabolic route of NAD+ synthesis in the CNS of rats

Figure 3 PHE and BZD but not BA reduce the expression of
in¯ammatory mediators in the spinal cord of myelin-immnunized
rats. PHE and BZD but not BA reduce the mRNA levels of IL-2,
IFNg and TNFa (A) as well as the expression of iNOS, IL-1b and
COX-2 (B) in the spinal cord of animals with EAE at day 14 p.i.
Each lane corresponds to one animal, and two representative animals
per group (n=5) are shown. GAPDH and b-actin are shown as
loading controls.

Table 2 E�ects of PHE, BZD and BA on the spinal cord
contents of NAD+ and ATP in sham- and myelin-
immunized rats at day 14 p.i.

NAD+ ATP

Sham-immunized 12.3+4.0a 23.4+2.2
EAE+Vehicleb 27.5+2.5*c 37.0+4.2*
EAE+PHE 60d 9.0+3.3 25.5+7.2
EAE+BZD 200 14.2+1.8 23.4+3.0
EAE+BA 200 23.6+3.3* 35.3+3.5*

aEach value is the mean+s.e.mean of ®ve animals and is
expressed in nmol mg71 prot. The measurements were
conducted in duplicate. bVehicle-treated animals were
immunized with myelin and received an i.p. injection of
DMSO every 12 h starting at day 1 p.i. c*P50.05 vs sham-
immunized, Student's t-test. dThe number represents the
dose of drug expressed in mg kg71 injected i.p. every 12 h
starting at day 1 p.i.

Figure 4 Immunohistochemical evaluation of poly(ADP-ribose)
formation in lymph nodes during EAE. (A) Low levels of
poly(ADP-ribose) immunoreactivity are present in the medulla of
lymph nodes of sham-immunized animals. (B) Numerous poly(ADP-
ribose)+ cells are localized in the paracortex (inset) and medullar
cords (arrowheads) in lymph nodes of myelin-immunized rats at day
14 p.i. The number of poly(ADP-ribose)+ cells is signi®cantly
reduced by the treatment with PHE (C) or BZD (C) but not BA
(E). (F) Poly(ADP-ribose)+ nuclei (arrowheads). The inset depicted
in (B), is shown at higher magni®cation with MHC II immuno- (G)
and haematoxylin-eosin (H) staining. Note that poly(ADP-ribose)+

cells are localized in the paracortex (G), whereas secondary follicles
(H, arrowheads) are not immunoreactive. Each section is representa-
tive of one group of animals (n=5). Scale bar=500 mm (A±E),
40 mm (F), 150 mm (G, H).
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with EAE (Chiarugi et al., 2001a). Data are also in line with

the recent evidence that PARP7/7 mice are protected from
ischaemic brain injury through mechanisms apparently
independent of energy failure (Goto et al., 2002). Taken as

a whole, the present results suggest that PARP-1 participated
in the pathogenesis of EAE by mechanism(s) not related to
impairment of energy dynamic in the CNS.
It is well established that priming of lymphocytes in

draining lymph nodes and ensuing invasion of the CNS with
local synthesis of pro-in¯ammatory cytokines are key events
in EAE pathogenesis (Xiao & Link, 1999; Bar-Or et al.,

1999). It is reported here the novel ®nding that poly(ADP-
ribose) formation occurred in draining lymph nodes of rats
with EAE. DNA damage occurring in proliferating lympho-

cyte (Greer & Kaplan, 1986) may have been the trigger of

poly(ADP-ribose) formation in lymph nodes, consistent with
a previous demonstration in activated macrophages (Berton
et al., 1991). Notably, inhibition of poly(ADP-ribose)

formation in B- and T-cell areas of draining lymph nodes
correlated with amelioration of EAE. These results, along
with the evidence that PHE and BZD reduced transcription
of Th-1 cytokines such as IL-2, IFNg and TNFa in both

cultured lymphocytes and spinal cord of rats with EAE,
suggest that PARP-1 inhibitors impaired the autoimmune
response by reducing lymphocyte activation. This hypothesis

is corroborated by studies demonstrating that PARP-1
expression is increased in proliferating lymphocytes (McNer-
ney et al., 2001) and PARP-1 inhibitors such as BZD

analogues and PHE itself impair B- and T-cell activation in
vitro and in vivo (Broomhead & Hudson, 1985; McNerney et
al., 1987; Exley et al., 1987; Weltin et al., 1995).

It is shown here for the ®rst time that PHE and BZD
reduced the DNA-binding activity of NF-kB and AP-1 in
lymphocytes. Considering the central role of these two
transcription factors in pro-in¯ammatory cytokine expression

by Th1-cells, it is plausible that PHE and BZD reduced Th1
lymphocyte activation in both cultures and myelin-immu-
nized rats by targeting transcriptional activation. This event

may have reduced subsequent macrophage/microglia activa-
tion, neuroin¯ammation and neurological symptoms. PARP-
1 also regulates the expression of pro-in¯ammatory molecules

such as iNOS (Le Page et al., 1998; Oliver et al., 1999). IL-1b
(Ha et al., 2002), CD11a (Ullrich et al., 2001), ICAM1
(Zingarelli et al., 1998; Ha et al., 2002) as well as CXCL1

(Nirodi et al., 2001). It is possible, therefore, that decreased
expression of these pro-in¯ammatory agents may have
contributed to the therapeutic e�ects of PHE and BZD on
rats. Results shown in Figure 3B are in line with this

assumption.
Although several reports demonstrate a key role of PARP-

1 in trans-activation (Ziegler & Oei, 2001; Chiarugi, 2002),

the underlying molecular mechanisms are controversial
(Hassa et al., 2001; Chang & Alvarez-Gonzalez, 2001; Ha
et al., 2002). It has been proposed that ADP-ribose polymer

chains regulate the assembly of the transcriptional machinery,
thereby modulating RNA synthesis (VispeÁ et al., 2000) and
gene expression (Akiyama et al., 2001; Chang & Alvarez-
Gonzalez, 2001; Ullrich et al., 2001). In keeping with this,

PARP-1 has been identi®ed as the transcriptional coactivator
TFIIC (Slattery et al., 1983), and PARP-1 binding to
promoter elements regulates transcription (Butler & Ordahl,

1999; Akiyama et al., 2001; Nirodi et al., 2001; Zhang et al.,
2002). The lack of e�ect of PHE and BZD on the DNA
binding activity of NFAT, however, indicates that PARP-1 is

not a general regulator of transcription factors, consistent
with the recent evidence that PARP-1-dependent transcrip-
tional regulation is gene and cell type-speci®c (Ha et al.,

2002). In activated lymphocytes exposed to PARP-1
inhibitors, therefore, the una�ected activity of NFAT and
other trans-activating factors can explain residual transcrip-
tion of IL-2 (see Figure 6Bb) and clonal proliferation (Weltin

et al., 1995). In myelin-immunized rats these events can be
translated into an attenuated, yet not prevented, development
of EAE.

Theoretically, PHE and BZD may have also a�ected EAE
pathogenesis impairing lymphocyte proliferation by accumu-
lation of DNA-strand breaks (Greer & Kaplan, 1986) or

Figure 5 PHE and BZD but not BA reduce the mRNA levels of IL-
2, IFNg and TNFa in rat lymphocytes. Lymphocytes were isolated
from inguinal lymph nodes and stimulated in culture with PMA and
ionomycin. Levels of IL-2, IFN-g and TNFa transcripts were
evaluated after 2.5 h (A, C) or over time (2 ± 8 h) (B). GAPDH is
shown as a loading control. (A) The preincubation (1 h) with PHE or
BZD but not BA reduces IL-2 mRNA dose-dependently in activated
lymphocytes. (Ba) Over time increase of IL-2 mRNA induced by
PMA/ionomycin (P+I). (Bb) The pre-incubation (1 h) with 100 mM
PHE reduces the transcript levels of IL-2 at each time point. (Bc)
100 mM PHE decreases the mRNA levels of IL-2 when added 4 h
after PMA/ionomycin exposure. (Bd) IL-2 mRNA increases after
PHE (100 mM) wash out. (C) The pre-incubation (1 h) with 100 mM
PHE or 10 mM BZD but not 10 mM BA reduce the levels of IFNg
and TNFa transcripts induced by PMA/ionomycin. One experiment
representative of three (A, C) and two (B) is shown.
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inhibiting NAD(P)+-dependent enzymes such as the newly
identi®ed PARPs (Smith, 2001; Chiarugi, 2002), mono(ADP-

ribose) synthases (Banasik et al., 1992) and the ectoenzyme
CD38, an ADP-ribosyl cyclase involved in lymphocyte
signalling (Lund et al., 1998). However, the amelioration of

EAE obtained with a selective inhibitor of PARP-1
structurally unrelated to PHE and BZD such as 5-iodo-6-
amino-1,2-benzopyrone (Scott et al., 2001), along with the
present evidence that BA did not reproduce any of the

pharmacological e�ects of its parent compound strengthen
the hypothesis that the synthesis of poly(ADP-ribose) assisted
lymphocyte activation and development of EAE.

In conclusion, this study demonstrates that inhibitors of
PARP-1 reduce transcription of pro-in¯ammatory cytokines

in lymphocytes and attenuate EAE in rats. It is worth noting
that from both a molecular and clinical point of view these

e�ects resemble those of corticosteroids (de Bosscher et al.,
2000), among the most e�ective and widely used remedies for
the treatment of multiple sclerosis. Considering the devastat-

ing e�ects of the autoimmune attack on the CNS, a possible
therapeutic synergism between PARP-1 inhibitors and
corticosteroids undoubtedly merits further investigation.

This work was supported in part by the `Project for Young
Investigator' of the University of Florence. The support of Prof
John Walsh is gratefully acknowledged.
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