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INTRODUCTION

Uranium is a natural weakly radioactive element with adverse health effects mainly due to its chemical rather than radiological toxicity [START_REF] Keith | Uranium[END_REF] . In case of high uranium exposure, the main targets of uranium toxicity in human are the kidneys and the bones where it accumulates for years. Less severe effects are however observed on the liver, lungs, reproductive and nervous systems [START_REF] Keith | Uranium[END_REF] . Uranium exposure induces neurobehavioral changes such as increased locomotor activity, perturbation of the sleep-wake cycle, decreased memory, and increased anxiety on animal models. The mechanisms by which uranium induces neurological alterations are not fully known. The dopaminergic transmission system represents one of the main targets of uranium chemical neurotoxicity [START_REF] Dinocourt | [END_REF] .

The aim of this study was to provide some understanding on the mechanisms of uranium disruption of the dopaminergic system, by the investigation of uranium distribution in human dopaminergic cells. We previously addressed the question of uranium intracellular distribution using micro-PIXE (Particle Induced X-ray Emission) imaging, a technique applied with a spatial resolution of 2 µm and a limit of detection of about 10 µg.g -1 for uranium imaging. Micro-PIXE imaging revealed the uranium localization in cytoplasmic regions of SHSY5Y dopaminergic cells, particularly observable after continuous exposure to sub-cytotoxic (125 µM) and slightly toxic (250 µM) uranyl concentrations 3 . The nature of these uranium-rich cytoplasmic regions and their existence for lower concentration exposures have yet to be determined.

In the present study, we successfully performed Synchrotron x-ray fluorescence imaging (SXRF) at SOLEIL Nanoscopium beamline with a spatial resolution of 300 nm, a detection limit in the 0.1-1 µg.g -1 range, on SH-SY5Y dopaminergic cells exposed to 10 µM uranium, a concentration far from the cytotoxicity threshold to mimic neurotoxic but not cytotoxic exposures. We applied a protocol for correlative light/SXRF microscopy 4 . Such method allowed to image intracellular uranium distribution and to check for the presence, or not, of uranium in specific cellular compartments by comparing and correlating the optical fluorescence images of marked organelles in live cells with SXRF elemental maps 5 .

MATERIAL AND METHODS

Sample preparation

SH-SY5Y neuroblastoma cells were used as a model of dopaminergic neurons after terminal differentiation 3,5 . Sample holders for SXRF consisted in a thin (2 µm) ultrapure polycarbonate film stretched over a polyether ether ketone (PEEK) frame with a 5 mm x 5 mm window where cells are grown 6 . Sample holders were sterilized in analytical grade ethanol, rinsed with ultrapure water and dried in sterile conditions. To enhance cell attachment, polycarbonate films were coated with a solution of 0.01 mg.mL -1 of bovine serum albumin, 0.01 mg.mL -1 of human fibronectin, and 0.03 mg.mL -1 of collagen type I (all products from Sigma-Aldrich). SH-SY5Y cells were seeded onto each SXRF sample holder at 25,000 cells.cm -2 . Cells were thereafter grown on polycarbonate films, differentiated with retinoic acid and 12-O-tetradecanoylphorbol-13-acetate during 7 days.

Early, late endosome and lysosome cellular organelles were labeled on living cells by means of the CellLight™ transitory transfection kits (ThermoFisher). Then cells were exposed to 10 µM natural uranyl, under the uranylcarbonato soluble form, for 7 days. Cell exposure to fluorescently labeled Alexa Fluor® 488 fetuin-A was carried out after uranium exposure. Live cell imaging of the fluorescent labels was recorded with an epifluorescence microscope (Olympus BX51). Immediately after live cell microscopy, cells were rinsed with a 150 mM ammonium acetate buffer solution, pH 7.4, prepared in ultrapure water (Fisher) to remove traces of extracellular elements. Then cells were cryofixed by rapid plunge freezing in isopentane chilled with liquid nitrogen down to -160°C, and freeze-dried at -90°C under primary vacuum (Christ Alpha 1-4 freeze-drier). SXRF analyses were carried out at Nanoscopium beamline from the French national facility, synchrotron SOLEIL 7 . SXRF element distributions were acquired by using a 17.6 keV X-ray beam just above the L3 absorption edge of uranium. The incoming X-ray beam was focused to 300 x 300 nm 2 size with a Kirkpatrick-Baez nano-focusing mirror-pair, resulting in about 10 10 ph.s -1 flux. In order to map the uranium distributions in single cells, around 2-4 hours per cell was required with 300 ms dwell time per pixel and 300 nm pixel size. A home-made MATLAB code was used for on-line data treatment at the Nanoscopium beamline for extracting the corrected elemental distribution maps from the identified X-ray region of interests. 3D XRF data cubes were also extracted by the MATLAB code for further data-processing by PyMca software 8 .

RESULTS

The excellent sensitivity and spatial resolution of the SXRF technique enabled to investigate uranium subcellular distribution in dopaminergic cells exposed to 10 µM uranium, a concentration far from the cytotoxicity threshold but showing already neurotoxic effects such as the alteration of the monoaminergic pathway 3 . SXRF revealed the formation of submicron uranium aggregates in the cytoplasm (Figure 1), which had not been observed previously with other techniques. Thanks to the quantification capability of SXRF imaging, we calculated that cytoplasmic uranium aggregates accounted on average for 62% of the total intracellular uranium 4 . Some uranium aggregates were colocalized with iron hot-spots, suggesting common metabolic storage pathways 4 . The exact nature of these uranium aggregates and their mechanism of formation in SH-SY5Y cells remains elusive. Contrary to what has been described for exposure conditions et higher concentrations, and in other cell types, phosphorus or calcium were not detected in the submicron uranium aggregates. The mechanism of cytoplasmic aggregation of uranium in neuron-like cells is thus probably different from the mechanisms described in osteoblasts, which involve precipitation of calcium phosphate by biomineralization pathways [START_REF] Boonrungsiman | Proc. Natl. Acad. Sci. U. S. A[END_REF] , or in macrophages, which result in precipitation of uranium in lysosomes because of the specific activity of the lysosomal acid phosphatase in these cells [START_REF] Hengé-Napoli | [END_REF] .

We also explored other hypotheses to identify the nature of uranium aggregates by comparing the distribution of uranium with vesicular organelles (lysosomes, early and late endosomes) and with vesicles containing fetuin-A, a protein known for its high affinity for uranium (Figure 1). The intracellular distribution of uranium followed a similar localization pattern than lysosomes and late endosomes, characterized by an accumulation on the same regions of the cell and similar grain size distribution. However, our results do not suggest a strict co-localization of uranium with the endo-lysosomal pathway or with vesicles containing labeled fetuin-A. We evaluated the size of these uranium-rich areas and found that their diameter could range from <300 nm to 1.5 μm. Therefore, considering the size of the uranium aggregates, the fact that they are not co-localized with phosphorous or calcium, and that they are not strictly colocalized with the endo-lysosomal and fetuin-A vesicles, it is likely that uranium aggregates could be formed directly within the cytosol of SH-SY5Y neuron-like cells. 
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CONCLUSION

These results suggest that uranium aggregation in SH-SY5Y neuron-like cells may be a cellular defence mechanism against uranium neurotoxicity, which begins at low levels of continuous uranium exposure, resulting in sequestration of uranium into less reactive species (i.e., ferritin binding). How soluble uranium is clustered in uraniumdense cytoplasmic areas will require further research. Clues may come from the coordination chemistry of uranium with biological ligands, with the chemical environment seen by uranium affecting its binding and aggregation. The extent of nonspecific interactions between uranium and proteins is expected to be significant in cells and could lead to the formation of multinuclear uranium clusters with proteins 11 . Multinuclear uranium-protein clusters could represent the initial phase of cytosolic uranium aggregate formation. Although we suggest that this mechanism may be protective, aggregation of uranium with target neurotoxic proteins could contribute to neurotoxicity. Finally, it is important to note that a non-negligible proportion of uranium remains soluble in the cell. This pool of soluble uranium could explain the neurotoxic effects, such as the alteration of dopaminergic metabolism, observed at non-cytotoxic uranyl exposure concentrations.

FIGURE 1 .

 1 FIGURE 1. Uranium distribution in dopamine producing cells and comparison with the localization of fluorescently labeled proteins and organelles. a) Fetuin-A and b) corresponding potassium and uranium distributions. C) Late-endosome and d) corresponding potassium and uranium distributions. e) Lysosome and early endosome and f) corresponding potassium and uranium distributions. Scale bars: 10 µm.
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