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Abstract 

Riluzole (2-amino-6-trifluorothethoxy benzothiazole), dizocilpine (MK-801; (+)-5-methyl-lO,11-dihydro-5H-dibenzo(a,d)- 
cyclohepten-5,10-imine maleate), and lamotrigine (3,5-diamino-6-(2,3-dichlorophenyl)-l,2-triazine), agents reported to have 
neuroprotective actions, and WR2721 (S-2-(3-aminopropylamino)-ethylphosphorothioic acid), a radioprotector, were evaluated 
in 15-day-old rats that underwent a 2.5 Gray (Gy) irradiation from a cobalt 60 source. 20 min after irradiation, riluzole (0.5-8 
mg/kg), dizocilpine (0.1-1 mg/kg), lamotrigine (25 mg/kg), WR 2721 (75 mg/kg) or vehicle, were injected intraperitoneally. 6 h 
after irradiation, behavioural and histological evaluations revealed that exposure to 2.5 Gy caused hypolocomotion, stumbling 
gait and somnolence, which was significantly reduced, from the dose of 4 mg/kg i.p. of riluzole. A dose-dependent protection of 
neurones in the dentate gyrus, starting from the dose of 1 mg/kg i.p. was also seen. Dizocilpine caused behavioural modifications 
but significantly reduced neuronal damage. Lamotrigine significantly increased neuronal damage while WR 2721 conferred no 
protection. In conclusion, two blockers of glutamatergic neurotransmission conferred significant protection against brain damage 
caused by ionizing irradiation when administered subsequent to exposure. 
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I. Introduct ion 

The mammal ian  brain is damaged by ionizing irradi- 
ation. Such exposure may occur during industrial or 
military accidents or as a part  of therapy for cancer. 
Irradiation remains one of the major t reatments  for 
certain types of cancer and such therapy may necessi- 
tate cephalic or whole body irradiation. Relatively low 
doses of gamma,  X or neutron irradiation of mammals,  
including humans, induce numerous functional disor- 
ders and provoke a transient encephalopathy depend- 
ing on absorbed dose, distribution and dose rate. Irra- 
diation between 2.5 and 4.5 Gray (Gy), which is of the 
same order  as routinely used in clinical radiotherapy, 
when given to rabbits causes significant disturbance of 
the electrical activity of hippocampal  pyramidal neu- 
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rones (Bassant and Court, 1978). Simultaneously, large 
localized lesions are seen in the dentate gyrus and 
pycnotic cells are found at the base of the granular cell 
layer of the dentate gyrus and in the sub-granular zone 
less than 24 h after irradiation and are cleared up by 
astrocytes and microglia responsible for the phago- 
cytosis of dead cells (Gueneau  et al., 1982). Several 
proliferative zones subsist in the brain of immature rats 
and rabbits including the subgranular zone of the den- 
tate gyrus, the external granular layer of the cerebel- 
lum, and the subependymal layer of the olfactory bulb 
(Altman and Das, 1965; Gueneau  et al., 1982) and 
these zones are very sensitive to radiation. The devel- 
opment  of the hippocampal  dentate gyrus provides an 
interesting experimental  model with which to study 
radiation-induced lesions and examine the value of a 
post-exposure drug treatment.  The post-natal neuroge- 
nesis that occurs in the granular and sub-granular 
layers of the dentate gyrus is substantial and continues 
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up to 21 days after birth (Bayer and Altman, 1974). 
The object of this study was to evaluate the effect of 
four neuroprotective compounds,  riluzole (2-amino-6- 
trifluorothethoxy benzothiazole), dizocilpine (MK-801; 
( + ) -5-methyl-  10 ,11 -d ihydro -5H-d ibenzo (a ,d )cyc lo -  
hepten-5,10-imine maleate),  lamotrigine (3,5-diamino- 
6-(2,3-dichlorophenyl)-l,2-triazine), and WR 2721 (S-2- 
(3-aminopro-pylamino)-ethylphosphorothioic acid), on 
behavioural and histological criteria in immature rats, 
when compounds were administered after irradiation. 
Riluzole, dizocilpine and lamotrigine have all shown 
interesting protective effects in models of cerebral is- 
chaemia, when administered after the insult (Park et 
al., 1988; Pratt  et al., 1992; Wahl et al., 1993; Leach et 
al., 1991; Rataud et al., 1994) while WR 2721, a phos- 
phorothioate radioprotector,  has been shown to pro- 
tect many organs, including the rat spinal cord, after 
intrathecal administration, from the effects of ionizing 
irradiation (Spence et al., 1988). Dizocilpine acts via 
the inhibition of the N-methyl-D-aspartate (NMDA) 
glutamate channel (Wong et al., 1986), while lamotrig- 
ine is a Na + channel blocker (Leach et al., 1986) with 
inhibition of glutamate release as a secondary effect 
(Leach et al., 1991). Riluzole has activity both on flux 
through the N M D A  channel, though without showing 
any affinity for glutamate binding sites (Debono et al., 
1993), and on the vol tage-dependent  Na + channel (Be- 
noit and Escande, 1991; Heber t  et al., 1994). WR 2721 
is thought to act via modification of available oxygen 
(Durand and Olive, 1989). 

2. Materials and methods 

Male Sprague-Dawley ( IFFA-CREDO,  France) rats, 
15 days of age, weighing 28-35 g and maintained with 
their mothers,  were used. A cobalt 60 source of gamma 
irradiation at the Centre d 'Etudes  Nucl6aires de 
Fontenay aux Roses gave an exposure rate of 0.19 
G y / m i n .  The rats were placed in an aerated plexiglass 
box which was rotated by 360 ° so animals would be 
irradiated evenly from all directions with a single dose 
of 2.5 Gy. Locomotor  activity was observed 6 h post- 
irradiation. The rats were placed in a rectangular open 
field of 70 cm × 90 cm, divided into four equally sized 
rectangles, which contained sawdust from their home 
cage and in which their mother  had been placed for 5 
min immediately prior to the test. Squares crossed and 
rearing actions were noted over a 3-min period, as was 
a qualitative assessment of the animal's behaviour with 
any incidence of somnolence being noted as well as any 
stumbling or paralysis of the hind quarters. The ob- 
server was unaware of the t reatment  each animal had 
received. For histological studies similarly prepared 
animals were anaesthetized with sodium pentobarbital  
6 h after irradiation and prepared for intra-aortic per- 

fusion. A pre t rea tment  with heparin (250 IU) to avoid 
coagulation as well as 0.3 ml of 1% sodium nitrite, to 
dilate the vessels and aid removal of red blood cells 
was perfused into the left ventricle. This was followed 
by a liquid fixative consisting of 1% paraformaldehyde,  
1% glutaraldehyde and 0.05% CaC12 in a 0.1 M phos- 
phate  buffer at pH 7.3. Gravity ensured the flow of the 
perfusion liquid. After the perfusion, the animal's head 
was cut off. The brain was removed and immersed in 
liquid fixative and then left overnight at 4°C. The day 
after the perfusion, the frontal portion of the dentate 
gyrus was excised under a dissecting microscope. The 
fragments were immersed for 5 min in a wash solution, 
dehydrated in baths containing increasing concentra- 
tions of alcohol, then embedded in araldite. Serial 
sections 1 Izm in width were made with an Ultra 
microtome (Reichert). They were stained over heat 
with a filtered solution of 1% toluidine blue (60°C) 
prepared in 1% borate buffer, then observed under an 
Orthoplan microscope. Three non-serial sections sepa- 
rated by 10 ~ m  were examined for each animal by a 
histologist blinded as to the t reatment  protocol. The 
number  of pycnotic cells per  1000 cells in the granular 
and subgranular layers was expressed as a proportion 
of surviving cells in the zone. 

2.1. Drugs 

Treatments  were administered by intraperitoneal 
route 20 min after irradiation with control animals 
receiving vehicle alone. Riluzole (Rh6ne-Poulenc 
Rorer)  was given at: 0.5, 1, 2, 4 and 8 mg /kg ,  (+) -d i -  
zocilpine (Research Biochemicals) was given at 0.1, 0.3 
and 1 mg /kg ,  lamotrigine (Rh6ne-Poulenc Rorer)  was 
administered at 25 m g / k g  and WR 2721 (Professor 
Mijiniac, H6pital de Poitiers, France) was given at 75 
mg/kg .  The results obtained for the control animals 
and the irradiated, treated animals were subjected to 
an analysis of variance for independent  groups 
(Krushkall-Wallis test). Dunnet t ' s  test was used for 
establishing the significance of differences. 

3. Results 

A single dose of 2.5 Gy of ionizing irradiation caused 
a greatly increased evidence of somnolence and erratic 
gait (Fig. 1). Somnolence was noted in only 5 out of 35 
sham-manipulated animals compared with 24 out of 30 
irradiated animals ( P <  0.001), while only 1 sham- 
treated animal showed stumbling against 21 of the 28 
irradiated animals. A further two irradiated animals 
were left out of the assessment because they remained 
immobile and therefore could not be assessed. This 
sedation was quantified in the open field where a great 
fall in locomotor activity was evident following expo- 
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Fig. 1. Qualitative evaluation of animal behaviour carried out during 
passage through the open field, with the presence of a single period 
of somnolence or stumbling being counted as positive, while only 
complete absence of these signs was counted as negative. Sham: 0 
(n = 35); sham-irradiated rats treated with riluzole at 8 m g / k g  i.p. 
(sham: 8, n = 11); rats receiving 2.5 Gray of irradiation followed by 
vehicle treatment (0, n = 30) and animals irradiated with 2.5 Gray, 
then treated with 0.5 (n = 9), 1 (n = 9), 2 (n =8),  4 (n = 15) or 8 
(n = 8) m g / k g  of riluzole i.p. Chi-square test for trend gives signifi- 
cant reductions in both parameters (P  < 0.001) after riluzole treat- 
ment of irradiated animals. 

sure to irradiation (Fig. 2). Administration of a single 
dose of riluzole 20 min after the start of irradiation 
exposure reduced evidence of somnolence and stum- 
bling, in both cases with a P < 0.001 in the chi-square 
test for a trend (Fig. 1). This again was supported by 
the open field test, where significant reversal of the 
hypolocomotion could be seen from the dose of 4 
m g / k g  (Fig. 2). Administration of riluzole at 8 m g / k g  
to sham-treated rats 6 h before testing did not signifi- 
cantly change behavioural responses from those seen 
for sham-treated animals which had received vehicle 
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Fig. 2. The number of squares crossed in an open field over a period 
of 3 min for sham-treated and irradiated rats. Groups as per Fig. 1. 
The data are means_+S.E.M. * * P < 0.01, * * * P < 0.001. 

t reatment alone and no stereotypic behaviour, wild 
running or profound sedation was noted. Treatment  
with 0.1 and 0.3 m g /k g  of dizocilpine corrected the 
locomotor deficit (P  < 0.001 versus irradiated controls) 
seen in the open field after irradiation (Fig. 3a). How- 
ever stereotypic behaviour with head weaving, scratch- 
ing, crying and stumbling was noted in both sham- 
treated and irradiated animals. At the highest dose of 
1 mg/kg,  dizocilpine caused profound sedation, again 
in both irradiated and sham-treated animals, prevent- 
ing behavioural evaluation. Lamotrigine had no signifi- 
cant effects on behaviour of either the irradiated or 
sham-treated animals (Fig. 3a,b). WR-2721 was only 
examined in irradiated animals, where it did not re- 
duce stumbling or somnolence, or modify motility, when 
compared to control irradiated animals (Fig. 3a). In 
histological studies exposure to a single dose of 2.5 Gy 
irradiation caused a dramatic increase in the number 
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Fig. 3. (a) The number of squares crossed in an open field over the period of 3 min for irradiation followed by vehicle treatment (0, n = 30), 
irradiation followed by lamotrigine treatment (L, n = 10), irradiation followed by WR 2721 treatment (WR, n = 10), irradiation followed by 
dizocilpine at 0.1, 0.3 or 1 m g / k g  (D.1, D.3 or D1 respectively). Treated animals compared with irradiated control group (0). * * * P < 0.001. (b) 
Sham-irradiated control groups corresponding to treatment groups in (a). Sham, irradiated (S, n = 35), sham followed by lamotrigine treatment 
(LS, n = 10), or sham followed by dizocilpine (D.1S, D.3S or DIS). 
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Fig. 4. Percentage of neurones in granular and sub-granular zones of 
the dentate gyrus showing pycnosis 6 h after treatment. S = sham 
irradiation followed by vehicle treatment, 0 = irradiation followed by 
vehicle treatment, 0.5, 1, 2, 4 and 8 = irradiation followed by treat- 
ment with riluzole at 0.5-8 mg/kg (n = 12/group, means+S.E.M., 
** P < 0 . 0 1 ,  *** P < 0 . 0 0 1 ) .  

of pycnotic neurones in the dentate gyrus, reaching 
25% of the neurones in this zone (Fig. 4). Treatment 
with riluzole provided significant protection of these 
neurones from the dose of 1 m g / k g  and did not 
generate pycnotic cells in a group of sham-irradiated 
rats. Likewise treatment with dizocilpine conferred sig- 
nificant protection of neurones at both 0.3 and i m g / k g  
(P < 0.01; Fig. 5). Lamotrigine had the opposite effect, 
significantly increasing the number of pycnotic cells in 
the dentate gyrus, while WR-2721 had no protective 
effect in this model (Fig. 5). 
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Fig. 5. P e r c e n t a g e  o f  n e u r o n e s  in g r a n u l a r  a n d  s u b - g r a n u l a r  z o n e s  o f  

the dentate gyrus showing pycnosis 6 h after treatment. S = sham 
irradiation followed by vehicle treatment, 0 = irradiation followed by 
vehicle treatment,L = irradiation followed by 25 mg/kg lamotrigine, 
D.3= irradiation followed by dizocilpine at 0.3 mg/kg, D1 = 
irradiation followed by dizocilpine at 1 mg/kg, WR = irradiation 
followed by WR-2721 at 75 mg/kg (n = 12/group, means +_ S.E.M., 
**P<0.01, *** P<0.001). 

4.  D i s c u s s i o n  

This study demonstrated that a single dose of 2.5 Gy 
of ionizing irradiation causes measurable behavioural 
deficits, and structural damage in the dentate gyrus of 
immature rats. This damage may be reduced by retro- 
spective treatment with riluzole or dizocilpine. These 
two compounds have very different structures and bio- 
chemical properties but both block glutamate neuro- 
transmission. Riluzole also shows a Na + channel inac- 
tivating property (Benoit and Escande, 1991), acting on 
the oz sub-unit of the major Na + channel in the rat 
brain (Hebert et al., 1994). This compound is currently 
in clinical trial in amyotrophic lateral sclerosis as a 
neuroprotective agent (Bensimon et al., 1994). Rilu- 
zole's action on glutamate transmission has not been 
completely elucidated (see Stutzmann and Doble, 1994 
for review) but it can be separated from the anti-Na + 
effect, and is sensitive to pertussis toxin, suggesting the 
role of a G-protein in the mediation of riluzole's action 
(Hubert et al., 1994). Riluzole non-competitively blocks 
currents carried by N M D A  receptors expressed in 
Xenopus oocytes (Debono et al., 1993), shows potent 
anticonvulsant properties against glutamate- and as- 
partate-induced convulsions and is able to antagonize 
the stimulation of acetylcholine release by N M D A  
(B6navid~s et al., 1985; Mizoule et al., 1985). Riluzole 
also inhibits glutamate release both in vitro, in the CA1 
area of the rat hippocampal slice (Martin et al., 1991), 
and in vivo in the anaesthetised cat (Ch6ramy et al., 
1992). The compound however shows no affinity for 
any of the known binding sites of the glutamate recep- 
tors, unlike dizocilpine, which is a non-competitive 
blocker in the ion channel coupled to the NMDA 
receptor, possessing potent anti-convulsant properties 
(Wong et al., 1986). Both riluzole and dizocilpine have 
been shown to have neuroprotective effects in the 
same models of global and focal ischaemia at the doses 
used in the present study (Pratt et al., 1992; Gill and 
Kemp, 1989; Park et al., 1988). Lamotrigine is also 
active in neuroprotective models at doses similar to 
those used in this study (Graham et al., 1994; Rataud 
et al., 1994). It is a Na + channel blocker (Leach et al., 
1986) currently in the clinic as an anti-epileptic agent. 
Lamotrigine inhibits veratridine-induced, though not 
K+-induced, glutamate release (Leach et al., 1991), in 
contrast to riluzole (Martin et al., 1991). Lamotrigine 
may therefore reduce glutamate transmission, pre- 
dominantly presynaptically, but the dose tested in this 
study conferred no protection against the radiation 
damage. This might suggest that intervention postsyn- 
aptically, as is the case of riluzole and dizocilpine, is 
necessary to prevent a glutamate component of acute 
radiation damage in this model, although a reduced 
sensitivity to lamotrigine in the 15 day post-natal rat 
cannot be ruled out after study of a single dose. Phos- 
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phorothioate radioprotectors such as WR-2721, have 
shown efficacy in a number of experimental models, 
and subsequently in the clinic. Unfortunately these 
compounds are highly water soluble and do not pass 
the blood-brain barrier, thus providing no protection 
for the brain (Yuhas and Storer, 1969). WR-2721 was 
included in this trial in the hope that, as the blood-brain 
barrier is disrupted by irradiation, the compound might 
show some efficacy. Its lack of effect might be due to 
lack of passage into the brain, or because modification 
of tissue oxygen metabolism is no longer relevant to 
the degree of radiation damage once the irradiation 
has ceased. 

In the open field test, normal and sham-irradiated 
young rats showed considerable exploratory activity, 
presumably motivated by the odour of their mother  
and in an attempt to find a way through to her, while 
irradiation greatly reduced this behaviour. Treatment  
with riluzole or dizocilpine corrected behavioural pa- 
rameters while only providing partial, though signifi- 
cant reductions in pycnotic neurones of the dentate 
gyrus. The difference between these two tests may be 
due to a threshold effect, whereby a certain degree of 
structural damage can be tolerated without impinging 
upon behaviour, or it may indicate that other factors 
are involved in the behavioural consequences of whole 
body irradiation and that riluzole and dizocilpine con- 
fer protection upon other structures. 

Radiation damage is caused by generation of free 
radicals, mostly generated by the splitting of water 
molecules. These damage many components of the 
cell, including the DNA and lipid membranes, where 
oxygen-consuming chain reactions are started (Halli- 
well and Gutteridge, 1986). Free radicals may modify 
glutamate release and metabolism (Oliver et al., 1990; 
Pellegrini-Giampetro et al., 1990). Recently, using 
cerebellar granule cells in culture, Bockaert and col- 
leagues have demonstrated the first direct relationship 
between O~- generation and excitatory amino acid-in- 
duced neuronal death since 5,5-dimethyl pyrroline 1- 
oxide, a spin trap, considerably reduced NMDA-in- 
duced neurotoxicity (Lafon-Cazal et al., 1993). The 
present study suggests that glutamate excitotoxicity may 
play some part in the acute neuronal damage subse- 
quent to irradiation of the brain. There  is no evidence 
in the literature of glutamate antagonists being used as 
radiorestorative agents, that is to say being given after 
irradiation, though Mickley et al. (1992) did find some 
protective action on mature behavioural responses 
when dizocilpine was administered prior to fraction- 
ated exposure of neonatal rats. 

Though caution must be exercised in drawing con- 
clusions from these results, it is interesting that the two 
compounds interfering with glutamate neurotransmis- 
sion postsynaptically should both show a neuroprotec- 
tive action subsequent to irradiation, suggesting a new 

indication for the glutamate antagonists as ra- 
diorestorative agents, a new category of radioprotective 
agents, for use after exposure has taken place. 
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