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Abstract 

Central nervous system (CNS) has long been considered as radioresistant, notably on the basis of the lack of proliferation among the neuronal population at the adult age. But the discovery of neurogenesis zones in the adult brain, and the essential role of glia cells, calls this dogma in question and could explain impairment in neurocognitive functions observed after exposure at non lethal doses.

In this study, possible pathophysiological mechanisms for cognitive dysfunction after an acute sublethal gamma total-body irradiation (TBI) at 4.5 Gy have been investigated in the adult rat using histological and metabolomic approaches. The latter was performed by proton NMR with high resolution using the magic angle spinning (HRMAS) technique on brain samples.

This study focuses on the cognitive impairment that appears after TBI at 4.5 Gy. Indeed it was found that learning and memory dysfunctions were related to metabolomic changes in several brain structures. One month after ionizing radiation exposure, a lack of balance of some neurotransmitters was noted, specially an increase in gamma-aminobutyric acid (GABA) in the cortex and the striatum. 

Consequently, a second experience consisted in GABA agonists injection in order to reproduce radio-induced effects such as learning impairment: a daily i.p. injection of muscimol, a GABA-A receptor agonist, was found to mimick this impairment, contrarily to the injection of baclofen, a GABA-B receptor agonist. Further investigations are expected to consolidate this hypothesis according to which a GABA accumulation would be an important actor in radio-induced cognitive dysfunctions after a sublethal dose.

1.0
INTRODUCTION

The so-called neurological irradiation syndrome has been extensively described very soon after first military use of nuclear weapons. Obviously, early neurological symptomatology are clearly related with very high doses, i.e. more than 25-30 Gy (Tubiana, 2008), while other potentially lethal syndromes, such as gastro-intestinal and hematologic manifestations, occur for lower exposure levels and are of first prognostic and therapeutic interest. Such features are directly related with e.g. the difference in cell differentiation, or cell turn-over as well admitted following the Bergonié-Tribondeau law (Bergonie and Tribondeau, 2003). Thus, despite cognitive dysfunction had been reported after accidental or therapeutic total-body irradiation (TBI), central nervous system (CNS) has been considered for a long time as radio-resistant, since neuronal cells do not or poorly renew when mature. More recently, this assumption was revisited after evidences for neurogenesis in different brain areas (Monje et al., 2002). Moreover, it was also demonstrated that glial cells play a key role in brain function, and especially in cognitive processes (Tofilon and Fike, 2000).

Radiotherapy involving the brain frequently induces severe learning and memory deficits for children as well as for adult patients, especially when radiation field involves the temporal lobes (Monje and Palmer, 2003). Different mechanisms have been suggested to explain these deficits. It was first assumed that neurocognitive sequelae of cranial irradiation was mediated through vascular injury, resulting in ischemia and hypoxia in the hippocampal region (Abayomi, 1996). As early as fourty years ago, the role of capillaries was shown on rabbit brains to explain delayed radionecrosis (McDonald and Hayes, 1967). 

More recently, cognitive deficits were explained by the hippocampal dysfunction at the granule cell layer, centre of stem/progenitor cells, which are very radiosensitive. Moreover, neuroinflammation mediated by microglial inflammatory response is a strong negative regulator of neurogenesis (Monje et al., 2002).

Few studies have quantified the changes in cerebral metabolites at different delays after irradiation. In particular one year after prolonged fractionated irradiation of whole brain at a high dose, results are significant with magnetic resonance spectroscopy (MRS) study on rats and associated with cognitive impairment (Atwood, 2007).

A better understanding of the radio-induced physiopathological processes in CNS will allow the development of therapeutic tools to prevent radio-induced neurological late effects. Our aim is to describe CNS injuries after sublethal TBI at 4.5 Gy in the rat, using both histological and metabolic studies, then to link these damages with cognitive impairment evaluated by behavioural tests before and after TBI. This dose is too low to create radiation necrosis of brain areas or major haematological or gastrointestinal syndromes, but may involve impairment in neurocognitive functions. Moreover, this dose is equivalent to the level of a non lethal human accidental exposure.

2.0
MATERIALS AND METHODS

This study is a part of an experimental project which explores memory and learning capacities by one-way and two-way avoidance tests (negative reinforcement), cellular response by proliferation (BrdU) and apoptosis (TUNEL) events, and molecular response by brain lipid profile and metabolism quantification (1H NMR and HRMAS NMR).

2.1
Animals

Thirty-two male 16-week-old Wistar rats (Charles River, France) weighing 400-450g, were randomly assigned: 20 animals for the metabolomic study and 12 for the histological study (results not presented). They were housed four rats per cage in our accredited animal care facility, maintained on a 12 hour light/dark cycle, with an unlimited supply of standard food and tap-water. Experimental conditions were approved by the ethical committee on research animal care of the French Army Medical Research Centre in accordance with French recommendations.

2.2
Total-body irradiation (TBI)

At 4-month-old, considering their performances in the first one-way avoidance session, rats of a same group were assigned to two equal sub-groups: irradiated and sham-irradiated. TBI was delivered with a 60Co gamma source at a dose-rate of 25 cGy.min-1. The mid-line free in air dose was 4.5 Gy. The same stress conditions were reproduced in sham-irradiated animals. Experimental conditions (sham or irradiation) were balanced across the different cages. Sham and irradiated rats were used at the same time and behavioural tests were processed in parallel in the same conditions.

2.3
Behavioural tests

Behavioural tests were performed before and after TBI by an investigator who did not know which rats had been irradiated. 

2.3.1
One-way avoidance test

We used this classical behavioural test (Warner, 1932, in (Lamproglou et al., 1998)) to evaluate the effects of irradiation on memorization of a pre-exposure situation. Briefly, for each trial, rats were always placed in compartment A of a double compartment cage (50 x 25 x 25 cm high; compartments A and B separated by a sliding door, Campden Instruments, Sileby, England). Each trial lasted about one minute and included : i) a rest phase (40 s) when the investigator closes the door between compartments, ii) a sound (the conditioning auditory stimulus (CS), 300 Hz for 3 sec), iii) an interval (1 s) and iv) an electric shock (0.8 mA for 15 sec through the floor grid) which is the unconditioning stimulus (US). The rat could escape or avoid the shock by running into compartment B. One daily session of 10 trials was given 5 hours prior to TBI. One daily session of 10 trials was repeated at both Day-14 (D14) and Day-23 (D23) post-TBI to test recall. The mean percentage of avoidance, which corresponds to the anticipation of painful stimuli, the mean reaction time between the appearance of the sound and the response, and the mean electrified time were recorded.

2.3.2
Two-way (TW) avoidance test 

This test was introduced in order to evaluate learning capacities of a new situation three weeks after irradiation. The cage was the same as mentioned above. The rat was placed in compartment A for the first trial and in compartment B for the second trial, i.e. the compartment was exchanged orderly for each trial. Onset of an electric shock (0.8 mA for 15 sec) was preceded by the sound of a buzzer (300 Hz for 4 sec) and an interval (2 s). The door was closed during the interval between two trials (50 sec). One daily session of 15 trials was given for 5 consecutive days from D24 to D28 after TBI. The mean percentage of avoidance, the mean reaction time between the appearance of the sound and the response, and the mean electrified time were recorded.

2.4
Samplings

At D29 after irradiation, 10 animals per subgroup were killed by decapitation. Brains were quickly removed and placed on ice. Hypothalamus, anterior and posterior hippocampus, striatum and anterior cortex were dissected out to determine metabolite levels as described below. Left and right cerebral areas were immediately frozen separately in liquid nitrogen and stored at -80°C until use.

The other rats were used for the histological study.

2.5
HRMAS 1H NMR spectroscopy
This method, which consists in using the high resolution magic angle spinning (HRMAS) by in vivo proton magnetic resonance spectroscopy (1H-MRS), is a rapid and quantitative neuropathological method requiring only small amounts of unprocessed samples (Cheng et al., 1997).

2.5.1
Preparation of sample

10–15mg of frozen tissue (hypothalamus and left areas) were rapidly placed in zirconium oxide 4mm rotors with spherical insert (Cortecnet, Paris, France), and 50 µL of 1 mM TSP solution [3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt] in pure cold D2O were added. The rotor was immediately transferred into the HRMAS probe and acquisition started after 7 min of rotation/temperature equilibration. One hundred brain areas (10 irradiated and 10 sham-irradiated animals, and five brain areas per animal) were analysed.

2.5.2
Acquisition of NMR spectra
All HRMAS 1H NMR experiments were performed at 4°C on a Bruker DRX avance 400 (proton frequency 400.13 MHz) using a Bruker HR-MAS probe head. Samples were loaded in zirconium oxide 4 mm cylindrical rotor with spherical insert (internal volume of 50 µL) and were spun at 4000 Hz. 1D spectra were all acquired with a 500 ms spin-echo for attenuation of macromolecular and water broad signal, and presaturation of H2O resonance during the 3 s relaxation delay.

2.5.3
Data handlings

Metabolite quantification was performed with the software package jMRUI using the “subtract-QUEST” procedure (Rabeson et al., 2007). This procedure uses a simulated metabolite database set including: acetate (Ace), alanine (Ala), aspartate (Asp), creatine and phosphocreatine (Pcr), choline (Cho), γ-aminobutyric acid (GABA), glutamate (Glu), glutamine (Gln), glutathione (Gsh), glycerophosphocholine (Gpc), glycine (Gly), lactate (Lac), myo-inositol (M-ins), N-acetylaspartate (NAA), phosphoethanolamine (PE), phosphocholine (PC), and taurine (Tau). The first 16 data points were used to model the background signal of macromolecules and lipids, which were not totally removed by the 30 ms CPMG. The metabolite-only signal can thus be simulated. The amplitude of metabolites calculated by QUEST was normalized to the total spectrum signal and then only relative concentrations were produced. Reliability of quantification was evaluated using the Cramer Rao lower bounds (CRLB) determined by the jMRUI algorithm, which are estimates of the Standart Deviations of the fit for each metabolite. For most of the metabolites, we obtained CRBL(5%, and for Ace CRBL(25%.

2.6
Statistical analysis

For behavioural tests, statistical differences among subgroups were tested by analysis of variance (ANOVA) followed by a post-hoc comparison performed point by point using Mann Withney test.

For NMR study, statistical analyses were performed on quantification results obtained from HRMAS measurements. The set of data, i.e. the estimated amplitudes relative to the sum of the estimated metabolite amplitudes, were analyzed using a one-way analysis of variance (ANOVA) followed by pairwise comparisons between two groups with the Mann-Whitney test for unpaired data (MW test). 

Data were presented as mean ± SEM. All statistical analyses were performed using commercially available software (Statistica 9, Statsoft, France). A p value of  0.05 was considered significant.

3.0
RESULTS and discussion

3.1
First experiment

In the total experimental planning, four post-ionizing exposition times – early (Day 3), early-delayed (Day 8) and one and two-months delayed – were chosen to evaluate brain metabolism by HRMAS 1H NMR spectroscopy. We will show results of the analysis performed one month after irradiation only.

3.1.1
Behavioral testing results (Figure 1)

Before TBI, both groups were strictly equal, reaching 13 % (± 4.23, p=1, MW test) of correct response for avoidance, whereas a decrease of mean percentage of avoidance is significant at D14 and D23 after irradiation (32% ± 8.54 in TBI animals vs 65% ± 4.77 in sham animals, p<0.01 for D14, and 45% ± 8.60 in TBI animals vs 71% ± 3.79 in sham animals, p<0.05 for D23, MW test).
One day after the second recall of OW avoidance test (D24), i.e. three weeks after TBI, performances in the two-way avoidance test were very low (same level as obtained one week after TBI) with a mean percentage of avoidance similar in both groups (6.67% ± 2.43 for TBI group vs. 10% ± 2.68 for sham group, p=0.32, MW test). During the next four days, performances of irradiated rats were significantly worse than those of the sham rats.
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Figure 1: Results of One-Way (OW) and Two-Way (TW) avoidance test 5 hours (D1) before and several days (D14 to D28) after total-body irradiation, expressed as the mean + SEM (n=16 rats per group). * p<0.05 ; ** p<0.01 ; *** p<0.001  (MW test).

Therefore, one month after irradiation, cognitive dysfunctions, which appeared six days after irradiation (data not shown), were persistent, with significant memory (one-way test) and learning (two-way test) impairment. 

3.1.2
Metabolic data (Figure 2)

One month after TBI, HRMAS data show that phosphorylcholine (PC) concentration increases in the striatum.

Thus, a decrease of taurine level is observed in hippocampus of irradiated rats, which was persistent until six months after irradiation (results not shown). 

The most interesting observation is a radio-induced increase in GABA concentration, an inhibitory neurotransmitter, in two structures: the frontal cortex and the striatum. This increase of GABA might be in relation with the memory impairments.
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Figure 2: Brain metabolites mainly affected one month after TBI. The mean values (+ SEM) of the relative concentrations are expressed in percentage of the sham concentrations (10 rats in each group). White bars: sham-irradiated group, black bars: irradiated group. GABA: -aminobutyric acid, PC: phosphorylcholine, CTX: frontal cortex, STR: striatum. * p<0.05 (MW test).

3.2
Second experiment

3.2.1
Hypothesis formulation

Nine hours after irradiation, we observed an apoptosis in the subventricular zone which is a brain neurogenesis area, and a lack of cellular proliferation (data not shown); thus, neuronal progenitors are affected by a sublethal dose of 4.5 Gy. Twenty-four hours after irradiation, apoptosis events were finished. Lipid profile modification was present only at this early phase, with markers of lipid peroxidation and demyelination process (data not shown).

These data suggest that apoptosis of neural progenitors cannot be responsible for all the cognitive dysfunctions that we observed after irradiation. 

GABA is a major inhibitory neurotransmitter in the vertebrate central nervous system (Angulo et al., 2008). A low level of GABA is possibly associated with the down-regulation of the GABA receptors, which results in an abnormal cortical excitation. On the contrary, its increase leads to a slower cognitive performance, similar to what is observed after benzodiazepines absorption (GABA agonists).

We have hypothesized that an increase in GABA in some particular brain structures might be responsible for an increase in GABA receptors stimulation and for cognitive inhibitory effects. Thus, we aimed at simulating the observed cognitive radio-induced impairment by increasing systemic GABA levels using the infusion of GABA agonists.

Each day from D20, one hour before the two-way avoidance test, a saline solution (NaCl 0.9%, 1mL/400g) of GABA-A receptor agonist (muscimol, Sigma-Aldricht), GABA-B receptor agonist (baclofen, Sigma-Aldricht), or both agonists (1mL/400g of each) is administered using intraperitoneal injection. The control group receives the saline solution only.

3.2.2
Behavioral testing results

The results (Figure 3) show a default of learning capacities in rats of the muscimol and both agonists groups, compared to the control (NaCl) and baclofen groups. Firstly, it can be checked that the rat performances of the irradiated group in this experience (14 to 21% all along the D24-D28 period) are quite similar to the results of the irradiated group (8 to 25%) in the first experience (Figure 1). In the same way, the control group of this experience has similar performances (14 to 44% of avoidance) as the sham group in the first experience (17 to 46%), which suggests that the stress potentially provoked by the i.p. injections doesn’t damage learning capacities of the animals. The kinetic curve shows that the muscimol-treated groups (muscimol-only and baclofen+muscimol) had the same poor learning performances as the 4.5 Gy-irradiated group. 
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Figure 3: Results of Two-Way (TW) avoidance test after daily i.p. injections of agonists or of saline solution (control group), expressed as the mean + SEM (n=8 rats for the control group, n=6 for the irradiated group and n=10 per agonists group). D = Days after gamma-irradiation (D1, 4.5 Gy) or sham-irradiation.

From these results, it seems that the stimulation of GABA-A receptors causes a degradation of learning performances, whereas the stimulation of GABA-B receptors does not have any effect on the latter.

3.3
Conclusion

Our multiparameter approach (behavior, brain metabolism and histological analysis) indicates that delayed metabolic changes seem correlated to neurological disorders. Among early predictive biomarkers of delayed neurological sequelae, GABA and taurine can be mentioned. 

Neuronal apoptosis, associated with gliosis, could explain the cognitive impairment during the first month, but among other possible causes, the increase in GABA, an inhibitory neurotransmitter, could also be involved. The current study shows a cognitive impairment obtained with muscimol, an agonist of GABA-A receptors, similar to the radio-induced learning dysfunction. Further studies are in progress, which aim at pointing out the key role played by the GABA-A receptors in the neurological process after a sublethal total-body irradiation.
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