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Abstract

Neonatal X-irradiation induces permanent abnormalities in cerebellar cortex cytoarchitecture and neurochemistry, as well as impairment
in motor gait. The aim of the present work was to examine the potential protective properties of WR-2721 (Amifostiné)E¢hyol
free radical scavenger, against the above mentioned alterations by using a previously described neuroprotection assessment protocol
Pre-irradiation treatment with amifostine was effective in partially preventing the cerebellar morphological damage and the motor gait
impairmentinduced by ionizing radiation. No changes in cerebellar noradrenaline (NA) levels were detected in amifostine-treated irradiated
animals. These results suggest that it is possible to counteract radiation-induced damage in the cerebella and motor gait of neonatal rats
through oxygen free radical scavenger administration prior to irradiation. The presence of thbedgesthe injury occurs, favors the
efficacy of amifostine neuroprotective activity. Clinical implications of this model are related to the daily exposure of many people to
different sources of radiation (accidental, diagnostical or therapeutical).
© 2002 Elsevier Science Ltd. All rights reserved.
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The exposure of mammals to ionizing radiation during is a useful tool to test potential neuroprotective substances
the neonatal period produces marked alterations in a varietyto prevent radiation-induced abnormalitieSuglman et al.,
of target tissues. The cytoarchitecture and functioning of 2000, 200
different structures of the developing central nervous system The involvement of reactive oxygen species (ROS) in
(CNS) have shown to be affected by X-ray&chull et al., neurodegenerative diseases as well as in various CNS
1990; Altman et al., 1967; Altman and Anderson, 1971; injuries, such as ionizing radiations, has been documented
Ratan et al., 1994, Inouye and Kameyama, 1983; Kameyamain the last few yearsermer et al., 1999; Michikawa et al.,
and Inouye, 1994 1994; Halliwell, 1992; Duchen, 2000

Previous findings of our laboratory showed that neonatal The brain consumes more than 20% of the total incoming
X-irradiation induces permanent abnormalities in cerebellar oxygen, therefore it is one of the most active organs of the
cortex cytoarchitecture (granule cell loss and disarrange-body. For this reason, ROS are generated at greater levels in
ment of Purkinje cell monolayer) and neurochemistry (in- comparison with other tissues. In addition, the antioxidant
creased levels of noradrenaline (NA) in the cerebellum) as status of brain membranes is lower than other tissues, lead-
well as an impairment in motor gait (ataxic gaif)dpico ing to an unsuccessful elimination of free radicals with the
et al.,, 1989, 1990a,b, 1991; Guelman et al., 1993, 1996 consequent onset of oxidative stress.
Dopico and Zieher, 1993These results have demonstrated  Radiation damage in biological systems is initiated by
that this neonatal model is highly radiosensitive and that it ROS during the energy deposition events. Several mecha-

nisms would contribute to the subsequent radiation dam-
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macromolecules after a much longer period, with a high 1. Experimental procedures
probability to develop cancef{ngh et al., 1990

Therefore, substances capable of decreasing the pro-1.1. Materials
duction or to scavenging the excess of ROS have gained

interest in recent years because of their potential use as \WR-2721 was a generous gift of Schering-Plough
neuroprotective agents, demonstrating that ROS-mediatedargentina. All other reagents were obtained from Sigma,
damage might be prevented in different experimental st ouis, MO.

models Maxwell, 1995; Richardson, 1999; Held, 1985

Scavenging antioxidants react preferentially with free 1.2. Animals

radicals and prevent vital structures from free radical at-

tack, oxidizing them to products with insufficient reacti-  Newborn littermate Wistar rats of both sexes (10 pups

vity. per litter) were maintained with their dams up to wean-
WR-2721 (amifostine or ethy8) is a thiophosphate pro-  ing and then given rat chow and water ad libitum. The

drug that is de-phosphorylated in vivo to the radioprotec- light—dark cycle was of 12 h and the room temperature was

tive thiol, N-2-mercaptoethyl-1,3-diamino propane (MDP 25°C. Animals were separated into different experimental

or WR-1065) and is thought to have scavenging proper- groups, following random mixing across multiple dams: (1)

ties Santini and Giles, 1999; McDonough et al., 1992; control, (2) controH- WR-2721, (3) X-irradiated, and (4)

Tabachnik Schor, 1987Upon entering into the tissues, it  X-irradiated+ WR-2721.

is oxidized to a disulfide by donating hydrogen ions and

reducing oxidant species. The in vivo peak tissue concen-1.3. Pharmacological treatment

tration of WR-2721 is achieved 10-30 min after injection,

suggesting that it should be present at the time of the injury, 100ug of WR-2721 per gram of body weight were dis-

or should be administered immediately after the neurotoxic solved in 10Qul of saline and administered subcutaneously

insult. (SC) to neonatal pups from groups 2 and 4, 30 min prior
WR-2721 was initially developed during the cold war exposure to sham or X-irradiation. Pups from groups 1 and

by the Walter Reed Army Institute as a radioprotectant 3 were similarly injected with equal volumes of isotonic

because of its ability to scavenge free radicals generatedsaline.

after radiation exposure in case of a nuclear attack. Later,

this drug was studied for a potential role in protecting 1.4. Irradiation procedure

normal tissues from the harmful effects of therapeutic radi-

ation and chemotherapy in oncologic patients, although few The bodies of rat pups from groups 3 and 4 were protected

neuropharmacological intervention strategies are currently with a 4 mm thick lead shield, and the cephalic ends were

available for the treatment of brain disorders that involve exposed to X-rays up to 72h of postnatal (PN) life. The ra-

free radical injury. Therefore, a free radical scavenger suchdiation source was a 220kV Phillips X-rays unit for deep

as WR-2721 would be a potentially effective protector in radiotherapy (Phillips Groeilmpen Fabrieken, Eindhoven,

ROS-mediated radiation injury. Netherlands), operating at 8 mA. The distance to the target
The very few existing reports about radioprotection with was fixed at 50 cm, and the beam was filtered using 0.5 mm

WR-2721 to the nervous system have shown negative resultsCu?* and AP filters. The effective energy (EE) was 84kV,

(McDonough et al., 1992; Alaoui et al., 199%nainly due the dose rate was 1 Gy per min and the total single dose

to its inability to cross the blood-brain-barrier in adult brain. was 5 Gy. Dosage levels were monitored using a Simplex

The present neonatal model offers an advantage compared télosimeter (Simplex Universal Dosimeter Physikalisch Tech-

other animal models studied, as the high blood-brain barrier nische Werkstatten, Freiburg, Germany). Rats from groups

permeability enables an easy access of different agents tol and 2 were handled similarly to their respective littermates

CNS. from groups 3 and 4, but were not exposed to X-rays (sham
The aim of the present work was to examine the poten- irradiation).

tial protective properties of WR-2721 on the alterations in

motor gait and cerebellar cortex cytoarchitecture and neu-1.5. Neuroprotection assessment

rochemistry induced by neonatal X-irradiation, using the

previously described neuroprotection assessment protocol It was performed according t8uelman et al. (2001 he

(Guelman et al., 2001 following sections describe the different parameters evalu-
Present data demonstrate, at both cytoarchitectural andated in control, irradiated and irradiated-treated animals.

motor levels, a long-term radioprotection by WR-2721, a

free radical scavenger, when administep@ibr neonatal 1.5.1. Gait evaluation

exposure to X-irradiation and therefore suggests that ROS Gait of rats from the experimental groups described above

damage might be in part responsible for radiation injury in was evaluated at PN day 30 using an ad hoc quantitative

this neonatal model. test Guelman et al., 1993 Briefly, rats were allowed to
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walk freely on a non-moving, paper-covered, flat surface, ammonium molybdate for 5min, dehydrated rapidly in
having their forelimbs and hindlimbs painted with two dif- ethanol, passed to xylene and mounted in Canada balsam.
ferent coloured inks. Both the distance between the centers
of hindlimb footprints (HH) and the distance between the 1.5.3.3. Microphotography. Nissl stained sections and
centers of the forelimb footprint and the ipsilateral hindlimb  calbindin immunostained sections were observed and pho-
footprint (HF), taken from successive steps, were measured.tographed with a Zeiss Axiophot light microscope.
Histological fields were randomly chosen.

1.5.2. Noradrenaline determination

Animals were killed by decapitation at PN day 30 or 90, 1.6. Statistical analysis
and their cerebella were dissected out. Cerebellar tissue was
homogenized in 0.4 N perchloric acid solution and kept at  Data were analyzed using ANOVA. The post-hoc analysis
4°C for 24 h. The homogenate was centrifuged at 3500 rpm to test the significance of the difference between individual
for 10 min. Noradrenaline was isolated by adsorption to means, was performed according to Bonferrdto¢hberg
alumina columns and its concentration determined fluo- and Tamhane, 1987Data are expressed as means of 3-5
rometrically, as previously described\dler-Graschinsky experimentst SEM, each with three animals per treatment
et al., 1972; Laverty and Taylor, 1968 group.

1.5.3. Histological procedure
2. Results
1.5.3.1. Calbindin D28K immunohistochemistrperfu-
sion fixation was performed according to a modification of 2.1. Motor gait evaluation in amifostine-treated,
the original method Gonzalez Aguilar and De Robertis, irradiated rats
1963. The rats were perfused with a solution containing
4% paraformaldehyde (w/v) in 0.1 M phosphate buffer, pH  Figs. 1 and Zhow that the motor gait of 30 days old rats
7.3—7.5. Dissection of cerebella was followed by immer- was significantly impaired after neonatal radiation exposure
sion in the same fixative solution for additional 6—8 h. The when compared to matched control animals (black and open
fixed cerebella were dehydrated in ethanol, transferred tobars, for control and irradiated rats, respectively) either in
1:1 (v/v) ethanol-toluene, cleared in toluene and embed- HF (P < 0.01) orin HH (P < 0.01) parameters. When am-
ded in Paraplast. Ribbons were cut atuld sections and  ifostine was administered 30 min prior to irradiation, HF and
mounted on glass slides previously dipped in 0.5% (w/v) HH values were improved, resulting significantly different
gelatin and air dried. Microwave heating (5min at 750W) from irradiated, non treated valueBig. 1, HF: P < 0.05;
in distilled water was used to enhance the binding of the Fig. 2 HH: P < 0.01). The neuroprotective indexes (irradi-
primary antibody to the tissu&yers and Uylings, 1994 ated, treated/irradiated, non-treated) wei@l@- 0.012 and
The immunostaining was performed using a modified 0.924 0.035 for HF and HH, respectively.
procedure of peroxidase anti-peroxidase (PAP) Sternberger
technique. Slices were incubated with the primary antibody 2.2. Cerebellar morphological changes in
(Khan, 1993; Tandler et al., 199@t a dilution of 1:400 in amifostine-treated, irradiated rats
1% normal sheep serum and 0.1% Triton X-100 (TS solu-
tion) for 24-48h at 20-24C. Afterwards, the slices were Fig. 3shows that cerebellar cytoarchitecture was disrupted
washed in TS for 20 min and immersed in the secondary in 30 days old rats irradiated at birth (Seigs. 3A and Bfor
antibody (GAM, Sigma, 1:100) for 3 h. After rinsing again control and irradiated cerebella, respectively); the thickness
in TS (3x 10 min), sections were incubated in PAP—mouse of cerebellar granule cell layer was reduced, and Purkinje
complex (Sigma, 1:100) for 3 h. cells—normally arranged in a monolayer—were scattered
After washing the sections again in TS%3L0 min) and within the cortex.
in Tris=HCI 0.05 M, pH 7.3-7.5, immunoreactivity was de-  Amifostine pre-treatment was effective in partially pre-
tected by the peroxidase-DAB reaction, at a concentrationventing granule cell loss and PK cells disarrangement
of 40mg% (w/v) for Smin. The reaction was stopped by (Figs. 3Q.
immersing the slides first in tap water and then in distilled
water. Finally, sections were passed to absolute ethanol and2.3. Cerebellar noradrenaline concentration evaluation in
xylene and mounted in Canada Balsam. amifostine-treated, irradiated rats

1.5.3.2. Nissl staining. The Paraplast was removed with Finally, cerebellar NA concentration was increased in 30
xylene and passed through graded ethanol to distilled water.days-old rats X-irradiated at birth. However, this increase
Sections were stained with 0.2% toluidine blue in 0.06 M was not prevented in amifostine-treated X-irradiated animals
potassium biphthalate (pH 4.0-4.2) for 10 min. After rins- when compared to vehicle treated irradiated ragble 1),

ing in distilled water, sections were immersed in 5% (w/v) even when it was evaluated at 90 days PN.
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Fig. 1. Effect of amifostine pre-treatment on the gait of 30 days old rats X-irradiated within 72 h after birth. HF: distance between ipsilatenal hind a
forelimb footprints. Values are expressed as me&EM (» = 67 experiments, each with three rats per treatment group)? *%,0.01, when compared

to controls; t,P < 0.05, when compared to irradiated, not amifostine-treated animals. HF values in X-irradiated animals are significantly different from
control rats ¢ < 0.01). In amifostine-treated, X-irradiated animals, values are significantly different from those from irradiatefl rat&(5) and not
significantly different from those of control animals.
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Fig. 2. Effect of amifostine pre-treatment on the gait of 30 days old rats X-irradiated within 72 h after birth. HH: distance between hindlimlsfootprin
Values are expressed as mealSEM (» = 6—7 experiments, each with three rats per treatment group). *P*% 0.05 and 0.01, respectively, when
compared to controls; 17 < 0.01, compared to irradiated, not amifostine-treated animals. HH values in X-irradiated animals are significantly different
from control rats £ < 0.01). In amifostine-treated, X-irradiated animals, values are significantly different from those from irradiateft rat6.Q1)

and significantly different from those of control animal® & 0.05).
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Fig. 3. Effect of amifostine pre-treatment on the cerebellar cortex cytoarchitecture of 30 days old rats following exposure to neonatal ofirradiati
Pictures show light micrographs of parasagittal sectiongu(@Chick) through the cerebellar hemisphere. Calibration baf.r0 Inserts, in the three
microphotographs, show a Calbindin immunostaining of the cerebellar cortex. (A) In controls, three layers can be clearly distinguished: (¥dlecular
Purkinje layer P) and granular layer@). All Purkinje cells have their primary dendrite oriented towards the pial surface (arrows). Intensity of Nissl
staining appeared not uniform among individual Purkinje neurons, as previously described by other duthdler (et al., 1997; Khan, 1993In

“dark” Purkinje neurons the nucleus is difficult to see owing to the intense staining of the perikarya (asterisk). The second subpopulationeof Purkinj
neurons “light” appeared rounded and larger, the nucleus and nucleolus can be observed. (B) In X-irradiated cerebellum, a complete cy&barchitectur
disorganization and shrinkage of the cerebellar cortex was observed. Purkinje cells are scattered within the cortex, showing a definite absence of th
normal monolayer arrangement. Moreover, molecular, Purkinje and granular layer coexist in an unique kpefGM Purkinje neurons have their

primary dendrite randomly oriented (arrows). Dark and light Purkinje neurons can be observed as in control animals. The white arrow marks the pial
surface. (C) In X-irradiated rats treated with amifostine prior to irradiation, some reduction in the thickness of molecular layer can be obderved, a
Purkinje and granular neurons share a common layer. The general cytoarchitecture of the cortex is preserved and the majority of Purkinje cells are
partially arranged in a monolayer, but some are scattered within granular layer. Most of Purkinje cells have their primary dendrite orientetigowards
molecular layer (arrows); this feature is clearly evident when Purkinje neurons are stained with anti-Calbindin (insert).

3. Discussion In the present work, a ROS scavenger has been effective
in preventing motor gait impairment and cerebellar cortex
Neuroprotective activity of WR-2721 was evidenced in cytoarchitecture alterations, suggesting that the observed
an in vivo model of neonatal cephalic X-rays exposure, in abnormalities could be in part induced by ROS damage pro-
which radiation-induced morphological and motor abnor- duced as a consequence of radiation exposure. In addition,
malities were partially prevented. The action of this agent the previously found temporal correlation between motor
would be mainly related to its ability to limit the damage and morphological alteration§&(elman et al., 199&nd the
due to an overproduction of free radicals after radiation observed improvement of both parameters after amifostine
exposure $antini and Giles, 1999 Several studies have administration, support the hypothesis that ROS primarily
shown that radiation-induced cell death follows the apop- affect cerebellar cells, leading irreversibly to motor gait im-
totic pathway; this process might be triggered by ROS pairment and suggesting that the radiation-induced abnor-
and can also might induce their generati@olaris et al., malities in brain morphology could underlie the behavioral
2001). alterations seen in adult animals neonatally irradiated.
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Table 1 with amifostine after irradiation, support the need of a
Effect of amifostine pre-treatment on cerebellar NA concentration of 30 pre-irradiation treatment. Since free radicals are produced
days old rats X-iradiated at birth early after radiation injury occurs, a major problem emerges

Treatment NA concentrationuf/g wet tissue) on the delivery of enough neuroprotective agent in the short
Control 031+ 0.01 time available. The protection against radiat'ion lethality in
Amifostine 0.41+ 0.03 mice (andauer et al., 1998and normal peripheral auto-
Irradiated o 0.70+ 0.09* nomic neurons in the chemoterapeutical treatment of neural
Irradiated+ amifostine 0.65+ 0.04* crest tumors Tabachnik Schor, 198 Feported by other au-

Values are expressed ag of noradrenaline per gram of wet cerebellar thors after apre-treatment with amifostine, was supported
tissue and are expressed as mgaBSEM (» = 6-7 experiments, each by the present results, suggesting that amifostine should

with three rats per treatment group). Cerebellar NA levels in X-irradiated be administered shortljoefore the insult in order to be
animals are significantly different from control rats levels € 0.01). In protective

amifostine-treated, X-irradiated animals, values did not differ significantly i L
from those from irradiated rats and remain significantly different from The present stud.y, as W?” as previous fmdw@mélmflin
those of control animalsK < 0.01). et al.,, 2000 showing partial (and no total) prevention

** Significantly different ¢ < 0.01) from control cerebella. and/or restoration of motor and morphological alterations,
suggests that other mechanisms besides ROS-mediated cell
damage could contribute to radiation-induced injury in this

Radiation toxicity may be divided in early (acute) and late model. Therefore, it might be possible that a combination

(chronic) reactions. The first involves ROS generation and of agents interfering with different pathways of the mech-
the second involves neuroplastic mechanisms. Neuropro-anism of action of the radiation, could increase the degree
tective agents are able to restore or prevent these long-ternof protection against radiation injury, synergizing their ac-
alterations derived from brain damage by modifying a va- tion and leading to a greater protection (e.g. combination
riety of pathways that are involved in the different mech- of the following agents: glutamatergic antagonists, GM1
anisms of initial damage: G4 increase, apoptosis, energy ganglioside, calcium chelators, antiapoptotic agents, free
expenditure impairment, excitotoxicity, mitochondrial im- radical scavengers, etc.). In consequence, a multipharmaco-
pairment, neurotrophic factors signaling, CREB regulation, logical approach could be used in different types of neural
Bcl-2 expression and ROS-mediated damagadui et al., insults.

1995; Ciani et al., 1996; Kermer et al., 1998at could fi- This model of neuroprotection could be extended to other
nally lead to cell death. Clinical trials have demonstrated that disorders in which CNS vulnerability is increased or when
amifostine can reduce both acute and late radiation-inducedneuroplasticity mechanisms—prioritarie for motor, cogni-

toxicities Weiss and Landauer, 2000; Curran, 1298 tive and affective CNS processing—are impairédafji
These data are consistent with previous results obtainedet al., 200). Therefore, the present model could be use-
with another agent, GM1GQuelman et al., 2090 which ful to assess in vivo neuroprotection by amifostine, and the

was found also to partially prevent the onset of the radiation drug could be useful to treat other CNS injuries, such as
induced morphological and motor alterations. The fact that ischaemia, anoxia, etc.
two agents acting through different mechanisms have been In conclusion, the neonatal radiation model is highly
effective in the prevention of the same radiation-induced susceptible to be pharmacologically modified and have
alterations, suggests that a multiplicity of converging path- clinical implications, since many people are daily exposed
ways are triggered by ionizing radiation. The difference to different sources of radiation (accidental, diagnostical or
between the time of effective administration of the agents therapeutical). These results have proved that amifostine
(pre or post-irradiation) might be attributed to their dif- is able to counteract radiation-induced damage in neonatal
ferent mechanisms of action, amifostine mainly acts on rats through its ROS scavenging activity, supporting the use
the initial stages of damage, whereas GM1 helps to repairof radical scavengers in this and other brain injuries that
ROS-induced membrane damage. involve ROS generation.

The lack of effect of either amifostine or GM1 on the
altered cerebellar NA levels observed in irradiated animals
indicate that both agents might probably protect cerebellar Acknowledgements
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