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ABSTRACT

In cases of occupational accidents in nuclear facilities or subsequent to terrorist activities, the most likely routes of internal contamination with actinides such as plutonium are inhalation and wounds. The biological outcome ranges from stochastic (cancer) or deterministic effects (fibrosis) either local or distant from the site of entry, stemming from alpha irradiation. Only a few data exist for the effects of chelation treatment by DTPA on the decorporation of Mixed OXide (MOX;U,PuO2). The present study was designed to test the efficacy of local DTPA administration following contamination by a MOX containing 7.1% plutonium either by inhalation or following wounding with rupture of dermal and vascular barriers in the rat.

For the inhalation study, conscious rats were exposed “nose-only” to a MOX-containing aerosol and for the wound study anesthetized rats were contaminated following wounding by deep incision of the hind leg muscle. Initial lung or wound activity was determined by external counting. In both studies, urinary actinide excretion was measured and tissue sample activity determined after euthanasia (Day 21). For both contamination modes, local treatment was performed at 2h post contamination with DTPA by insufflation of a recently developed dry powder form (20µmol/kg) or by injection as solution form (30µmol/kg) at the wound site. A combined treatment protocol was also tested consisting of the early local delivery followed by repeated injection every 2-3 days beginning at Day 1.

The results show that at 21 days most of the MOX was still retained at the site of entry (lungs, wound). Bone and liver retention represented 0.25% and 0.09% of the initial lung burden or 0.8% and 0.1% of the wound deposit respectively. Cumulative urinary excretion of alpha activity over 7 days amounted to some 0.2 or 0.06% of the initial activity deposited in lungs or wound. At day 1 after inhalation or wounding with MOX, local lung or wound DTPA treatment increased urinary excretion of alpha activity by 5- and 3-fold respectively. Most of this initial alpha activity was accounted for by americium. After inhalation or wounding, DTPA treatment reduced bone retention by 82 and 67% respectively, and prevented hepatic deposits by 73 and 61% respectively. Combined local and repeated systemic DTPA treatment further decreased bone and liver retention to 98% and 81% respectively after inhalation or to 84% and 84% respectively after wounding compared to non-treated animals. However no measurable differences were observed in total activity in lung or wound in DTPA-treated animals with regard to initial deposited activity.

In conclusion, an initial single local DTPA treatment was effective in preventing early solubilized activity reaching main actinide retention sites (bone, liver). A combination of initial local treatment with systemic follow-up further reduces actinide retention in these tissues. Nevertheless for slightly soluble compounds such as MOX and at high contaminant levels, further approaches might be indicated such as bronchoalveolar lavage or surgery to decorporate significantly activity in lungs or wound respectively,in addition to a DTPA treatment to prevent secondary tissue deposits.

1.0
INTRODUCTION

In the environment of a nuclear power plant there is a possible risk of inhalation after confinement rupture of the combustible fuels at different stages in preparation. Cases of contamination by inhalation of alpha-emitting actinides (plutonium, uranium, and americium) have been reported since the initial use of such compounds for either military devices or nuclear fuels [1, 2, 3].  Similarly, accidental entry of actinides following wounding has also been reported [4, 5]. Moreover in the event of an attack with a Radiological Dispersal Device or “Dirty Bomb” dissemination of alpha-emitting actinides could result in serious radioactive contamination either by inhalation or following wounding. Contamination by inhalation may be associated with higher numbers of people as compared with contamination after wounding that would cause more of a problem for first responders.
Inhalation and subsequent deposition of actinides in the deep lungs results in translocation to extrapulmonary tissues such as bone and liver in the case of plutonium or americium. This transferable fraction is dependent on a number of variables but in particular the physicochemical nature of the contaminant. In the case of skin contamination, under normal healthy conditions such compounds do not cross the epidermal skin barrier easily but this may be significantly increased after wounding associated with concomitant physical insults that result in loss of skin barrier function. In such cases as for inhalation actinides gain entry into the circulation and are taken up by the retention organs.

The pulmonary pathological consequences of internal contamination with actinides following inhalation including MOX have been observed in a number of species (rat, mouse and dog) and include pneumonitis, fibrosis and tumor development [6, 7, 8]. The pathological consequences after wounding have been less well-studied however a clinical report by Lushbaugh and Langham [9] observed necrosis and fibrosis around the highly active plutonium deposit. 
The approved treatment for decorporation of plutonium and americium is diethylenetriaminepentaacetic acid (DTPA) as the calcium or zinc salt [10, 11]. It is administered as soon as possible for the most part by intravenous injection or infusion. In addition, an inhalation of nebulized DTPA solution is recommended by the FDA as an alternative route following suspected contamination by inhalation. The approach of local delivery to the lungs necessitates special formulations of the active agent. Previous studies in rodents concerning plutonium decorporation have indicated that a dry powder formulation is particularly effective [12, 13]. The physical characteristics of this powder with good aerosolization properties allow higher levels of DTPA to reach the deep lung alveolar compartment [14]. After contamination by wounding local DTPA solutions may be used as an adjunct to washing procedures in combination with systemic DTPA. 
Many studies have been carried out on the effect of different regimens of DTPA treatment following inhalation of different chemical forms of transuranic actinides (oxides, nitrate) of different chemical forms by single element exposure but only few studies have been carried out following contamination by inhalation or following wounding by the Mixed OXide (MOX: mixed uranium and plutonium oxides). The objective of the present study in the rat was to test the efficacy of a single local DTPA treatment either to the lungs or to the wound following MOX contamination. The single local treatment was compared to a local followed by systemic repeated treatment protocol.

2.0
MATERIALS AND METHODS

2.1
Preparation of MOX

MOX powder from the rectification step was produced by the MIcronised MASter Blend (MIMAS) procedure at the MELOX installation (Marcoule, France). The MOX available in our laboratory contained 81% uranium and 7.1% plutonium (by mass). The specific activity was 123.4 kBq/mg at the time of experimentation with an isotopic composition of 55% 238Pu, 18% 239+240+241Pu, and 27% of 241Am (as % total alpha radioactivity). The presence of americium is due to aging of the MOX powder. 

2.2
Animals

Male Sprague-Dawley rats (Charles River,) weighing between 250-300g at the time of experimentation were used in all experiments. Animals are housed initially 4 per cage at constant temperature, humidity and lighting (12h light -12h dark) and fed standard rat chow and water ad libitum. Animals are housed post contamination in metabolism cages for collection of urine samples. General health status and weight was assessed regularly after exposure. For euthanasia animals were injected with sodium pentobarbitone (i.p.; 50 mg/kg; Nembutal, Ceva Santé Animale, Libourne, France) and exsanguinated from the dorsal aorta. All experiments were carried out according to French regulations for animal experimentation under the European directive (2001-246 6 June 2001).

2.2.1
Contamination of animals by inhalation of MOX

A group of 30 rats, conscious but restrained in cardboard tubes, was "nose-only" exposed to a MOX aerosol generated from an aqueous suspension using a compressed air device, as described previously by Andre and colleagues [15]. The aerosol had an activity median aerodynamic diameter (AMAD) of 4.2 µm and a geometric standard deviation of 2.7. For determination of initial lung deposit (ILD) in vivo animals were anesthetized with sodium pentobarbitone (40 mg/kg, i.p.) and thorax-associated radioactivity measured by (-ray spectrometry. 

2.2.2
Contamination of animals by MOX following wounding

For contamination after wounding, animals were anesthetized using sodium pentobarbitone (40 mg/kg, i.p.). The left hind leg was clipped and an incision (0.5 cm long, 0.4-0.7 cm deep) using a scalpel (N° 11) was made in the interior aspect of the hind limb. This technique has been previously described in detail [16, 17]. A suspension of MOX (50µl containing between 20 and 30 kBq in 0.9% saline) was then introduced using a pipette (Gilson 0-100 µl) and a sterilized cone. The wound was then closed and sutured using resorbable thread and the animals allowed to recover from anesthesia. All animals received anti-inflammatory treatment after contamination using Tolfedine (Vetoquinol, Lure, France; 4 mg/kg, s.c.). 

2.2.3
Treatment of animals with DTPA following contamination

Following inhalation of MOX animals received either local lung DTPA treatment by insufflation (intra tracheal) of DTPA powder (20 µmol/kg) at 2h or a combination of local DTPA (at 2h) then systemic DTPA at day 1 and every two or three days thereafter. Both insufflation and i.v. (lateral tail vein) administration of DTPA were carried out under light gaseous anaesthesia (Isoflurane 2.5%). The preparation of the DTPA powder (75% DTPA) and use for actinide chelation has been described in detail elsewhere. This powder has good aerosolization properties due to a median geometric diameter of 4.5 µm and a “crumpled paper” morphology [14] allowing access top alveolar compartments. 

Following contamination by wounding, animals received either local DTPA (injection into the wound site; 30 µmol/kg) at 2h or a combination of local DTPA (at 2h) then systemic DTPA at day 1 and every two or three days thereafter. Control animals received 0.9% saline at the wound site or by i.v. injection. All solutions contained lidocaine (0.5%) as local anaesthetic as DTPA is reported to evoke a local pain reaction [18].
2.3
Collection and treatment of samples

Initial lung or wound radioactivity was determined in vivo by total lung or limb counting using an NaI detector as MOX contains americium with a gamma signal at 60 keV. For this counting, the anesthetized rat was positioned so that the thorax or wound site was within the detector area. At euthanasia, the liver, femurs and kidneys were removed for radioactivity analyses. 

For measurement of activity, tissue samples were dry ashed (500-600°C depending on sample) and wet ashed in HNO3 (2M) and H2O2 (30%) until a clear solution was obtained. Urine samples were evaporated to dryness and then mineralized as for tissues. Dry residues were taken up into HNO3 (5 ml, 2M) and an aliquot used for determination of total alpha activity by liquid scintillation counting (Packard Tri-Carb 2500). For tissues containing low levels of radioactivity and for measurement of plutonium and americium, samples were analyzed by alpha spectrometry following separation of the two elements by anion exchange (Tru-Spek columns, Eichrom, Rennes, France).

2.4
Statistical analyses

Data are presented as the means ± S.D. and significant differences between the different groups were compared using a two-tailed unpaired Student’s t test.

3.0
RESULTS AND DISCUSSION

3.1
General observations

In the present study, local lung treatment with DTPA powder following MOX contamination by inhalation was well tolerated with no obvious effects on lung function. Similarly after wound contamination and local DTPA solution treatment animals recovered quickly with no evidence of infection/inflammation at the wound site, lameness or poor health status. Initial lung and wound initial deposits of MOX were of the same order of magnitude as measured by external counting (8.2 ( 2.1 kBq and 15.2 ( 4.8 kBq respectively). However external counting of lung or limb activity showed at 21 days that between 80 and 90% of the activity remained at the initial contamination site. This has also been shown for insoluble oxides of plutonium either after inhalation [12, 19] or wounding [20, 21].  Since MOX is for the most part insoluble loss of very small levels of activity would not be detected by external counting. 

3.2
Urinary excretion of alpha activity

Figures 1A and B show urinary excretion of total alpha activity over the first week after contamination by inhalation or wounding. In both groups (inhalation or wound), the majority of activity is excreted within the first four days post contamination. Following inhalation or wounding, the cumulative excretion over the seven-day period represented some 0.2 and 0.06 % of the total initial deposit. After seven days, daily urinary excretion of activity is extremely small representing between 0.005 and 0.01% of initial activity. This low excretion is in accordance with the insoluble nature of MOX considered as a type “S” form of compound [22]. 
A single local treatment by DTPA either to lungs or to the wound site significantly increased the cumulative 7-day urinary excretion by some 5 (P<0.01) and 3 (P<0.01) fold respectively (Figure 1A & B). In the case of wound site DTPA treatment urinary excretion levels remained elevated after one week to local administration to lungs where excretion levels were similar to untreated animals (Figure 1A). These data are in agreement with other reports following of inhalation of plutonium oxide or plutonium nitrate or simulated wound contamination both in experimental animal studies [13, 21, 23] and in man [3, 24]. 

For the combined local and systemic DTPA treatment, increases were observed in excretion but during the first week, this appeared no greater than the single local treatment as indicated by similar values for cumulative (4 fold in inhalation study; 3 fold in wound study) excretion. These data clearly show the benefit of prompt administration of local DTPA. These findings are in agreement with a previous study following inhalation of PuO2 followed by local lung DTPA treatment [12]. The present work along with this previous study indicates a good bioavailability of DTPA at the site of contamination.
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Figures 1A & 1B: Urinary excretion of total alpha activity/24h following contamination by MOX by inhalation (A) or wounding (B). Animals were treated as described in the Materials and Methods section with either local DTPA treatment alone or followed by a repeated systemic treatment (20-30 µmol/kg). Data are presented as log total urinary alpha activity expressed as a percentage of the initial lung or wound deposit against time after contamination. Data represent the means ( SD for 4-6 animals.

The urinary excretion data (Figures 1A & B) are presented as total alpha activity excreted and further analyses of 1-day urine samples indicated an increased percentage of americium. s indicated the amount of activity in the MOX powder at the time of contamination was around 27% due to aging of the supplied powder and in 1-day urine samples this percentage was augmented in DTPA-treated animals (44 ( 5% local DTPA; 45 ( 3% local + i.v. DTPA) following inhalation. Similarly following contamination by wounding the percentage of americium was 53 ( 21% (local) and 62 ( 7% (local + i.v.) in the DTPA-treated groups. These results indicate the more soluble nature of americium compared to plutonium. In addition the clearance rates of plutonium and americium have been shown to differ following inhalation of Pu or Am oxides [25]. In agreement with the more soluble nature of Am the increased proportion of urinary Am following DTPA treatment may be explained by a better chelation availability given the chemical species. Furthermore, either in the lungs or at wound sites the affinity of Am for endogenous ligands may be less than for DTPA.
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Figure 2: Urinary excretion of total alpha activity/24h following contamination by MOX after wounding. Animals received either 0.9% saline (closed circles) at 2h after contamination or a single local dose of DTPA solution (30 µmol/kg at 2h (closed triangles) or a single local dose at 2h followed by DTPA i.v (30 µmol/kg) at day 1, 3 and every 2-3 days (open circles). Arrows (abscissa) indicate i.v. DTPA treatment. Data are presented as log total urinary alpha activity expressed as a percentage of the initial wound deposit against time after contamination. Data represent the means ( SD for 4-6 animals.

The urinary excretion of total alpha activity after wound contamination is shown in more detail in Figure 2 over the whole study period (21 days). As shown in Figure 2 after 10 days urinary excretion levels are similar in local DTPA-treated animals and in controls. However the urinary excretion profile is modified by further systemic DTPA treatments at two or three day intervals. The arrows on the figure indicate the treatment days and as can be seen following DTPA treatment there is a significant increase in activity excretion that is maintained over the treatment period. These observations demonstrate the efficacy of DTPA treatment after the initial period and are in agreement with other findings both in man and animals [3, 12, 25, 26].  The increased urinary excretion may be explained by chelation of actinides in systemic compartments and/or directly into the primary site of contamination (lungs, wound). To date there are no conclusive data to prove either explanation. Nevertheless follow-up DTPA treatment is effective.

3.3
Tissue levels of alpha activity

At the end of the 21-day study period, animals were euthanized and tissue levels of total alpha activity measured. Firstly no differences between controls and DTPA-treated animals were seen at the site of contamination (lungs or wound) in terms of total alpha activity as measured by external counting. Figure 3 shows the data obtained in the skeleton and in the liver that are the two main retention organs for the main alpha emitters by activity contained in our MOX (plutonium and americium). In agreement with increased urinary excretion of the soluble fraction of these elements, tissue levels are reduced accordingly.
Following inhalation of MOX, a single local treatment to the lungs with the powder formulation of DTPA leads to an 82% in the skeleton and a 73% reduction in the liver of total alpha activity. In the group that received the combined treatment (local then systemic), a further reduction in skeleton (98%) and liver (81%) was observed. Similarly following wound contamination and local DTPA treatment activity levels were reduced by some 67% and 61% in skeleton and liver respectively. As observed after lung contamination the combined treatment further reduced these levels (84% skeleton and 84% liver). DTPA treatment, either local alone or combined local and systemic also reduced activity levels in the kidney (data not shown). 
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Figures 3A & 3B: Total alpha activity in skeleton (A) or liver (B) at 21 days after inhalation or contamination following wounding by MOX. Animals were treated as described in the Materials and Methods section with either DTPA treatment alone or followed by a repeated systemic treatment (20-30 µmol/kg). Data are presented as total alpha tissue activity expressed as a percentage of the initial lung or wound deposit. Data represent the means ( SD for 4-6 animals.

Further analyses by alpha spectrometry of total activity showed similar percentages of americium in bone compared with that of the administered MOX (27%) for all groups and whatever the route of contamination. The liver however showed a different profile. Following either MOX contamination by inhalation or by wounding, the percentage of Am was increased by two-fold (inhalation 55 ( 5% americium; wound 56 ( 3% americium) as compared to 27% americium in the initial MOX deposit. Thus in addition to the urinary excretion data, these observations are in agreement with the higher solubility of americium  from MOX or aged plutonium oxides containing americium and so a more rapid transfer from lungs or wounds to systemic sites [27, 28, 29, 30].

The two DTPA treatment protocols are effective in reducing retention of activity in bone and in the liver. However as indicated earlier there were no measurable differences at the site of contamination i.e. the lungs and the wound site following either treatment protocol. In the case of contamination by inhalation, local DTPA would remove the soluble elements following MOX and the only other approach to eliminate high activity particles would be to use bronchoalveolar lavage. The use of this technique was addressed in a recent paper with the conclusion that bronchoalveolar lavage should be considered a viable treatment option for PuO2 intakes in order to prevent deterministic effects at lung doses over 6 Gy [31]. With regard to wound site contamination, excision of the wound site is often practical and has indeed been employed in several cases [32, 33]. However the question of further liberation of the contaminant as a result of a surgical procedure needs to be explored. 

4.0
CONCLUSION

The present work demonstrates the decorporation efficacy of a single local DTPA treatment following contamination by MOX to prevent secondary systemic tissue deposits. The insoluble characteristics of MOX results in only a very small fraction being transferred to systemic sites notably to bone and to liver. This low transferable fraction is also reflected by low urinary excretion levels. Local pulmonary DTPA treatment by a specially formulated dry powder is effective in increasing urinary excretion and in reducing tissue retention. Additional systemic DTPA treatment has a slightly greater effect on tissue levels. Similarly local DTPA wound treatment is an effective decorporation method to eliminate the transferable fraction. Thus prompt local treatment following contamination by MOX or other insoluble alpha-emitting actin ides would at least reduce the transferable fraction and so retention by “actinide-seeking” organs such as bone. However, removal of activity remaining at the site of contamination still remains a problem that needs to be addressed in order to limit pathological consequences. 
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