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Abstract

Peroxynitrite formation has been demonstrated during experimental allergic encephalomyelitis (EAE). Furthermore, peroxynitrite has
been identified as an activator of poly(ADP-ribose) synthetase (PARS), an enzyme implicated in neurotoxicity. In the current study, we
examined the role of PARS activation in the development of EAE. Administration of the PARS inhibitor 5-iodo-6-amino-1,2-benzopy-
rone (INH,BP) delayed the onset of EAE and reduced the incidence and severity of disease signs. Moreover, drug treatment lowered
iNOS activity and decreased cell infiltration in cervical spinal tissues from EAE-sensitized animals. To conclude, the results of the present
investigation suggest that PARS activity may contribute to the pathogenesis of EAE. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Poly(ADP-ribose) synthetase (PARS), also known as
poly(ADP-ribose) polymerase (PARP, EC 2.4.4.30), is a
protein-modifying and nucleotide polymerizing enzyme
that is present in the nuclei of cells (Ueta and Hayashi,
1985). When activated by damaged DNA fragments, PARS
catalyzes the attachment of ADP-ribose sub-units, from the
substrate nicotinamide adenine dinucleotide (NADY), to
various proteins including nuclear proteins, histones and
PARS itself. PARS then extends the initial ADP-ribose
group into a nucleic acid-like polymer (Ueta and Hayashi,
1985). While poly(ADP) ribosylation can modify the activ-
ity of proteins (Cosi et al., 1994) the precise physiological
and pathophysiological functions of PARS have yet to be
established. Although initial work implicated the enzyme
in the process of DNA repair (Ueta and Hayashi, 1985),
more recent studies have demonstrated that PARS is not an
efficient DNA-repair enzyme (Wang et al., 1995). It has
been suggested that the physiological role of PARS may
be to regulate cellular metabolism in response to changes
in environmental conditions (Berger et al., 1986). In addi-
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tion, evidence has implicated PARS in the regulation of
gene expression and cell differentiation (Schraufstatter et
al., 1986). However, excessive activation of PARS in
response to extensive DNA single-strand breakage can
rapidly deplete intracellular concentrations of NAD, slow-
ing the rate of glycolysis, electron transport and ATP
formation. Decreasing ATP formation ultimately leads to
cellular dysfunction and death (Szab6 1998) through en-
ergy failure mechanisms.

Although PARS activation is a relatively non-specific
event in that any process which results in DNA single-
strand breakage can lead to enzyme activation, peroxyni-
tritc has been demonstrated as a major trigger of PARS
activation in pathophysiological conditions (Szabd 1996).
Recent studies have implicated peroxynitrite in the patho-
genesis of the human central nervous system (CNS) de-
myelinating disorder, multiple sclerosis (MS) (Hooper et
al., 1997; Cross et al., 1998), and its animal counterpart,
experimental allergic encephalomyelitis (EAE) (Cross et
al., 1997; van der Veen et al., 1997; Hooper et al., 1997,
1998, 2000). Indeed, peroxynitrite production has been
demonstrated during EAE (Cross et al, 1997; van der
Veen et al., 1997; Hooper et al., 2000) and administration
of peroxynitrite scavengers has been shown to prevent
disease development (Hooper et al., 1997, 1998, 2000;
Cross et al., 2000). Therefore, the formation of peroxyni-
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trite and subsequent activation of PARS may be important
events in the etiology of EAE. To further clarify the role of
PARS activation in the pathogenesis of EAE, we have
investigated whether administration of 5-iodo-6-amino-
1,2-benzopyrone (INH, BP), a novel PARS inhibitor (Cole
et al., 1991), to Lewis rats and PLSJL mice immunized
with myelin antigens, alters the development of the dis-
ease.

2. Materials and methods
2.1. Induction of active EAE in Lewis rats

Male Lewis rats (200-250 g) (Harlan, Indianapolis, IN)
were immunized for EAE as described previously (Bolton
and Flower, 1989). In brief, each animal received, per hind
foot pad, 0.1 ml of an encephalitogenic emulsion com-
posed of 50 mg guinea pig spinal cord, 500 pl sterile
phosphate buffered saline (PBS) and 500 wl incomplete
Freund’s adjuvant supplemented with 10 mg/ml My-
cobacterium tuberculosis H,Ra (Difco Laboratories, De-
troit, MI). A minimum of six rats was used per treatment.
All procedures were carried out in accordance with the
guidelines of an animal protocol approved by the Children’s
Hospital Research Foundation Animal Care and Use Com-
mittee.

2.2. Induction of EAE in PLSJL mice

Female PLSJL mice (8-9 weeks old) (The Jackson
Laboratory, Bar Harbor, MN) were immunized for EAE as
previously detailed (Hooper et al.,, 1998). Each animal
received 100 pg of myelin basic protein (MBP) in com-
plete Freund’s adjuvant supplemented with 4 mg/ml M.
tuberculosis subcutaneously on day 0 followed by 400 ng
pertussis toxin (List Biological Laboratories, Campbell,
CA) i.p. on days 0 and 2. A minimum of 10 mice was used
per treatment. All procedures were carried out in accor-
dance with the guidelines of an animal protocol approved
by the Thomas Jefferson University Institutional Animal
Care and use Committee.

2.3. Administration of PARS inhibitor

5-iodo-6-amino-1,2-benzopyrone (INH,BP) was dis-
solved in 0.5% methylcellulose and administered orally to
Lewis rats, at a dose of 200 mg/kg body weight, once
daily from days 7 to 11 post-immunization (P.1.). PLSIL
mice were also orally dosed with INH,BP (200 mg/kg
body weight) from day 7 P.I onwards. Control EAE-
sensitized animals received vehicle alone. The dose of
INH,BP was selected from previous in vivo and in vitro
studies demonstrating the efficacy of the drug to inhibit
PARS activity without any resultant toxicity (Szabé et al.,
1997a,b, 1998; Endres et al., 1998a,b).

2.4. Evaluation of neurological disease signs in active eae

Animals were monitored twice daily for neurological
disease signs by two independent investigators. Signs of
EAE were scored on a seven-point severity scale as fol-
lows: 0 = normal; 1 = piloerection, tail weakness; 2 = tail
paralysis; 3 = tail paralysis plus hind limb weakness; 4 =
tail paralysis plus partial hind limb paralysis; 5 = complete
hind limb paralysis; 6 = hind and forelimb paralysis; 7 =
moribund /dead.

2.5. Assessment of histological EAE

The cervical spinal cords of vehicle and drug treated
Lewis rats were examined by light microscopy for the
presence of inflammatory lesions. Cervical spinal tissue
was selected for analysis because a heavy lesion load is
observed in this CNS area during the onset of acute EAE
(Bolton et al., 1984). The upper 1.5 cm of spinal cord
tissue was dissected and fixed in formalin. Paraffin sec-
tions of cervical spinal cord were cut at 10-pm thickness,
at one standard depth and stained with hematoxylin and
eosin. Lesion number per section was quantitated “blind”
by light microscopy and assessed for intensity of cellular
infiltration.

2.6. Immunohistochemical detection of nitrotyrosine

Nitrotyrosine was detected immunohistochemically in
cervical spinal cord sections from Lewis rats as an indica-
tor of the presence of peroxynitrite (Hooper et al., 2000).
Endogenous peroxidase was quenched for 15 min with
0.3% H,0O, in methyl alcohol. Non-specific binding was
minimized by incubating the sections in 2% normal goat
serum in PBS for 60 min. The sections were incubated
overnight with 1:500 dilution of primary anti-nitrotyrosine
antibody (Upstate Biotechnology, Lake Placid, NY). Spe-
cific labeling was detected with a biotin-conjugated goat
anti-rabbit IgG and avidin-biotin peroxidase complex
{(Vectastain Elite ABC kit, Vector Laboratories, Burling-
hame, CA).

2.7. Immunohistochemical staining for poly(ADP-ribose)
polymers

Cervical spinal cord sections from drug and vehicle
treated Lewis rats were analyzed for the presence of
poly(ADP) ribosylation as an indicator of PARS activity.
Endogenous peroxidase was quenched for 15 min. with
0.3% H,0, in methyl alcohol. Non-specific binding was
minimized by incubating the sections in 2% normal horse
serum in PBS for 60 min. The sections were then incu-
bated overnight at 4°C with 1:500 dilution of primary
anti-poly(ADP-ribose) antibody (Biomol Research Labo-
ratories, Plymouth Meeting, PA). Specific labeling was
detected with a biotin-conjugated anti-mouse IgG and
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avidin-biotin peroxidase complex (Vectastain Elite ABC
kit, Vector Laboratories).

2.8. Measurement of iNOS activity

Measurement of the calcium-independent conversion of
L-arginine to L-citrulline in spinal cord homogenates was
used as an indicator of inducible nitric oxide synthase
(iNOS) activity. Spinal cords were homogenized, on ice,
with a Tissue Tearor 985-370 homogenizer (Biospec Prod-
ucts, Racine, WI) in buffer composed of 50 mM Tris, 0.1
mM EDTA, 0.1 mM EGTA and 1 mM phenylmethyl-
sulphonyl fluoride (pH 7.4). Conversion of [ H}-L-arginine
to [*H]-L-citrulline was then measured in the homogenates.
Homogenate samples (30 1) were incubated in the pres-
ence of ["H]-L-arginine (10 pM, 5 kBq/tube), NADPH (1
mM), calmodulin (30 nM), tetrahydrobiopterin (5 uM) and
EGTA (5 mM) for 20 min at 22°C. Extracts were incu-
bated in triplicate in the presence or absence of 1 mM
L-NMA. The reaction was terminated by the addition of
0.5 ml ice-cold HEPES buffer (pH 5.5) containing EGTA
(2 mM) and EDTA (2 mM). ["H]-L-citrulline was sepa-
rated from [H]-L-arginine by applying the reaction mix-
ture to Dowex 50 W (Na™ form) columns. The eluted
[PH]-L-citrulline activity was measured by liquid scintilla-
tion counting.

2.9. Statistical analysis

Results are expressed as the mean + S.E.M. for n ob-
servations. Evaluation of significant differences between
neurological symptoms and spinal cord levels of iNOS and
cellular infiltration were performed using the Kruskall—-
Wallis test with post hoc Mann Whitney U-test. The
incidence of disease, paralysis and mortality were analyzed
by the Chi-squared test. In all tests, p < 0.05 was consid-
ered significant.

3. Results

3.1. Effect of INH, BP on the neurological development of

EAE in Lewis rats

Lewis rats immunized with myelin antigens develop an
acute monophasic ascending paralytic disease which is
usually self-limiting. In the present study, vehicle-dosed

Table 1

EAE-sensitized animals experienced disease-related weight
loss 10—11 days P.I. (Table 1) with the majority of rats
displaying disease signs by days 11-12 P.I. (Table 1).
Administration of the novel PARS inhibitor, INH,BP,
from days 7 to 11 P.I. suppressed the development of EAE
(Table 1). INH,BP treatment significantly curtailed the
disease-related weight loss experienced by the animals
(p <0.01) and delayed the onset of disease signs by 2-5
days (p < 0.01). In addition, drug treatment significantly
decreased the incidence of EAE (p < 0.05) and reduced
the severity of neurological disease signs ( p < 0.01) (Ta-
ble 1).

After drug treatment was halted, we continued to moni-
tor both groups of rats for neurological signs of EAE (Fig.
1). The vehicle treated animals demonstrated a typical
monophasic disease course with peak signs of EAE occur-
ring at day 13—14 P.I. followed by a 5-day recovery period
(Fig. 1). However, administration of INH,BP delayed the
development of EAE, with peak disease signs observed at
day 17 P.I. (Fig. 1). Furthermore, the resolution of the
disease appears to be more rapid in drug treated rats with
animals fully recovering from signs of EAE by day 19 P.L
(Fig. 1).

3.2. Effect of INH, BP on the neurological development of
EAE in PLSJL mice

As only mild neurological disease signs are observed in
EAE-sensitized Lewis rats the effects of INH,BP on dis-
ease development were also assessed in the PLSJL mouse
model. In this investigation, immunization of PLSJL with
myelin antigens leads to an acute and severe form of EAE.
Disease signs were observed in vehicle treated mice from
11 days P.I. with death occurring in 80% of the animals by
day 21 after immunization (Fig. 2). Administration of
INH, BP delayed disease onset by several days and signifi-
cantly decreased both the incidence ( p < 0.05) and sever-
ity (p <0.05) of EAE in PLSIL mice (Fig. 2A and B).
Moreover, the overall mortality was significantly reduced
in animals immunized to develop EAE (EAE-immunized)
receiving INH, BP (p < 0.05) (Fig. 2C).

3.3. Effect of INH, BP on the histological development of
EAE in Lewis rats

The neurological development of EAE is associated
with several characteristic histopathological features in-

Neurological disease signs in EAE-sensitized Lewis rats following oral dosing with vehicle or INH,BP (200 mg/kg) from day 7 to day 11 P.L

Group n Weight loss® Incidence of Mean day of disease onset Mean peak disease score®

+SEM. EAE (%) +S.EM. (range) +S.EM. (range)
INH,BP 18 16+2%" 11/18% (61) 13+£03" " (11-15) 1.74£03%" (0-4)
Vehicle 18 26 +2 17/18 (94) 11 +£0.1(10-12) 3.240203-4)

“Weight loss in grams from day 10 to day 13 P.L

®Animals were scored on a seven-point severity scale at day 13 P.I.
" p <0.05, compared to vehicle group.

" p <0.01, compared to vehicle group.
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Fig. 1. Effect of INH,BP administration on the onset of neurological
signs of EAE in Lews rats. Lewis rats were immunized for EAE as
described in Section 2. Animals were orally dosed with INH,BP (200
mg/kg body weight) (closed circles) or vehicle (0.5% methylcellulose)
(open circles) once daily from day 7 to day 11 P.I. The horizontal bar
represents the duration of drug treatment. Neurological disease scores
were assessed daily and are presented as mean + S.E.M. n = 8§ per group;
" p <0.01 Mann—Whitney U-test compared to vehicle group.
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cluding breakdown of the blood—brain barrier (BBB) and
inflammatory cell infiltration. We therefore examined
whether INH,BP could suppress histological as well as
neurological signs of EAE. Inflammatory cell invasion into
the CNS during the disease was assessed by determining
the number of inflammatory infiltrates in cervical spinal
cord sections from EAE-sensitized Lewis rats. Inflamma-
tory infiltrates were identified in cervical spinal cord tissue
from both control and drug treated animals (Table 2).
However, administration of INH, BP significantly reduced
the number of inflammatory spinal cord lesions ( p < 0.01)
observed. Furthermore, the extent of inflammatory cell
infiltration was markedly restricted in cervical spinal cord
sections from rats treated with INH, BP when compared to
vehicle control tissue (Table 2). The results demonstrate
that INH,BP curtailed infiltration of inflammatory cell
into the CNS during EAE.

3.4. Immunohistochemical detection of nitrotyrosine in
spinal cord tissues from EAE-sensitized Lewis rats

Peroxynitrite has been identified as a major trigger of
PARS activation in pathophysiological conditions (Szabd,
1996). Although peroxynitrite production has previously
been demonstrated in mouse models of EAE (Cross et al.,
1997; van der Veen et al., 1997; Hooper et al., 2000), our
study is the first to examine whether or not peroxynitrite is
formed in the CNS tissues of EAE-sensitized Lewis rats.
Peroxynitrite production is inferred by the presence of
nitrotyrosine, in spinal cord tissues. Nitrotyrosine was
detected immunohistochemically in spinal cord tissues from
vehicle control EAE-sensitized rats indicating that perox-
ynitrite is produced during the disease process (Fig. 3B).

The majority of nitrotyrosine staining in the spinal cord
was associated with perivascular inflammatory foci (Fig.
3B). In addition, diffuse nitrotyrosine staining could be
detected in the surrounding parenchyma (Fig. 3B). How-
ever, nitrotyrosine staining was not observed in spinal cord
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Fig. 2. Effect of INH,BP on the development of EAE in PLSJL mice.
PLSJL mice were immunized for EAE as detailed in Section 2. Animals
were orally dosed with INH,BP (200 mg/kg body weight) (closed
squares) or vehicle (0.5% methylcellulose) (open squares) once daily
from day 7 onwards. Neurological disease scores were assessed daily and
are presented as (A) % incidence of disease, (B) mean disease score +
S.EM. and (C) % mortality; n =10 per group, " p < 0.05 compared to
vehicle group.






