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Purpose: In cases of occupational accidents in nuclear facilities or subsequent to terrorist activities, the most likely routes of internal contamination with alpha-particle emitting actinides, such as plutonium (Pu) and americium (Am), are by inhalation or following wounding. Following contamination, actinide transfer to the circulation and subsequent deposition in skeleton and liver depends primarily on the physicochemical nature of the compound. The treatment remit following internal contamination is to decrease actinide retention and in consequence potential health risks, both at the contamination site and in systemic retention organs as well as to promote elimination. The only approved drug for decorporation of Pu and Am is the metal chelator diethylenetriaminepentaacetic acid (DTPA). However, a limited efficacy of DTPA has been reported following contamination with insoluble actinides, irrespective of the contamination route. The objectives of this work are to evaluate the efficacy of prompt local and/or systemic DTPA treatment regimens following lung or wound contamination by actinides with differing solubility. The conclusions are drawn from retrospective analysis of experimental studies carried out over 10 years.
Materials and Methods: Rat lungs or wounds were contaminated either with poorly soluble Mixed OXide (U, Pu O2) or more soluble forms of Pu (nitrate or citrate). DTPA treatment was administered promptly after contamination, locally to lungs by insufflation of a powder or inhalation of aerosolized solution or by injection directly into the wound site. Intravenous injections of DTPA were given either once or repeated in combination with the local treatment. Doses ranged from 1 to 30 µmol/kg. Animals were euthanized from day 7–21 and alpha activity levels were measured in urine, lungs, wound, bone and liver for determination of decorporation efficacy.
Results: Different experiments confirmed that whatever the route of contamination, most of the activity is retained at the entry site after insoluble MOX contamination as compared with contamination with more soluble forms which results in very low activities reaching the systemic compartment and subsequent retention in bone and liver. Several DTPA treatment regimens were evaluated that had no significant effect on either lung or wound levels compared with untreated animals. In contrast, in all cases systemic retention (skeleton and liver) was reduced and urinary excretion were enhanced irrespective of the contamination route or DTPA treatment regimen.
Conclusion: The present study demonstrates that despite limitation of retention in systemic organs, different DTPA protocols were ineffective in removing insoluble actinides deposited in lungs or wound site. For moderately soluble actinides, local or intravenous DTPA treatment reduced activity levels both at contamination and at systemic sites.
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INTRODUCTION
Internal contamination with high-energy alpha particle emitters such as the actinides plutonium (Pu) or americium (Am), presents a challenge to the design and application of radiation medical countermeasures. In contrast to external gamma radiation exposure, internal contamination following either inhalation or wounding results in deposition of radioactive elements at the primary site of contamination, i.e. lungs or injury site, as well as in systemic target tissues that retain these elements. The primary objective of countermeasures is therefore to reduce these radioactivity levels. Even if stringent radiation protection measures are taken internal contamination with Pu/Am remains a potential hazard for workers involved in various stages of the nuclear fuel cycle such as preparation and reprocessing of used fuel, treatment/conditioning of waste as well as reactor decommissioning. Furthermore, in the event of an attack with a Radiological Dispersal Device or “Dirty Bomb” dissemination of actinides would be a potential health hazard for the general public and first responders resulting in serious radioactive contamination. Contamination by inhalation of aerosols may be associated with exposure of higher numbers of people as compared with contamination after wounding.
Cases of actinide contamination by inhalation have been reported since the initial use of compounds for either military devices or nuclear fuels (Carbaugh and La Bone, 2003; Okladnikova et al., 2005; Grappin et al., 2007). Similarly, accidental entry of actinides following wounding has also been reported (Ilyin, 2001; Falk et al., 2006; James et al., 2007; Sugarman et al., 2018; Klumpp et al., 2020). Indeed, case reports of incidents/accidents, biological assay data and tissues have been collated by registries in several countries (Loffredo et al., 2017; Kathren and Tolmachev, 2019) that provide a valuable source of information.
Inhalation and subsequent deposition of actinides in deep lung compartments results partly in transfer to the bloodstream. The size of this transferable fraction is dependent on a number of variables but in particular, the physicochemical nature of the actinide compounds. In the case of skin contamination, under normal healthy conditions, these compounds do not cross the epidermal skin barrier easily. However, this may be significantly increased after wounding associated with concomitant physical insults that result in loss of skin barrier function. This may be associated with strongly acidic actinide solutions that result in burns as was the case at Rocky Flats in 1965 and Hanford in 1976 (Lagerquist et al., 1967; McMurray, 1983). Such cases of actinide and acid are a dual insult to the skin barrier. Whatever the primary site of contamination (lungs or wound) and subsequent entry into the general circulation, the main sites of secondary long-term retention for Pu and Am are the skeleton and liver (International Commission on Radiological Protection (ICRP), 1986). A small fraction of circulating actinides will be excreted predominantly in urine with minor levels in faeces. More soluble compounds will be transferred more rapidly and in a larger proportion, whether after inhalation or wounding (International Commission on Radiological Protection (ICRP), 1986; National Council on Radiological Protection and Measurements (NCRP), 2006).
The question of the fate of tissue-retained actinides, even initially soluble ones, has been studied particularly with regard to deposition and retention in lungs and eventual effective dose (International Commission on Radiological Protection(ICRP), 1994a). Retention compartments in the lungs can be macrophages, interstitial connective tissue as well as scar tissue (Hahn et al., 2004; Van der Meeren et al., 2012; Van der Meeren et al., 2014; Lamart et al., 2017; Birchall et al., 2019). Regardless of contaminant solubility (from soluble to insoluble forms such as oxides and metals), retained activity may be considered as a “reservoir”. Actinides in this “reservoir” may be very slowly dissolved, absorbed into the blood and afterwards transferred to systemic organs so contributing to the systemic long-term effective radiation dose. Countermeasures are also required to address these “reservoir” problems that contribute to the long-term effects of an inhomogeneous chronic irradiation. Following inhalation of actinides pneumonitis, lung fibrosis and tumour development have been observed in a number of species (rat, mouse and dog) (Dudoignon et al., 2003; Muggenburg et al., 2008; Griffiths et al., 2010), as well as in man (Hahn et al., 2004; Newman et al., 2005; Sychugov et al., 2020). The pathological consequences after wounding have been less well-studied. However, a clinical report by Lushbaugh and Langham (1962) observed cutaneous necrosis and fibrosis around the highly active Pu deposit.
As a countermeasure and regardless of the Pu/Am compound and the route of intake, the only approved treatment for decorporation (removal from the body) of Pu/Am in man remains diethylenetriaminepentaacetic acid (DTPA) as the calcium or zinc salt (Food and Drug Administration, 2003; Grappin and Bérard, 2008). DTPA is a metal chelator that has a high affinity in particular for Pu and Am and first published data on the efficacy of this compound to remove (decorporate) these elements appeared in the 1960s (Norwood, 1960). DTPA is a highly charged acidic compound that has a short plasma half-life, is poorly absorbed and is rapidly eliminated by glomerular filtration. It is considered to circulate mainly in the extracellular fluids where it is able to chelate actinides. In general and as recommended the DTPA solution is administered as soon as possible for the most part by intravenous injection or infusion. Inhalation of the aerosolized DTPA solution is only recommended in cases of contamination by inhalation (Food and Drug Administration, 2003; ANSM, 2011). Experimental DTPA formulations have also been tested in rodents such as liposomes for cell entry enhancement (Grémy et al., 2018) or a dry powder for better delivery into deep lung (Grémy et al., 2010; Grémy et al., 2012).
For local treatment of contaminated wounds, DTPA solution is used for external decontamination as well as for irrigation of the wound site. In addition, intravenous DTPA administration is used concomitantly where excision of contaminated wound is necessary (National Council on Radiological Protection and Measurements. (NCRP), 2009). The beneficial effects of local injection of DTPA to a contaminated wound site have been little studied to date although animal studies have demonstrated this route to be effective (Volf, 1974; Harrison and David, 1979; Stradling et al., 1993; Griffiths et al., 2014).
Many studies have been carried out on the effect of different regimens of DTPA treatment following contamination by inhalation or wounding with single actinides under different chemical forms (oxides, nitrate) but only few studies to date have been carried out following contamination by Mixed U, Pu OXide (MOX) that is used in the nuclear fuel cycle.
This paper presents an overview of in vivo data obtained in rat for actinide decorporation by different DTPA regimens of varying physicochemical forms. The principal objective was to compare local and systemic DTPA treatment regimens according to actinide physicochemical properties following lung or wound contamination. As far as possible the same treatment protocols (local, systemic or combined) are compared for each actinide compound in either the lung or wound model of contamination. Efficacy was determined from the key parameters of DTPA-induced increase in urinary actinide excretion together with evidence for reduction in actinide retention at the primary site of contamination, i.e., lung or wound site, and in key secondary retention organs, namely bone and liver.
MATERIALS AND METHODS
Chemicals
Marketed DTPA solution as the calcium trisodium salt [Na3(Ca-DTPA)] was obtained from the Pharmacie Centrale des Armées (PCA; Orléans, France). DTPA dry powder (75% DTPA) was formulated as previously described in detail elsewhere (Gervelas et al., 2007). This powder has good aerosolization properties due to a median geometric diameter of 4.5 µm and a “crumpled paper” morphology (Gervelas et al., 2007) allowing access to deep alveolar compartments.
Preparation of Actinide Contaminants
Plutonium used for experiments was obtained from two laboratory stock solutions of Pu kept in 2 M HNO3, acquired from the French Alternative Energies and Atomic Energy Commission (CEA).
Pu Nitrate Solution for Contamination
After evaporation of an aliquot of the first stock Pu solution (86.1% 238Pu, 12.5% 239Pu), Pu was dissolved in distilled water to have a working Pu nitrate solution with low nitrate.
Pu Citrate Solution for Contamination
After Pu purification by anion exchange chromatography of an aliquot of the second stock Pu solution and evaporation (99.5% 238Pu, 0.5% 239Pu), Pu was dissolved in diluted citrate so that final Pu:Na-citrate ratio is 1:10,000.
MOX Suspension for Contamination
Mixed U, Pu OXide (MOX) powder from the rectification step was produced by the MIcronised MASter Blend (MIMAS) procedure at the MELOX installation (Marcoule, France) containing 81% U and 7.1% Pu by mass. At the time of experimentation, the specific activity of the MOX powder was 123.4 kBq/mg and contained 241Am due to aging from 241Pu decay. In terms of mass of each isotope and element (Pu + Am) the composition was 1.7% 238Pu, 88.1% 239+240+241Pu, and 4.1% 241Am. As a percentage of total Pu plus Am alpha activity 238Pu represented 55%, 239+240+241Pu 18% and 27% 241Am. For aerosol generation, a suspension of MOX powder in ethanol 100% was diluted using distilled water. For the wound deposit an aliquot of suspension (in ethanol 100%) was used which was diluted in saline (0.9% NaCl) before use. Care was taken to maintain the particles in suspension.
Animals
All the data were obtained from in vivo experiments spanning over more than 10 years. In some cases methods have changed, analytical procedures have been upgraded and regulations have been updated. However basic experimental approaches have not changed and are reported as such.
Male Sprague-Dawley rats weighing between 200–450 g were obtained from Charles River, L’Arbresle Cedex France. Animals were maintained at constant temperature (20–24°C), humidity and lighting (12 h light -12 h dark) and fed standard rat chow and water ad libitum. Cages contained tunnels, paper and wood for gnawing to provide enrichment of the environment. General health status and weight was assessed regularly throughout the duration of the experimental period.
For euthanasia animals received buprenorphine (0.02 mg/kg, s.c.; Buprecare, Axience, France), and were injected with a lethal dose sodium pentobarbital (400 mg/kg, i.p. Exagon, Axience, France) followed by exsanguination from the dorsal aorta or following intra-cardiac puncture.
All experiments were carried out in an accredited facility according to French regulations for animal experimentation under the European directives (2001-246 June 6, 2001 and 2010/63/EU, September 22, 2010). Experiments were approved by the local institutional animal ethics committee and the French Ministry of National Education, Higher Education and Research.
Contamination Procedures
Pulmonary Contamination of Rats by Pu Citrate or Pu Nitrate
Under light gaseous anesthesia (2.5% isoflurane; Aerrane, Baxter, France), rats were contaminated by intra-tracheal instillation of a 200–250 µl volume containing Pu citrate or Pu nitrate solution.
Pulmonary Contamination of Rats by MOX
Conscious rats and restrained in cardboard tubes, were nose-only exposed to a MOX aerosol generated from an aqueous suspension using a compressed air device, as described previously by Andre and colleagues (André et al., 1989). The aerosol had an activity median erodynamic diameter (AMAD) of 4.2 µm and a geometric standard deviation of 2.7.
Wound Contamination of Rats by Pu Nitrate or MOX
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 (Beitz et al., 2004; Griffiths et al., 2012). Pu nitrate solution (50 µl containing 5–10 kBq) or a suspension of MOX (50 µl containing 20–30 kBq in aqueous solution) was then introduced using a micropipette (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.) or Meloxicam (Metacam, Boehringer Ingelheim, Lyon, France; 1 mg/kg, s.c)
DTPA Treatment Regimens

(a)  For pulmonary-contaminated rats:
Two hours following lung contamination with Pu nitrate, animals received either intravenous injection of DTPA solution (“DTPA i.v.” group; 30 µmol/kg) or pulmonary insufflation of DTPA powder (“DTPA local” group) using a special device (model DP-4, Penn-CenturyTM). Both insufflation and injection into the lateral tail vein of DTPA were carried out under light gaseous anaesthesia (Isoflurane 2.5%). According to a previous study on this DTPA dry powder, only about 26% may reach deep lung compartments (Gervelas et al., 2007). Thus, insufflation at 20 µmol/kg tested in the present study was estimated to result in a deep lung deposit of approximately 5 µmol/kg of DTPA.
One hour following lung contamination with Pu citrate, animals were either injected with DTPA solution (“DTPA i.v.” group; 15 µmol/kg) or nose-only exposed to an aerosol of DTPA solution (“DTPA local” group) diluted in NaCl 0.9% (deep lung deposit of 1.1 µmol/kg), by using an inhalation chamber associated with an Aeroneb® lab micropump nebulizer (technology of a microperforated vibrating membrane; Tem Sega, Pessac, France). The exposure apparatus and DTPA dose determination with 111In have been reported in detail elsewhere (Miccoli et al., 2019).
Two hours following lung contamination with MOX, animals received pulmonary insufflation of DTPA powder (“DTPA local” group; deep lung deposit of about 5 µmol/kg), either alone or starting at day 1 by repeated DTPA intravenous injections (30 µmol/kg) given twice a week from day 1 to day 20 (“DTPA local + i.v”. group).
(b)  For wound-contaminated rats:
In an accidental situation DTPA treatment of wounds involves washing/flushing for decontamination purposes in addition to systemic DTPA by i.v. injection. In this study the “intra wound-site” was chosen as the way to administer DTPA locally in a controlled manner. This was to simplify the procedure in vivo as well as radiation protection issues. Previous studies have shown this to be effective in animals but no data seem to be available for man (Taylor and Sowby, 1962; Volf 1974; Harrison and David, 1979; Stradling et al., 1993; Griffiths et al., 2014).
At 2 h following wound contamination with Pu nitrate, animals received either a single local injection (“DTPA local” group) into the wound site using a Hamilton syringe (0–100 µl; 30G needle; 30 µmol/kg) or a systemic injection of DTPA (“DTPA i.v.” group; 30 µmol/kg).
Similarly at 2 h following wound contamination with MOX animals received a single local DTPA injection in the wound site (“DTPA local” group; 30 µmol/kg), either alone or followed one day later by i.v. DTPA administration (30 µmol/kg). Further DTPA i.v. injections were given twice a week up to day 20 (“DTPA local + i.v.” group).
In all cases where DTPA was injected at the wound site which may cause local pain, the DTPA solution contained the local anesthetic lidocaine at a final concentration of 0.5% (Xylovet, Ceva Santé Animal, Libourne, France).
Excreta Collection, Tissue Sampling and Activity Measurements
Following contamination animals were housed in metabolism cages for collection of urine and/or faecal samples. At euthanasia at 7 or 21 days depending on studies, the liver, lungs, femurs were removed for radioactivity analyses. In some pulmonary-contaminated rats, a bronchoalveolar lavage was carried out for measurement of macrophage-associated activity as previously described (Van der Meeren et al., 2012).
For measurement of activity, tissue samples were dry-ashed (500–600°C depending on sample) and wet ashed in HNO3 (2 M) and H2O2 (30%) until a clear solution was obtained. Urine samples were evaporated to dryness and then mineralized as for tissues. The dry residues were taken up into HNO3 (2–4 ml, 2 M) 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 Pu and Am, samples were analyzed by alpha spectrometry following separation of the two elements by anion exchange (Tru-Spek columns, Eichrom, Rennes, France).
For pulmonary contamination by intratracheal instillation of Pu nitrate/citrate, the Initial Lung Deposit was determined as the activity administered into airways after subtracting it from the activity recovered in in faeces during the first two days after contamination as described previously (Grémy et al., 2012). For pulmonary contamination by MOX inhalation, determination of Initial Lung Deposit was determined by gamma-ray spectrometry of thorax using a NaI detector as MOX contains Am with a gamma signal at 59 keV. This measure occurred only seven days after MOX inhalation so that larger particles initially deposited in the upper airways were eliminated by mucociliary clearance. Initial wound radioactivity (T = 0) was determined by total limb counting using a NaI detector with the anesthetized rat positioned so that the contaminated wound site was within the detector area. Corrections were made for absorption in air and tissue using a tissue-equivalent phantom. The height of the leg and distance from the detector surface was measured in each case. For Pu contaminated wounds using Pu nitrate solution initial activity was determined from the known administered activity minus activity collected on a cleaning swab of the area.
Data Presentation and Analyses
Data are expressed as mean percentage of the Initial Wound Deposit (wounds) or the Initial Lung Deposit (inhalation) in activity ± SD for 3–6 animals.
For comparative purposes reduced tissue activity are expressed as the percentage change as compared with contaminated untreated animals. This referred to as percentage inhibition (tissues). Significant differences between the different exposure groups were compared using the unpaired Student’s t test.
RESULTS AND DISCUSSION
Single Systemic or Local DTPA Treatment Following Contamination of Lungs or Wound With Pu Nitrate or Pu Citrate
Contamination of Lungs
Figure 1 shows data obtained from studies to investigate early decorporation efficacy of systemic or locally administered DTPA after pulmonary contamination with Pu nitrate (Figure 1A) or Pu citrate (Figure 1B). Firstly, it should be noted that in both cases a significant amount of activity is retained in the lungs even with the more soluble citrate form. Secondly, as expected in control untreated animals, bone retained higher activities than liver. In order to compare the data concerning the efficacy of the two routes of DTPA administration, i.e., systemic (i.v. of DTPA solution) and pulmonary (insufflation of DTPA dry powder or inhalation of aerosolized DTPA solution), percentage inhibitions of plutonium tissue retention were calculated as compared to untreated animals. Both DTPA administration routes reduce tissue Pu activity. It appears when given rapidly as a single dose within one or 2 h the local pulmonary route is at least as effective as the intravenous route to reduce lung Pu levels (44% inhibition compared with 21% for Pu nitrate (Table 1) and 83% compared with 74% for Pu citrate).
[image: Figure 1]FIGURE 1 | Effect of single systemic or local DTPA administration on tissue activity levels following lung contamination with Pu nitrate (A) or Pu citrate (B). Animals were contaminated by intra-tracheal instillation of either Pu nitrate (A: 5.5 kBq) or Pu citrate (B: 2.8 kBq) and were euthanized at eight or seven days respectively after contamination. After Pu nitrate contamination (A), treatments at 2 h were either intravenous injection of DTPA solution (30 µmol/kg) or insufflation of DTPA powder (approximatively 5 µmol/kg). After Pu citrate contamination (B), treatments at 1 h were either intravenous injection of DTPA solution (15 µmol/kg) or inhalation of nebulized DTPA (1.1 µmol/kg). Data are expressed as a percentage of the initial lung deposit and are the means of three–six animals.
TABLE 1 | Reduction of Pu tissue activity levels following single local or systemic DTPA treatment.
[image: Table 1]In addition it should be noted that inhaled DTPA doses (about 5 µmol/kg for DTPA dry powder insufflation and 1.1 µmol/kg for aerosolized DTPA inhalation) were less than i.v.-administered doses (30 or 15 µmol/kg). Therefore, the bioavailability of DTPA in lungs is better when treatment is local rather than systemic even when the latter is administered at higher doses. Nevertheless, given the reduction in lung activity there is a limited transfer of DTPA given intravenously from blood to lungs that clearly can remove available Pu from lungs.
Pulmonary-administered DTPA reduces Pu burden not only in lungs but also in the liver and bones. This undoubtedly results mainly from chelation of transferable Pu that comprises a large fraction still present in the lungs at early times. The Pu-DTPA complexes formed locally in the lungs will be absorbed into the circulation and then excreted in urine, so preventing systemic tissue deposits. A further explication is that free DTPA can cross the alveolar-capillary barrier to chelate circulating or loosely tissue-bound Pu that will also contribute to a reduction in systemic tissue retention. Indeed it appears that DTPA administered to the lungs, even at a lower dose than the i.v. administration is equally effective. There are no significant differences in bone or liver Pu levels whatever the route of administration (Figures 1A,B).
Regardless of the treatment route, it is noteworthy that early chelation efficacy appears lower after pulmonary contamination with Pu nitrate than after Pu citrate as it is a chemical form less soluble, and hence less accessible for chelation.
Contamination of Wounds
A similar approach was used to study the effects of prompt systemic or local DTPA administration following Pu nitrate contamination of wounds. Similar to the data shown above for lungs, both treatment protocols reduced wound site activity, bone and liver retention (Figure 2A). In agreement with a significant reduction in actinide retention, urinary excretion was enhanced following a single dose of DTPA either given locally or by intravenous injection at similar dosage (Figure 2B). The figure demonstrates a similar efficacy of either systemic or local treatment with regard to reduction in wound and systemic tissue retention (in skeleton: 56 and 49% respectively and in liver: 80 and 76% respectively; Table 1) and increase in urinary excretion (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Effect of single systemic or local DTPA administration on tissue (A) and urine (B) activity levels following wound contamination with Pu nitrate. Animals were contaminated following an incisional wound with Pu nitrate (6 kBq) and were euthanized at seven days after contamination. Urines were collected over seven days. DTPA treatment (30 µmol/kg) by intravenous (“DTPA i.v.”) or local injection (“DTPA Local”) was given at 2 h. Data are expressed as a percentage of the initial wound deposit and are the means ± S.D. of 5–6 animals.
Similar to the experiments reported above for Pu lung contamination, DTPA was administered early (2 h) after wound contamination when a substantial part of the transferable fraction of Pu nitrate is still present at the wound site. The decrease in systemic Pu observed after DTPA injection into the wound site probably results mainly from a significant chelation of accessible Pu prior to transfer to the circulation. Free DTPA could also be transferred to chelate circulating Pu. This would contribute additionally to the reduction of bone and liver retention.
With regard to DTPA i.v. injection chelation will take place mainly in the systemic compartment. However, it is possible that circulating DTPA gains access to the wound site, given the type of incisional wound and will chelate accessible transferable Pu. Nevertheless, there are no differences in tissue reduction whatever the route of DTPA administration (Figure 2A; Table 1).
The data obtained with moderately soluble Pu nitrate indicate that a single local lung or wound administration of DTPA is effective in reducing the levels of activity at the primary site of contamination (lung or wound). Table 1 shows the data obtained for these two comparative studies. In order to compare the efficacy of the treatment routes the data are shown as the percentage reduction as compared to the untreated animals. Therefore for Pu nitrate a single dose either intravenous or to the primary site of contamination will reduce tissue retention and consequently committed effective radiation dose.
Different Actinide Forms and Urinary Excretion Profiles
Incidents of contaminated personnel however may not just involved well-characterized nitrate or citrate forms of a single pure actinide. Given the different stages of the nuclear fuel cycle and treatment of used fuel the probability of exposure to far less soluble compounds, such as oxide forms, is greater. This study was carried out using the poorly soluble nuclear mixed oxide compound MOX, and the results compared to that of Pu nitrate contamination.
As an example of differing biokinetic profiles of these actinide forms Figure 3 shows cumulative urinary actinide excretion following either lung or wound contamination with MOX or Pu nitrate. The data clearly show differences in urinary excretion between the two physicochemical forms.
[image: Figure 3]FIGURE 3 | Urinary excretion profiles following lung or wound contamination with MOX or Pu nitrate. Animals were contaminated with MOX by nose-only inhalation (12 kBq) or by a deposit into an incisional wound (13 kBq) as already described. For Pu nitrate pulmonary contamination was by intratracheal instillation (5.5 kBq) or a wound deposit (6 kBq). Data are expressed as a percentage of the initial lung or wound deposit and are the means ± S.D. for three to six animals.
Following contamination by inhalation or wounding, the cumulative excretion of Pu nitrate over the seven-day period represented some 1 and 0.7% respectively of the total initial deposit. In contrast, following contamination with MOX cumulative 7-days urinary excretion was some five to ten-fold less than following Pu nitrate (0.2% lung, 0.06% wound). This low excretion is in accordance with the less soluble nature of MOX considered as a type “S” form of inhaled compound (International Commission on Radiological Protection (ICRP), 1994b). Similarly given the particulate nature of MOX it may be considered in the moderate to strong retention category in the NCRP model (2006). This is also in agreement with data obtained for insoluble oxides of Pu after either inhalation (Stather et al., 1982; Grémy et al., 2012) or wounding (Bistline et al., 1974).
For contamination of lungs (12 kBq) or wounds (13 kBq) with the same MOX compound, it seems there is a greater transfer from lungs to the systemic compartment under these experimental conditions as indicated by the higher cumulative urinary excretion (Figure 3). Two factors may contribute to this higher transfer from lungs 1) a significantly greater surface area (around 0.3 m2 for rat lung; Fröhlich et al., 2016) for transfer in lungs compared with a very small area in the wound (roughly 0.05 cm2) 2) higher blood perfusion leading to higher absorption into the circulation. Nevertheless, this fraction of activity solubilized, absorbed into the blood, then partially excreted is a very small fraction of the total activity administered (<0.2%) since MOX is very predominantly comprised of insoluble particles which are likely to remain at the primary site (lungs, wound) of contamination.
Prompt Local DTPA Treatment Alone or in Combination With Repeated Systemic DTPA Treatments Following Contamination of Lungs or Wound With MOX
A further study was dedicated to using a local approach followed or not by repeated systemic DTPA injections in order to test the efficacy following contamination of lungs or wound with the poorly soluble MOX.
Urinary Activity Excretion
A single local DTPA treatment administered at 2 h either to lungs (Figure 4A) or to the wound site (Figure 4B) significantly increased the cumulative 7-days urinary excretion of total alpha activity by some 5 and 3 fold respectively. These data are in agreement with other reports following inhalation of Pu oxide or Pu nitrate or simulated wound contamination both in experimental animal studies (Bistline et al., 1974; Guilmette and Muggenburg, 1993; Grémy et al., 2012; Griffiths et al., 2014) and in man (McInroy et al., 1995; Grappin et al., 2007). It can also be observed that cumulative urinary excretion of activity increased exponentially for the first three days and then levels off. This is presumably related in part to MOX low solubility as well as quick elimination of DTPA from the primary site of contamination.
[image: Figure 4]FIGURE 4 | Effect of local DTPA or local DTPA followed by DTPA systemic administrations on cumulative urinary activity excretion following lung (A) or wound contamination (B) with MOX. Animals were contaminated with MOX either by inhalation (12 kBq) or deposited in a wound (13 kBq) as described. Local administration to lungs (DTPA powder about 5 µmol/kg) or wound (DTPA solution 30 µmol/kg) was started at 2 h (“DTPA Local”). For combined local and systemic DTPA treatment (“DTPA Local + i.v.”), animals received the local dose at 2 h then two intravenous DTPA per week from day one to day 20 (30 µmol/kg). Data are expressed as a percentage of the initial lung or wound deposit and are the means ± S.D. of 3–6 animals.
In order to target the slowly dissolving fraction of MOX from the contamination site, repeated i.v. DTPA administration was started at one day after the initial local treatment. However, no further increases were observed in excretion with the combined treatment as compared to the single local treatment as indicated by similar values for cumulative excretion (approximatively 5 fold in inhalation study; approximatively 3 fold in wound study) (Figures 4A,B). These data clearly show the importance and benefit of prompt administration of a single local dose of DTPA. These findings are in agreement with a previous study following inhalation of PuO2 followed by local lung DTPA treatment (Grémy et al., 2012). The present work along with this previous study indicates a good bioavailability of DTPA at the primary site of contamination both in the case of early DTPA powder insufflation (in lungs) or early DTPA solution local injection (at the wound site), and hence an expected significant chelation of the transferable fraction of actinides.
In the MOX powder at the time of contamination, Am represents around 27% of total Pu plus Am alpha activity as compared with 13.3% at the time of acquisition (2002). This is due to aging of the supplied powder as a result of the decay of 241Pu initially present in the compound. One day after MOX inhalation an enrichment of Am was observed following local DTPA (44 ± 5%) and combined local and i.v. DTPA administration (45 ± 3%). This is in agreement with a previous study where urinary Am levels were increased following inhalation of aged PuO2 containing Am (Grémy et al., 2010). Similarly, after contamination by wounding urinary Am was enriched to 67 ± 18% (local DTPA) and 63 ± 8% (local + i.v. DTPA) in the treated groups. There were no differences between the treatment groups.
In lungs or at wound sites locally administered DTPA may compete with same endogenous ligands to form Pu or Am complexes such as citrate or transferrin. Transferrin is accepted to be the main protein ligand for circulating Pu but has less affinity for Am (Ansoborlo et al., 2007). Transferrin is found in lungs to be greater than plasma levels (Bell et al., 1981) due to plasma leakage and local secretion by alveolar type-1 cells (Chen et al., 2006). Transferrin is also an acute phase protein that would be expected to be present rapidly in significant quantities at the incisional wound site (Helson et al., 1983). Consequently, the increased proportion of urinary Am following DTPA treatment may be explained by better chelation availability for Am than for Pu at the primary sites of contamination as well as in the systemic compartment, given the difference between the stability constants of transferrin for the solubilized form of Pu/Am (Ansoborlo et al., 2007).
These observations demonstrate the efficacy of DTPA treatment and are in agreement with other findings both in man and in animals (Newton et al., 1983; Grappin et al., 2007; Sérandour et al., 2007; Grémy et al., 2010). The increased urinary excretion of activity may be explained by chelation of actinides in systemic compartments and/or directly at the primary site of contamination (lungs, wound) followed by transfer to the circulation of the actinide-DTPA complexes and subsequent urinary excretion. At these early times, solubilized Pu/Am available for chelation is still largely within the extracellular space, at the primary site of contamination (lung–epithelial lining fluids- or wound–blood, extracellular matrix) and/or in the circulation within blood/interstitial fluids and/or loosely bound to systemic tissue surfaces. Intracellular chelation would be a possibility but at these early times this would be expected to be negligible as compared to extracellular chelation.
Tissue Activity Levels
At the end of the 21-days study period, animals were euthanized and tissue levels of total alpha activity measured. It is interesting to note that for a similar activity local deposit (12 kBq lungs and 13 kBq wound) a similar amount of activity remains at 21 days in either case (around 70%) in untreated animals. No significant differences between controls and DTPA-treated animals were seen at the primary site of contamination (lungs or wound) in terms of activity as measured by external counting (Figure 5). Activity levels were also measured in macrophages obtained from bronchoalveolar lavage but as for whole lung, no reduction in macrophage-associated activity was observed whatever the treatment schedule. The absence of a measurable effect on lung or wound activity after treatment is undoubtedly due to the inability of DTPA to dissolve, and hence mobilize, oxides (Grémy et al., 2010) such as MOX that is composed primarily of insoluble oxide particles. As previously shown following inhalation of aged PuO2, early insufflation of DTPA powder significantly removed the dissolved fraction within the epithelial lining fluid leading to reduced retention of Pu and Am in bone and liver (Grémy et al., 2010). However this represents an extremely small fraction of the total lung burden (0.1%). Even though local DTPA treatment reduced activity in this fraction changes were undetected by measurement of total lung activity.
[image: Figure 5]FIGURE 5 | Effect of local DTPA or local DTPA followed by DTPA systemic administrations on activity levels at the primary site of contamination. Animals were contaminated by MOX inhalation (12 kBq) or deposition in a wound (13 kBq) as described, and were euthanized 21 days later. Local administration to lungs (DTPA powder about 5 µmol/kg) or wound (DTPA solution 30 µmol/kg) was started at 2 h (“DTPA Local”). For combined local and systemic DTPA treatment (“DTPA Local + i.v.”) animals received the local dose at 2 h then two intravenous DTPA per week from day one to day 20 (30 µmol/kg). Alveolar macrophages were prepared as described and for data normalization for comparative purposes of DTPA efficacy are expressed as activity per 106 macrophages and as a function of the initial lung deposit. Data are the means ± S.D. of 3–6 animals.
Following inhalation of MOX, a single local treatment to the lungs with the powder formulation of DTPA leads to an 82% reduction in the skeleton and a 73% reduction in the liver of total alpha activity (Figures 6A,B; Table 2). In the group that received the combined treatment (early local then delayed repeated systemic treatments) a further reduction in skeleton (97%; p< 0.05) was observed (Figure 6A; Table 2). Similarly following wound contamination and local DTPA treatment total activity levels were reduced by some 67 and 73% in skeleton and liver respectively (Figures 6A,B; Table 2). As observed after lung contamination the combined treatment further reduced these levels particularly in skeleton (84% p< 0.01). There was also a further inhibition in liver (81% p< 0.05) (Figures 6A,B; Table 2). It is interesting to note that after inhalation, the reduction of Pu in systemic tissues after local DTPA treatment appears greater in rats contaminated with MOX than in rats contaminated with the more soluble Pu nitrate. However, the levels of solubilized Pu/Am, and hence available for chelation, are much lower for MOX than for Pu nitrate and DTPA will be in a far higher molar excess which may explain the higher efficacy.
[image: Figure 6]FIGURE 6 | Effect of local DTPA or local DTPA followed by DTPA systemic administrations on skeletal (A) and liver (B) total activity levels following lung or wound contamination with MOX. Animals were contaminated by MOX inhalation (12 kBq) or deposition in a wound (13 kBq) as described. Local administration to lungs (DTPA powder about 5 µmol/kg) or wound (DTPA solution 30 µmol/kg) was started at 2 h (“Local”). For combined local and systemic DTPA treatment (“Local + i.v.”) animals received the local dose at 2 h then two intravenous DTPA injections per week from day one to day 20 (30 µmol/kg). Rats were euthanized 21 days following contamination. Data are expressed as a percentage of the initial total alpha activity deposit. Data are the means ± S.D. of 4–6 animals.
TABLE 2 | Reduction of tissue activity levels by local or combined local and systemic DTPA treatment following MOX contamination.
[image: Table 2]Tissue samples were also analyzed for both Pu and Am. Following MOX inhalation local DTPA treatment reduced bone Pu and Am by some 80 and 87% respectively (Table 3). The combined treatment reduced Pu and Am levels by 95 and 97% respectively (Table 3). With regard to the liver, local DTPA treatment after MOX inhalation resulted in a 61 and 78% reduction in Pu and Am (Table 3). As observed for bone, the combined treatment further reduced Pu and Am levels in the liver (81% and 92% inhibition respectively).
TABLE 3 | Comparative efficacy of two different DTPA treatment protocols on tissue Pu and Am levels.
[image: Table 3]Following MOX wound contamination local DTPA inhibited bone Pu and Am retention by 64 and 73% (Table 3) and observed after MOX inhalation the combined treatment further reduced bone retention of both elements (Pu 83% and Am 85% inhibition). For the liver, local DTPA injection led to a 54 and 66% reduction in Pu and Am (Table 3). The combined treatment further reduced Pu and Am levels in the liver (75 and 95% inhibition respectively).
Regardless of the contamination mode, the treatment regimen, and the organ, activity decreases in tissues were somewhat higher for Am than for Pu, presumably associated with a better chelation of Am than Pu at the primary sites of contamination as well as in the systemic compartments.
The percentages of Pu and Am in tissue samples are also compared to that of the administered MOX (27%). Similar percentages of Am were found in lungs, wound or bone whatever the route of contamination or DTPA treatment. On the contrary, an enrichment of Am in liver samples was observed similar to already shown for Urine. In this case there was a two-fold increase in untreated animals (inhalation 55 ± 5% Am; wound 56 ± 3% Am) and these values were unchanged by DTPA treatment. This was observed in other soft tissues such as kidney and testicles (data not shown). Thus in addition to the urinary excretion data, these observations are in agreement with the higher solubility of Am as compared to Pu, both from MOX or aged Pu oxides containing Am and so a higher transfer from lungs or wounds to systemic sites (Paquet et al., 2003; Ramounet-Le Gall et al., 2003; Bertelli et al., 2010; Van der Meeren and Grémy, 2010).
It is clear that either treatment regimen can reduce systemic tissue retention yet neither treatment regimen results in mobilization of measurable MOX total alpha activity from the primary site of contamination i.e., lungs or wound site (Figure 5). In the case of MOX contamination by inhalation, local DTPA will chelate the rapidly soluble transferable fraction of Pu/Am (fr) that represents a very small fraction of the deposited activity. The only other approach to eliminate high activity MOX particles would be to use bronchopulmonary lavage. The use of this technique as a countermeasure for lung contamination with insoluble actinides has been addressed over the years in experimental models (see Muggenburg et al., 1977; Nolibé et al., 1989; National Council on Radiological Protection and Measurements. (NCRP), 2009). A more recent paper concluded that bronchopulmonary lavage should be considered a viable treatment option for PuO2 intakes in order to prevent deterministic effects at lung doses over 6 Gy (Morgan et al., 2010).
With regard to wound contamination, excision of the wound site is often practiced and has indeed been employed in several cases of accidental contamination in man (Bailey et al., 2003; Laroche et al., 2010; Schadilov et al., 2010; Sugarman et al., 2018; Klumpp et al., 2020). In general surgical removal of the contaminated site is combined with both local (washing of the wound) and intravenous DTPA. The latter will prevent further retention in systemic sites resulting from contaminant blood absorption from the wound site during surgery.
An early treatment with DTPA irrespective of the actinide in all cases reduced Pu/Am levels in systemic tissues. As DTPA was given either one or 2 h after contamination, it is likely that chelation occurs in the extracellular fluid, probably at primary site of contamination and in the systemic compartment. For the more soluble actinide forms, reduction at the primary contamination site is achieved which suggests that the actinide is accessible to chelation by DTPA. In addition, DTPA was given only once reinforcing the importance of contaminant and chelator in the same biological compartments at the same time. Similar results were observed with Am nitrate in the wound model (data not shown) and indeed DTPA treatment at 30 min after contamination with either Pu or Am nitrate showed the same efficacy (data not shown). In accordance with decreased tissue levels, urinary excretion of activity was also enhanced by the different DTPA treatments. These data are in agreement with other studies either following lung or wound contamination. For MOX it appears that an additional systemic DTPA treatment further reduces tissue levels. However, tissue levels in this case are less than one percent of the administered dose as compared with 20–30% following contamination with Pu nitrate.
CONCLUSION
The objective of this work was to compare different DTPA administration regimens following either pulmonary or wound contamination with different actinide forms. Firstly, the studies confirmed the differential behavior of the different forms following either pulmonary or wound contamination. The more soluble forms are absorbed to a greater extent resulting in higher urinary excretion together with greater skeleton and liver retention. Secondly, the early chelation single treatments tested show that it is possible to reduce tissue alpha-emitting actinide levels that will in consequence decrease the committed effective dose (Table 4). This is important. As a first line treatment after Pu nitrate or citrate contamination, a single, local and prompt delivery of DTPA to the primary site of contamination appears as a good alternative to intravenous administration. In addition, local treatment also reduces retention in the secondary target organs, liver and bone. Rapid administration of DTPA is thus crucial to success in order to chelate the free, transferable fraction of activity present at the primary site of contamination. Moreover, locally administered DTPA would be expected to decrease systemic retention by chelation of already transferred activity.
TABLE 4 | Comparative efficacy of two different DTPA treatment protocols on tissue levels and urinary excretion of activity.
[image: Table 4]In the case of MOX contamination, local lung or wound activity was unaffected by local or combined local and intravenous DTPA administration. Most of the activity remained at the contamination site. However, a single local DTPA administration did reduce retention in bone and liver. When combined with systemic DTPA tissue activity was further reduced. This indicates that follow-up chelation is advantageous. For the poorly soluble MOX it is clear whatever the regime used that although DTPA administration reduces systemic tissue levels it has little influence on activity levels at the primary site of contamination. In this case, radiation dose would be much greater in lungs or wound site rather than systemic organs. This leaves the question of adequate treatment for activity remaining at these primary sites of contamination, “the reservoir” unsolved. This still needs to be addressed in order to limit pathological consequences. In terms of clinical approaches and for radiation countermeasures it is therefore important to ascertain what actinide form is involved in order to administer the appropriate DTPA treatment regimen.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Ethics Committee of the Life Science Division of the CEA (CETEA-CEA DSV IdF) N° 44.
AUTHOR CONTRIBUTIONS
All authors (NG, OG, and AVDM) contributed and participated in the design of and the carrying out of the experimental procedures. NG wrote the manuscript and all authors contributed to and approved the submitted version.
FUNDING
This work was cofunded by AREVA NC/Orano Cycle and CEA as part of a collaborative framework.
ACKNOWLEDGMENTS
The authors wish to thank J. C. Wilk, D. Renault, P. Pochard, and K. Devilliers for animal care and experimental in vivo expertise. The authors are also grateful to M-C. Abram, S. Coudert, and Q. Chau for radiochemical analyses, alpha and gamma spectrometry and to J. Piechowski for many fruitful discussions. The authors wish to acknowledge L. Doublet, F. Huet, M. Convers and C. Boucq for help and advice concerning radiation protection measures.
REFERENCES
 André, S., Charuau, J., Rateau, G., Vavasseur, C., and Métivier, H. (1989). Design of a new inhalation device for rodents and primates. J. Aerosol. Sci. 20 (6), 647–651. doi:10.1016/0021-8502(89)90053-0
 ANSM (2011). Piratome sheet #4: Ca-DTPA. Available at https://www.ansm.sante.fr/var/ansm_site/storage/original/application/95fa0049adfd7ec1ba6dc888da7c9a9d (Accessed August 1, 2018). 
 Ansoborlo, É., Amekraz, B., Moulin, C., Moulin, V., Taran, F., Bailly, T., et al. (2007). Review of actinide decorporation with chelating agents. C. R. Chim. 10, 1010–1019. doi:10.1016/j.crci.2007.01.015
 Bailey, B. R., Eckerman, K. F., and Townsend, L. W. (2003). An analysis of a puncture wound case with medical intervention. Radiat. Prot. Dosim. 105 (1–4), 509–512. doi:10.1093/oxfordjournals.rpd.a006293
 Beitz, A. J., Newman, A., Shepard, M., Ruggles, T., and Eikmeier, L. (2004). A new rodent model of hind limb penetrating wound injury characterized by continuous primary and secondary hyperalgesia. J. Pain 5 (1), 26–37. doi:10.1016/j.jpain.2003.09.004
 Bell, D. Y., Haseman, J. A., Spock, A., McLennan, G., and Hook, G. E. (1981). Plasma proteins of the bronchoalveolar surface of the lungs of smokers and nonsmokers. Am. Rev. Respir. Dis. 124 (1), 72–79. doi:10.1164/arrd.1981.124.1.72
 Bertelli, L., Waters, T. L., Miller, G., Gadd, M. S., Eaton, M. C., and Guilmette, R. A. (2010). Three plutonium chelation cases at Los Alamos National Laboratory. Health Phys. 99 (4), 532–538. doi:10.1097/HP.0b013e3181d18c61
 Birchall, A., Puncher, M., Hodgson, A., and Tolmachev, S. Y. (2019). The importance and quantification of plutonium binding in human lungs. Health Phys. 117 (2), 133–142. doi:10.1097/HP.0000000000000827
 Bistline, R. W., Lebel, J. L., and Dagle, G. E. (1974). “Translocation dynamics of plutonium (NO3)4 and plutoniumO2 from plutonium puncture wounds to lymph nodes and major organs of beagles,” in Radiation and the lymphatic system Editor. J. E. Ballou (Virginia, United States: Springfield) US AEC Report Conf-740930.
 Carbaugh, E. H., and La Bone, T. R. (2003). Two case studies of highly insoluble plutonium inhalation with implications for bioassay. Radiat. Prot. Dosim. 105, 133–138. doi:10.1093/oxfordjournals.rpd.a006208
 Chen, J., Chen, Z., Chintagari, N. R., Bhaskaran, M., Jin, N., Narasaraju, T., et al. (2006). Alveolar type I cells protect rat lung epithelium from oxidative injury. J. Physiol. 572572 (Pt 3), 625–638. doi:10.1113/jphysiol.2005.103465
 Dudoignon, N., Guillet, K., and Fritsch, P. (2003). Evaluation of risk factors for lung tumour induction in rats exposed to either NpO(2) or PuO(2) aerosols. Int. J. Radiat. Biol. 79, 169–174. doi:10.1080/0955300031000086299
 Falk, R. B., Daugherty, N. M., Aldrich, J. M., Furman, F. J., and Hilmas, D. E. (2006). Application of multi-compartment wound models to plutonium-contaminated wounds incurred by former workers at rocky flats. Health Phys. 91, 128–143. doi:10.1097/01.HP.0000203314.17612.63
 Food and Drug Administration (2003). Guidance for industry on pentetate calcium trisodium and pentetate zinc trisodium for treatment of internal contamination with plutonium, americium or curium; availability. Fed. Regist. 68 (178), 53984–53988. 
 Fröhlich, E., Mercuri, A., Wu, S., and Salar-Behzadi, S. (2016). Measurements of disposition, lung surface area and lung fluid for simulation of inhaled compounds. Front. Pharmacol. 24 (7), 181. doi:10.3389/fphar.2016.00181
 Gervelas, C., Sérandour, A. L., Geiger, S., Grillon, G., Fritsch, P., Taulelle, C., et al. (2007). Direct lung delivery of a dry powder formulation of DTPA with improved aerosolization properties: effect on lung and systemic decorporation of plutonium. J. Cont. Release 118, 78–86. doi:10.1016/j.jconrel.2006.11.027
 Grappin, L., and Bérard, P. (2008). Autorisation de mise sur le marché du Ca-DTPA. Radioprotection 43, 465–456. doi:10.1051/radiopro:2008047
 Grappin, L., Berard, P., Menetrier, F., Carbone, L., Courtay, C., Castagnet, X., et al. (2007). Treatment of actinide exposures: a review of Ca-DTPA injections inside CEA-COGEMA plants. Radiat. Prot. Dosim. 127, 435–439. doi:10.1093/rpd/ncm296
 Grémy, O., Miccoli, L., Lelan, F., Bohand, S., Cherel, M., and Mougin-Degraef, M. (2018). Delivery of DTPA through liposomes as a good strategy for enhancing plutonium decorporation regardless of treatment regimen. Radiat. Res. 189 (5), 477–489. doi:10.1667/RR14968.1
 Grémy, O., Tsapis, N., Bruel, S., Renault, D., and Van der Meeren, A. (2012). Decorporation approach following rat lung contamination with a moderately soluble compound of plutonium using local and systemic Ca-DTPA combined chelation. Radiat. Res. 178 (3), 217–223. doi:10.1667/rr2866.1
 Grémy, O., Tsapis, N., Chau, Q., Renault, D., Abram, M. C., and Van der Meeren, A. (2010). Preferential decorporation of americium by pulmonary administration of DTPA dry powder after inhalation of aged PuO(2) containing americium in rats. Radiat. Res. 174 (5), 637–644. doi:10.1667/RR2203.1
 Griffiths, N. M., Coudert, S., Renault, D., Wilk, J. C., and Van der Meeren, A. (2014). Actinide handling after wound entry with local or systemic decorporation therapy in the rat. Int. J. Radiat. Biol. 90 (11), 989–995. doi:10.3109/09553002.2014.886797
 Griffiths, N. M., Van der Meeren, A., Fritsch, P., Abram, M. C., Bernaudin, J. F., and Poncy, J. L. (2010). Late-occurring pulmonary pathologies following inhalation of mixed oxide (uranium + plutonium oxide) aerosol in the rat. Health Phys. 99 (3), 347–356. doi:10.1097/HP.0b013e3181c75750
 Griffiths, N. M., Wilk, J. C., Abram, M. C., Renault, D., Chau, Q., Helfer, N., et al. (2012). Internal contamination by actinides after wounding: a robust rodent model for assessment of local and distant actinide retention. Health Phys. 103 (2), 187–194. doi:10.1097/HP.0b013e31825aa202
 Guilmette, R. A., and Muggenburg, B. A. (1993). Decorporation therapy for inhaled plutonium nitrate using repeatedly and continuously administered DTPA. Int. J. Radiat. Biol. 63 (3), 395–403. doi:10.1080/09553009314550521
 Hahn, F. F., Romanov, S. A., Guilmette, R. A., Nifatov, A. P., Diel, J. H., and Zaytseva, Y. (2004). Plutonium microdistribution in the lungs of Mayak workers. Radiat. Res. 161 (5), 568–581. doi:10.1667/rr3175
 Harrison, J. D., and David, A. J. (1979). Experimental studies of the use of DTPA and other agents to limit the systemic burden of plutonium after wound contamination. Radiat. Res. 77 (3), 534–546. doi:10.2307/3575164
 Helson, L., Rosenspire, K., Kapellaris, A., Bigler, R. E., Richards, P., Srivastava, S. C., et al. (1983). Uptake of ruthenium-labeled transferrin in healing wounds. Int. J. Nucl. Med. Biol. 10 (4), 237–239. doi:10.1016/0047-0740(83)90086-4
 Ilyin, L. (2001). “Skin wounds and burns contaminated by radioactive substances (metabolism, decontamination, tactics, and techniques of medical care),” in Management of radiation accidents . 2nd Edn (Boca Raton, FL: CRC Press), 363–419.
 International Commission on Radiological Protection (ICRP) (1986). The metabolism of plutonium and related elements. International Commission on Radiation Protection Publication 48. (Oxford: Pergamon Press).
 International Commission on Radiological Protection (ICRP) (1994a). Human respiratory tract model for radiological protection.International Commission on Radiation Protection Publication 66. (Oxford: Pergamon Press).
 International Commission on Radiological Protection (ICRP) (1994b). Dose coefficients for intakes of radionuclides by workers. International Commission on Radiation Protection Publication 68. (Oxford: Pergamon Press).
 James, A. C., Sasser, L. B., Stuit, D. B., Glover, S. E., and Carbaugh, E. H. (2007). USTUR whole body case 0269: demonstrating effectiveness of i.v. CA-DTPA for Pu. Radiat. Prot. Dosim. 127 (1–4), 449–455. doi:10.1093/rpd/ncm473
 Kathren, R. L., and Tolmachev, S. Y. (2019). The US transuranium and uranium registries (USTUR): a five-decade follow-up of plutonium and uranium workers. Health Phys. 117 (2), 118–132. doi:10.1097/HP.0000000000000963
 Klumpp, J., Bertelli, L., Dumit, S., Gadd, M., Poudel, D., and Waters, T. L. (2020). Response to a skin puncture contaminated with 238Pu at Los Alamos national laboratory. Health Phys. 119 (6), 704–714. doi:10.1097/HP.0000000000001250
 Lagerquist, C. R., Allen, I. B., and Holman, K. L. (1967). Plutonium excretion following contaminated acid burns and prompt DTPA treatments. Health Phys. 13, 1–4. doi:10.1097/00004032-196701000-00001
 Lamart, S., Miller, B. W., Van der Meeren, A., Tazrart, A., Angulo, J. F., and Griffiths, N. M. (2017). Actinide bioimaging in tissues: comparison of emulsion and solid track autoradiography techniques with the iQID camera. PLoS One 12 (10), e0186370, doi:10.1371/journal.pone.0186370
 Laroche, P., Cazoulet, A., Bohand, S., Schoen, V., Bey, E., Roche, H., et al. (2010). “The French armed forces health service and the surgical management of a plutonium-contaminated patient at Percy Military Hospital, France,” in The medical basis for radiation-accident preparedness. Medical management ed . Editors D. M. Christensen, S. L. Sugarman, and F. M. O’Hara (Oak Ridge, TN: ORAU). 
 Loffredo, C., Goerlitz, D., Sokolova, S., Leondaridis, L., Zakharova, M., Revina, V., et al. (2017). The Russian human radiobiological tissue repository: a unique resource for studies of plutonium-exposed workers. Radiat. Prot. Dosim. 173, 10–15. doi:10.1093/rpd/ncw303
 Lushbaugh, C. C., and Langham, J. (1962). A dermal lesion from implanted plutonium. Arch. Dermatol. 86, 461–464. doi:10.1001/archderm.1962.01590100075016
 McInroy, J. F., Kathren, R. L., Toohey, R. E., Swint, M. J., and Breitenstein, B. D. (1995). Postmortem tissue contents of 241Am in a person with a massive acute exposure. Health Phys. 69, 318–323. doi:10.1097/00004032-199509000-00002
 McMurray, B. J. (1983). 1976 Hanford americium exposure incident: accident description. Health Phys. 45 (4), 847–853. doi:10.1097/00004032-198310000-00002
 Miccoli, L., Ménétrier, F., Laroche, P., and Grémy, O. (2019). Chelation treatment by early inhalation of liquid aerosol DTPA for removing plutonium after rat lung contamination. Radiat. Res. 192, 630–639. doi:10.1667/RR15451.1
 Morgan, C., Bingham, D., Holt, D. C., Jones, D. M., and Lewis, N. J. (2010). Therapeutic whole lung lavage for inhaled plutonium oxide revisited. J. Radiol. Prot. 30, 735–746. doi:10.1088/0952-4746/30/4/007
 Muggenburg, B. A., Felicetti, S. A., and Silbaugh, S. A. (1977). Removal of inhaled radioactive particles by lung lavage–a review. Health Phys. 33, 213–220. doi:10.1097/00004032-197709000-00006
 Muggenburg, B. A., Guilmette, R. A., Hahn, F. F., Diel, J. H., Mauderly, J. L., Seilkop, S. K., et al. (2008). Radiotoxicity of Inhaled 239PuO2 in dogs. Radiat. Res. 170, 736–757. doi:10.1667/RR1409.1
 National Council on Radiological Protection and Measurements (NCRP) (2006). “Development of a biokinetic model for radionuclide-contaminated wounds and procedures for their assessment, dosimetry, and treatment,” in Recommendations of the national council on radiation protection and measurements NCRP report no. 156. Bethesda, MD. Available at: https://ncrponline.org/publications/reports/ncrp-report-156/. 
 National Council on Radiological Protection and Measurements. (NCRP) (2009). “Management of persons contaminated with radionuclides,” in NCRP report no. 161 I national Council on radiation protection and measurements. Bethesda, MD. Available at: https://ncrponline.org/publications/reports/ncrp-report-161/. 
 Newman, L. S., Mroz, M. M., and Ruttenber, A. J. (2005). Lung fibrosis in plutonium workers. Radiat. Res. 164 (2), 123–131. doi:10.1667/rr3407
 Newton, D., Taylor, B. T., and Eakins, J. D. (1983). Differential clearance of plutonium and americium oxides from human lung. Health Phys. 44, 431–439. doi:10.1097/00004032-198306001-00041
 Nolibé, D., Métivier, H., Masse, R., and Chrétien, J. (1989). Benefits and risks of bronchopulmonary lavage: a review. Radiat. Prot. Dosim. 26, 337–343. doi:10.1093/oxfordjournals.rpd.a080427
 Norwood, W. D. (1960). DTPA-effectiveness in removing internally-deposited plutonium from humans. J. Occup. Med. 2, 371–376. doi:10.1097/00043764-196008000-00002
 Okladnikova, N. D., Scott, B. R., Tokarskaya, Z. B., Zhuntova, G. V., Khokhryakov, V. F., Syrchikov, V. A., et al. (2005). Chromosomal aberrations in lymphocytes of peripheral blood among Mayak facility workers who inhaled insoluble forms of 239Pu. Radiat. Prot. Dosim. 113, 3–13. doi:10.1093/rpd/nch417
 Paquet, F., Chazel, V., Houpert, P., Guilmette, R., and Muggenburg, B. (2003). Efficacy of 3,4,3-LI(1,2-HOPO) for decorporation of Pu, Am and U from rats injected intramuscularly with high-fired particles of MOX. Radiat. Prot. Dosimetry 105, 521–525. doi:10.1093/oxfordjournals.rpd.a006296
 Ramounet-Le Gall, B., Rateau, G., Abram, M.-C., Grillon, G., Ansoborlo, E., Berard, P., et al. (2003). In vivo measurement of Pu dissolution parameters of MOX aerosols and related uncertainties in the values of the dose per unit intake. Radiat. Prot. Dosim. 105, 153–156. doi:10.1093/oxfordjournals.rpd.a006212
 Schadilov, A. E., Belosokhov, M. V., and Levina, E. S. (2010). A case of wound intake of plutonium isotopes and 241Am in a human: application and improvement of the NCRP wound model. Health Phys. 99 (4), 560–567. doi:10.1097/HP.0b013e3181c34989
 Sérandour, A. L., Tsapis, N., Gervelas, C., Grillon, G., Fréchou, M., Deverre, J. R., et al. (2007). Decorporation of plutonium by pulmonary administration of Ca-DTPA dry powder: a study in rat after lung contamination with different plutonium forms. Radiat. Prot. Dosim. 127, 472–476. doi:10.1093/rpd/ncm300
 Stather, J. W., Stradling, G. N., Smith, H., Payne, S., James, A. C., Strong, J. C., et al. (1982). Decorporation of 238PuO2 from the hamster by inhalation of chelating agents. Health Phys. 42, 520–525.
 Stradling, G. N., Gray, S. A., Moody, J. C., Pearce, M. J., Wilson, I., Burgada, R., et al. (1993). Comparative efficacies of 3,4,3-LIHOPO and DTPA for enhancing the excretion of plutonium and americium from the rat after simulated wound contamination as nitrates. Int. J. Radiat. Biol. 64 (1), 133–140. doi:10.1080/09553009314551191
 Sugarman, S. L., Findley, W. M., Toohey, R. E., and Dainiak, N. (2018). Rapid response, dose assessment, and clinical management of a plutonium-contaminated puncture wound. Health Phys. 115, 57–64. doi:10.1097/HP.0000000000000821
 Sychugov, G., Azizova, T., Osovets, S., Kazachkov, E., Revina, V., and Grigoryeva, E. (2020). Morphological features of pulmonary fibrosis in workers occupationally exposed to alpha radiation. Int. J. Radiat. Biol. 96 (4), 448–460. doi:10.1080/09553002.2020.1721601
 Taylor, D. M., and Sowby, F. D. (1962). The removal of americium and plutonium from the rat by chelating agents. Phys. Med. Biol. 7, 83–91. doi:10.1088/0031-9155/7/1/306
 Van der Meeren, A., and Grémy, O. (2010). Isotopic and elemental composition of plutonium/americium oxides influence pulmonary and extra-pulmonary distribution after inhalation in rats. Health Phys. 99, 380–387. doi:10.1097/HP.0b013e3181c61fba
 Van der Meeren, A., Gremy, O., Renault, D., Miroux, A., Bruel, S., Griffiths, N., et al. (2012). Plutonium behavior after pulmonary administration according to solubility properties, and consequences on alveolar macrophage activation. J. Radiat. Res. 53 (2), 184–194. doi:10.1269/jrr.11112.PMID:22510590
 Van der Meeren, A., Moureau, A., and Griffiths, N. M. (2014). Macrophages as key elements of mixed-oxide [U-Pu(O2)] distribution and pulmonary damage after inhalation?Int. J. Radiat. Biol. 90 (11), 1095–1103. doi:10.3109/09553002.2014.943848
 Volf, V. (1974). Experimental background for prompt treatment with DTPA of 239Pu-contaminated wounds. Health Phys. 27, 273–277. doi:10.1097/00004032-197409000-000051 | | 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Griffiths, Van der Meeren and Grémy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-635792-g005.gif





OPS/images/fphar-12-635792-g006.gif





OPS/images/fphar-12-635792-g003.gif





OPS/images/fphar-12-635792-g004.gif





OPS/images/fphar-12-635792-t003.jpg
Bone Liver

% nitial Inhibition % % Initial % % Initial %
activity (%) Inhibition activity Inhibition activity Inhibition

Treatment Pu Pu Am

(A): Inhalation

None 0.182 £ 0043 0.063 0016 0.041 +0.022 0.049 £ 0018

Local 0037 £ 0017 80 0008 £ 0.02 87 0.016 +0.007 61 0011 £ 0.004 78

Local + i.v 0009 + 0.006" 9% 0002 £ 0.001* a7 0.008 + 0.004 81 0.004  0.001* %

Difference local vs local 'p <005 *p <005 NS *p <005

+iv.

(B): Wound

None 0523 £ 0.080 0.264 £ 0.075 0.052 +0.009 0.067 0015

Local 0.188 + 0.041 64 0072 + 0.007 73 0.024 +0.008 54 0023 + 0.009 66

Local + i.v 0089 + 0.048" 8 00390015 85 0013 +0.012 75 0.004 £ 0,002 %

Difference local vs local *p <0.01 “* p <0005 NS *p <001

+iv.

Animals were contaminated by MOX inhalation or deposition in a wound and received DTPA treatment as described. Data are expressed as a percentage of the inital total activty andas %
inhibition (recluction in tissue activity as compared with untreated animals with 4~6 animals/group). Data were compared between the two treatment groups using a two-taied unpaired
t test. p values are also given.
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Animals received Pu nitrate by either intratracheal instilation or following wounding and were euthanized at seven days after contamination. After contamination, treatments at 2 h were
either intravenous injection of DTPA solution (. "; 30 umol/kg) or local administration, either by insuffation of DTPA powder (*Local’; approximately & umoVkg) orinjection into the wound
site ("Local™ 30 umobi). Data are from five 1o six animals and are exprecsed as a percentage reduction as compared with contaminatad, untreatad animak.
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Animals were contaminated by MOX inhalation or deposition in a wound and received DTPA treatment as described. Local administration (“Loca) to lungs (DTPA powder insuffation;
about 5 umol/kg) or wound (DTPA solution injection into the wound site; 30 imolkg) was started at 2 h. For combinedlocal and systemic DTPA treatment (“Local + iv.") animals received

the local dose at 2 h then two intravenous DTPA per week from day one to day 20 (30 mollkg). Animals were euthanized 21 days after contamination and skeletal andiver activiy levels
measured. Dals am expreesed as & parcentags reduction a8 compersd with unireated animale wilh four fo & animals/group.
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