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Imaging the structural organization of chemical elements in growth cones of developing hippocampal neurons
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During neurodevelopment, neurons form growth cones, F-actin rich extensions located at the distal end of the neurites. Growth cones allow dendrites and axons to build synaptic connections through a process of neurite guidance whose mechanisms have not been fully elucidated. Calcium is an important element in this process by inducing F-actin reorganization. We hypothesized that other biologically active elements might be involved in the growth cone-mediated neurite guidance mechanisms. We performed super resolution and confocal microscopy of F-actin, followed by synchrotron X-ray fluorescence microscopy of phosphorous, sulfur, chlorine, potassium, calcium, iron and zinc on growth cones from primary rat hippocampal neurons. We identified two main patterns of element organization. First, active growth cones presenting an asymmetric distribution of Ca colocalized with the cytoskeleton protein F-actin. In active growth cones, we found that the distributions of P, S, Cl, K and Zn are correlated with Ca. This correlation is lost in the second pattern, quiescent growth cones, exhibiting a spread elemental distribution. These results suggest that Ca is not the only element required in the F-actin rich active regions of growth cones. In addition, highly concentrated Fe spots of sub-micrometer size were observed in calcium-rich areas of active growth cones. These results reveal the need for biological active elements in growth cones during neural development and may help explain why early life deficiencies of elements, such as Fe or Zn, induce learning and memory deficits in children.

Introduction

A growth cone is a transient and mobile neuronal structure whose function is to explore the extracellular environment responding to neurite guidance molecules in order to reach a target organ during neurodevelopment. Growth cones are located at the distal end of growing axonal or dendritic extensions. The dynamic organization of two cytoskeleton proteins, actin and tubulin, governs the development of growth cones, resulting in filamentous (F)-actin and microtubules (MTs) polymers that promote shape changes and movement. [START_REF] Dent | The growth cone cytoskeleton in axon outgrowth and guidance[END_REF] Therefore, the study of the molecular mechanisms governing the dynamic organization of the cytoskeleton structure in growth cones has drawn considerable attention in the recent years since these mechanisms are important in the understanding of neurodevelopment, [START_REF] Dent | The growth cone cytoskeleton in axon outgrowth and guidance[END_REF] and in the investigation of axon-regeneration strategies on adult neurons. [START_REF] Blanquie | Cytoskeleton dynamics in axon regeneration[END_REF] Calcium plays a central role in the regulation of cytoskeleton proteins during growth cones neurite pathfinding. [START_REF] Tojima | Second messengers and membrane trafficking direct and organize growth cone steering[END_REF][START_REF] Gasperini | How does calcium interact with the cytoskeleton to regulate growth cone motility during axon pathfinding?[END_REF] Calcium governs the organization of the cytoskeleton by regulating phosphorylation signaling cascades. Growth cones migrate following guidance cue gradients, shaping the growth cones with a higher receptor occupancy in the direction of the attractive guidance cue gradient. This asymmetric receptor distribution will result in the asymmetric distribution of the second messengers such as Ca in the direction of the attractive guidance cues. This asymmetric distribution of Ca in growth cones has been evidenced thanks to calcium-specific fluorescent markers. [START_REF] Zheng | Turning of nerve growth cones induced by localized increases in intracellular calcium ions[END_REF][START_REF] Gomez | Filopodial calcium transients promote substratedependent growth cone turning[END_REF] However, the potential involvement of other elements during growth cone neurite pathfinding has not yet been investigated, probably due to the lack of appropriate element imaging methods.

Using synchrotron X-ray Fluorescence Microscopy (XFM), a high sensitivity multi-elemental imaging technique, we have previously shown that biological metals such as Cu and Zn are involved in the structural organization of F-actin and microtubules in dendrites and spines of mature hippocampal neurons. [START_REF] Perrin | Zinc and Copper Effects on Stability of Tubulin and Actin Networks in Dendrites and Spines of Hippocampal Neurons[END_REF][START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] Now we ask if a similar process could exist in growth cones from developing neurons and if other elements than Ca could play a role in the structural organization of the cytoskeleton.

In this purpose, we carried out synchrotron XFM to depict the distribution of P, S, Cl, K, Ca, Fe, and Zn in growth cones from developing primary rat hippocampal neurons. We applied our recently developed correlative imaging workflow combining synchrotron XFM and super resolution microscopy of F-actin and tubulin using STED (stimulated emission depletion) microscopy. [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] This high resolution and high sensitivity correlative imaging approach revealed the asymmetric distribution of most of the elements in growth cones suggesting their requirement in axonal and dendritic guidance.

Methods

Culture of primary rat hippocampal neurons

Hippocampal neurons from 18 days old embryonic rats (E18, Sprague-Dawley) were dissociated and cultured on an astrocyte feeder layer, as adapted from the protocol described by Kaech and Banker. [START_REF] Kaech | Culturing hippocampal neurons[END_REF] Neurons were grown at 37°C, 5% CO 2 , in neurobasal medium (Gibco) supplemented with 2 mM Lglutamine and NeuroCult SM1 neuronal supplement (StemCell Technologies). The experimental designs and all procedures were in accordance with the European guide for the care and use of laboratory animals and the animal care guidelines issued by the animal experimental committee of Bordeaux University. In our protocol, silicon nitride membranes of 500 nm thickness (Silson Ltd.), which are compatible with synchrotron XFM, were used as culture substrate instead of glass coverslips. [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF][START_REF] Perrin | Evaluation of sample preparation methods for single cell quantitative element imaging using proton or synchrotron radiation focused beams[END_REF] Sterile silicon nitride membranes were coated beforehand with 1 mg•mL -1 poly-L-lysine in 0.1 M borate buffer (both from Sigma-Aldrich, France), for 2h at 37°C, washed twice with ultra pure sterile water and covered with neurobasal medium until used. 10,000 neurons in 10 µL neurobasal medium was uploaded over the membranes and neurons were allowed to adhere for 15 minutes in the incubator (37°C, 5% CO 2 ). Then neurobasal medium was gently added and neurons were cultured for 2 hours in the incubator before being transferred to a plate containing the astrocyte feeder layer, where they were left in culture until DIV3 (3 days in vitro).

Live-cell fluorescent labeling

Primary rat hippocampal neurons at DIV3 were labeled for live-cell microscopy of F-actin and tubulin using fluorogenic probes based on silicone rhodamine (SiR) from Spirochrome. [START_REF] Lukinavičius | Fluorogenic probes for live-cell imaging of the cytoskeleton[END_REF][START_REF] Lukinavičius | Fluorogenic Probes for Multicolor Imaging in Living Cells[END_REF] These fluorescent dyes can be imaged together using SiR and SiR700 fluorophores. SiR-and SiR-700-actin are based on the actin binding peptide jasplakinolid while SiR-and SiR-700-tubulin are based on the tubulin binding drug docetaxel. Following the instructions provided by the manufacturer, neurons were exposed to either 1 µM SiR-actin plus 1 µM SiR700-tubulin or 1 µM SiR-tubulin and 1 µM SiR700actin. The fluorescent probes were added directly to the culture medium and the samples were incubated at 37°C and 5% CO 2 for 1.5h. The labeling was performed just prior to live-cell microscopy.

STED and confocal microscopy

STED and confocal microscopy were performed on a commercial Leica DMI6000 TCS SP8 X microscope. DIV3 neurons cultured on silicon nitride membranes and labeled with SiR fluorogenic probes were maintained in the microscope chamber at 37°C in a pre-warmed Tyrode's solution (NaCl 135 mM, KCl 5 mM, CaCl 2 1.8 mM, MgCl 2 0.4 mM, glucose 1 mM, HEPES 1 mM, pH 7.4 and 240 mOsm). The osmolarity of Tyrode's solution was measured with a vapor pressure osmometer (VAPRO® 5600, Elite) and adjusted to the initial values of the Neurobasal culture medium (240 mOsm). For live cell microscopy, the silicon nitride membranes were mounted in a Ludin chamber, with neurons facing the coverslip to minimize the distance between the objective and neurons.

Confocal and STED images were acquired with a HC-PL-APO-CS2 93x glycerol immersion objective with a numerical aperture of 1.3 and a scan speed of 200 Hz. For excitation of SiR fluorogenic probes, a supercontinuum laser from 470 nm to 670 nm was set to 640 nm (SiR channel) or 670 nm (SiR700 channel). The emission was recorded with a Leica HyD detector (hybrid detector) with a spectral range from 651 to 680 nm for SiR channel and from 710 to 760 for SiR700 channel. For STED acquisitions we used a 775 nm pulsed diode laser. The images were acquired using the Leica Application Suite X software (LAS X). The physical length of STED images was set to 25 µm side and the pixel size was fixed at 24 nm. Largest confocal images were made with a length of 125 µm and a pixel size of 61 nm. The x,y positions of each growth cones were recorded in order to calculate the relative positions respectively to the membrane's corners, and to find these positions on the synchrotron setup. [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] Sample preparation for XFM For synchrotron XFM analysis, samples were cryo-processed by plunge-freezing and freeze-dried. This method of cryo-processing enables to preserve the structure and the chemical element composition of neurons. [START_REF] Perrin | Zinc and Copper Effects on Stability of Tubulin and Actin Networks in Dendrites and Spines of Hippocampal Neurons[END_REF][START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF][START_REF] Perrin | Evaluation of sample preparation methods for single cell quantitative element imaging using proton or synchrotron radiation focused beams[END_REF] After live-cell microscopy, samples were rinsed with an ammonium acetate buffer solution adjusted to pH 7.4 and 240 mOsm in ultra trace elemental analysis grade water (Fisher Scientific). This rinsing allows to remove, from the surface of the samples, the remaining salts of the Tyrode's solution. After washing, ammonium acetate was blotted with ashless, ultra-absorbent paper (Whatman), by capillarity from the sides of the membrane avoiding contact with neurons. Then the samples were quickly plunged in liquid methylbutane cooled with liquid nitrogen (-164°C), for about 15 seconds. After plunge-freezing, the excess methylbutane remaining on the silicon nitride membranes was absorbed with an ashless ultra-absorbent filter paper, keeping the samples at all time in liquid nitrogen vapors.

After plunge-freezing, the samples were freeze-dried using a Christ alpha 2-4 LD plus freeze-dryer. Once the device was working at -75°C for at least one hour, the samples were introduced quickly (keeping the temperature of the samples below -50°C) and the freeze-drying procedure was launched for 48 hours under a primary vacuum (2•10 -3 mbar). After this time, the freeze-dryer was turned off, allowing the temperature to gradually rise up to room temperature. At this point, dry air was slowly blown into the device and the samples were kept in a desiccator at room temperature until use.

Because freeze-drying can slightly alter the morphology of the cells, we systematically verified the neuronal preservation of the regions that will be further analyzed by synchrotron XFM after cryoprocessing. Confocal microscopy of actin and tubulin was performed on freeze-dried samples on the regions of interest selected during live-cell microscopy to check for adequate sample preservation. [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] Synchrotron XFM and data analysis Synchrotron XFM measurements were performed at the Bionanoprobe 13 at the Advanced Photon Source (APS) of Argonne National Laboratory. 10 keV monochromic X-ray photons were focused on the samples with Fresnel zone plates. The pixel size varied between 85-200 nm depending on the scan size and analysis time, and maintaining a flux of 10 9 photons/s and a maximum integration time of 2s per pixel. While a sample was raster scanned across the incident X-ray beam, a full X-ray fluorescence spectrum at each pixel was acquired using a 4-element silicon drifted detector (Vortex ME4, Hitachi High-Technologies Science America). The spectra were then fitted and quantified by comparing to a standard thin film (RF8-200-S2453, AXO Dresden GmbH) measured in the same condition using MAPS software. [START_REF] Vogt | MAPS: a set of software tools for analysis and visualization of 3D X-ray fluorescence data sets[END_REF] Elements such as P, S, Cl, Ca, K, Fe and Zn could be detected and imaged in growth cones but not copper which was below the detection limit. 2D XFM elemental distributions presented in this article are shown in Fig. S4.

Image analysis and statistics

For Pearson's and Mander's coefficients calculation [START_REF] Dunn | A practical guide to evaluating colocalization in biological microscopy[END_REF] the procedure was as follows. Using Image J software, [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] in each original XFM image, the mean intensity value and standard deviation (SD) were measured in blank areas, outside the growth cones, to define the background signal. Then the images were thresholded setting to zero all the pixels with intensity values below the mean plus 3 times the SD of the blank areas. On the thresholded images, Pearson's and Mander's coefficients were calculated using EzColocalization plugin. [START_REF] Stauffer | EzColocalization: An ImageJ plugin for visualizing and measuring colocalization in cells and organisms[END_REF] The Pearson's coefficient is a measure of the linear correlation between the distributions of two given elements, based on their respective XRF signal intensity per pixel. The Mander's coefficients inform about the overlap existing for the different pixels that make up the image between one element and another. M1 indicates how many pixels (above the background) of the upper elements in the first line of the table co-occurs with the pixels of the right-hand elements. M2 indicates the overlapping in the opposite way, how many pixels of the right-hand elements overlaps with pixels of the top elements.

For plotting elemental profiles all together, GraphPad Prism 8 software was used (http://www.graphpad.com/). In this case, the intensity of x-ray counts was normalized to adjust the maximum values to 1 for each element.

Results

Element distribution in growth cones.

Using synchrotron XFM we revealed the distribution of P, S, Cl, K, Ca, Fe and Zn in growth cones from primary hippocampal neurons cultured in vitro during 3 days (DIV3) after dissociation from rat E18 embryos. Fig. 1, 2, 3, 6 and S2 are representative of the main feature of elemental distribution observed, with an asymmetric Ca layout within a narrow region of the growth cone. In the second feature, we observed a spread out distribution of Ca all over the growth cone (Fig. 4 andS3).

In the first category of elemental distribution (Fig. 1, 2, 3, 6 and S2), Ca is present in an asymmetric narrow region of the growth cone, together with other elements (P, S, Cl, and Zn). This type of elemental distribution happened either in palm-shape growth cones (Fig. 1, 6 and S2), or in bundled growth cones (Fig. 2,3).

In the second category of elemental distribution (Fig. 4 andS3), Ca as well as P, S, Cl, and Zn are distributed in a widespread area of the growth cones. The intensity of Ca signal is relatively lower in growth cones with a Ca widespread distribution compared to the ones with asymmetric Ca content, as illustrated in Fig. S1 showing on the same image a group of growth cones using a large XFM scan (20 µm x 20 µm).

In all cases (Fig. 1, 2, 3, 4, 6, S2 and S3), K distribution is heterogeneous and it is the only element present in the whole area of the growth cones, as illustrated by the white line of K boundary in Fig. 1.

In all growth cones, Fe is observed in a limited number of small dotted structures (Fig. 1, 2, 3, 4, 6, S1, S2 and S3). Iron-rich dots sizing from single pixels (85 nm) to a few hundred nanometers have been systematically observed in all the analyzed samples. Although Fe has a dotted distribution, distinct from that of the other elements, in growth cones showing an asymmetric Ca distribution, Fe is located within the Ca-rich area, at the distal end of this area (Fig. 1, 2, 3, S1and S2). In growth cones showing a wide spread distribution of calcium (not asymmetric), Fe is not detected in the growth cones (Fig. S1) but is present as hot spots in the neurite shaft (Fig. 4, S1 and S3).

Finally, P, S, Cl, K, Ca and Zn are homogeneously distributed all along the neurite shafts (Fig. 1, 2, 3, 4, S1, S2 and S3). This is particularly well illustrated in Fig. 2 by the element distribution along the thin neurite bordering the growth cone. Element co-localization in growth cones.

In all cases, the distribution of Fe is not correlated with any of the other elements, showing the lowest Pearson's and Mander's coefficients (Fig. 1, 2, 3 and 4), meaning that Fe has a completely different distribution from the other elements.

In growth cones with asymmetric Ca distribution (Fig. 1, 2 and 3), moderate to strong positive correlations between elements are measured for P, S, Cl, K, Ca, and Zn showing moderate to high Pearson's correlation coefficients. Except for Fe, M1 and M2 coefficients show a large overlap index, between all the chemical elements, either in one direction or in the other. Mander's coefficient indicate that a co-localization exists between elements, but some exhibit a more expanded distribution than others do. For example, P and K distributions show a very high M1 coefficient (from Zn Fe K Cl S Ca P B A max min 0.98 to 0.99) but moderate M2 coefficient (from 0.40 to 0.50), meaning that both can be found in the same pixels, but that in some areas of the growth cone there is K but no P.

In a growth cone with a Ca widespread distribution (Fig. 4), the strong correlation between elements is lost, as illustrated by the low Pearson's correlation coefficients values.

Correlative imaging of elements and cytoskeleton proteins in growth cones

Using live-cell confocal microscopy we imaged large areas showing whole neurons at DIV3 labeled with silicon rhodamine (SiR)-actin and SiR-tubulin fluorescent dyes to locate growth cones (Fig. 5A), and then we performed live-cell STED microscopy to image smaller areas of 25 µm x 25 µm centered in growth cones (Fig. 5B-D). As expected from the known distribution of cytoskeleton proteins in growth cones, 1-2,18-19 we observed a strong compartmentalization of tubulin and F-actin, with tubulin in the central domain and F-actin in the peripheral domain. As schematized in Fig. 5E, the central domain is structured by microtubules arising from the dendritic shaft and the peripheral domain is rich in F-actin, forming lamellipodia and filopodia from actin filaments and actin patches. Spatial alterations in growth cone Ca concentration can direct neurite growth and protrusion by modulating the expression of cytoskeleton proteins. [START_REF] Gasperini | How does calcium interact with the cytoskeleton to regulate growth cone motility during axon pathfinding?[END_REF] In order to better interpret our results on Ca but also on other elemental distributions, we performed a correlative microscopy approach that enables the imaging of chemical elements and cytoskeleton proteins at high spatial resolution (Fig. 6, 7, 8). [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] STED microscopy of SiR-actin and SiR-tubulin was carried out before cryo-processing, on living cells (Fig. 6A), and after cryo-processing, on freeze-dried cells (Fig. 6B), and compared with synchrotron XFM imaging of element distributions (Fig. 6C). Potassium distribution shows that the palm-shaped morphology of the growth cone is maintained after cryo-processing although a shrinkage of the F-actin distribution is observed when comparing images before and after cryoprocessing (Fig. 6A andB). Most of the elements are concentrated in the F-actin rich-region, being K the element displaying the most spread out distribution. From Fig. 7, in growth cones showing an asymmetric Ca distribution, it can be deduced that P, S, Cl, Ca and Zn follow the same concentration gradient as the one of F-actin. From plot profiles, we evidence an increase on element distribution in the region where F-actin fluorescence intensity is higher. From Fig. 8, in growth cones showing a widespread Ca distribution, the elements do not follow the F-actin gradient distribution. 

Discussion

As expected from the known cytoskeleton organization of growth cones in developing neurons, we found that growth cones from DIV3 primary rat hippocampal neurons exhibit a strong compartmentalization of tubulin and F-actin, with tubulin in the central domain and F-actin in the peripheral domain (Fig. 5). [START_REF] Dent | The growth cone cytoskeleton in axon outgrowth and guidance[END_REF][START_REF] Blanquie | Cytoskeleton dynamics in axon regeneration[END_REF][START_REF] Bridgman | The organization of myosin and actin in rapid frozen nerve growth cones[END_REF][START_REF] Omotade | Actin-based growth cone motility and guidance[END_REF] In the peripheral domain, F-actin forms patches in lamellipodia promoting axon outgrowth, and bundles in filopodia that sense guidance cues.

Calcium distribution in growth cones

Spatial alterations in growth cone Ca concentration can direct neurite growth. [START_REF] Gasperini | How does calcium interact with the cytoskeleton to regulate growth cone motility during axon pathfinding?[END_REF][START_REF] Sutherland | Calcium signaling in axon guidance[END_REF] Global increases in the spatial distribution and amplitude of Ca control stopping, pausing and collapse, [START_REF] Tojima | Second messengers and membrane trafficking direct and organize growth cone steering[END_REF][START_REF] Kater | Regulation of growth cone behavior by calcium[END_REF][START_REF] Wen | A CaMKII/calcineurin switch controls the direction of Ca(2+)-dependent growth cone guidance[END_REF] whereas small, spatially localized elevations of Ca can effectively steer growth cones in vitro. [START_REF] Zheng | Turning of nerve growth cones induced by localized increases in intracellular calcium ions[END_REF][START_REF] Gomez | Filopodial calcium transients promote substratedependent growth cone turning[END_REF] Calcium controls the growth cone cytoskeleton by regulating phosphorylation signaling cascades. [START_REF] Gasperini | How does calcium interact with the cytoskeleton to regulate growth cone motility during axon pathfinding?[END_REF] Fluorescence microscopy using Ca 2+ specific fluorescent dyes has provided a wealth of information about Ca localization in growth cones during axonal guidance in neurodevelopment. For example, fluo-3 imaging, a fluorescent indicator of intracellular Ca, has shown the focal increase of Ca 2+ in Xenopus growth cones at the site of guidance cues induction. [START_REF] Zheng | Turning of nerve growth cones induced by localized increases in intracellular calcium ions[END_REF] Using the CaGD-1 Ca imaging dye on retinal ganglion cell growth cones, Ca is present mostly in the central region of quiescent growth cones while in growth cones with spontaneous activity Ca spiking was observed in the distal tip. [START_REF] Pollock | Voltagegated potassium channels regulate the response of retinal growth cones to axon extension and guidance cues[END_REF] Tracing of Ca activity in growth cones can also be imaged by electroporating developing neurons with GCaMP2, a fluorescent genetically encoded Ca indicator. This technology was applied to study axonal outgrowths of callosal neurons showing that Ca is increased at the tip of the growth cone, whereas when axonal extension is inhibited it results in the accumulation of Ca in the central domain. [START_REF] Hutchins | Wnt-induced calcium signaling mediates axon growth and guidance in the developing corpus callosum[END_REF] Similarly, using the membrane bound Ca indicator Fluo4 MOMO, it was found that Ca is present as dotted structures in the central region of the quiescent growth cones, then after activation Ca displays a more compact and asymmetric distribution at the tip of the growth cone. [START_REF] Li | Wnt5a evokes cortical axon outgrowth and repulsive guidance by tau mediated reorganization of dynamic microtubules[END_REF] In agreement with these reports, our observations regarding Ca distributions can be classified into to two main patterns, an asymmetric arrangement of Ca with higher accumulation at the distal end corresponding to the growth cones in active phases of development (Fig. 1, 2, 3, 6, 7, S1 and S2), and a spread distribution of ca in the central domain corresponding to a quiescent state (Fig. 4,8,S3).

The central domain of growth cones is rich with microtubules and organelles, such as the endoplasmic reticulum (ER). The dotted Ca distribution in the central domain of the growth cones is compatible with the presence of ER in this domain. Ca 2+ release from the ER determines growth cone turning polarity. [START_REF] Tojima | Second messengers and membrane trafficking direct and organize growth cone steering[END_REF] Asymmetric Ca signals drive lamellipodial and filopodial protrusions. [START_REF] Tojima | Second messengers and membrane trafficking direct and organize growth cone steering[END_REF][START_REF] Gasperini | How does calcium interact with the cytoskeleton to regulate growth cone motility during axon pathfinding?[END_REF][START_REF] Sutherland | Calcium signaling in axon guidance[END_REF][START_REF] Tojima | Attractive axon guidance involves asymmetric membrane transport and exocytosis in the growth cone[END_REF] Calcium signaling is followed by a cascade of events resulting in the asymmetric localization of cytoskeleton proteins such as β-actin, [START_REF] Yao | An essential role for beta-actin mRNA localization and translation in Ca2+-dependent growth cone guidance[END_REF] and asymmetric cytoskeletal remodeling. [START_REF] Sutherland | Calcium signaling in axon guidance[END_REF] Our results are in good agreement with the expected distribution of Ca in quiescent neurons, and with Ca asymmetric redistribution during growth cone activation and co-localization with F-actin.

P, S, Cl, K and Zn distributions in growth cones

Except for Ca distribution, the localization of other chemical elements in growth cones was unknown. We found out that K is present in larger areas of the growth cone than any other element. This is in agreement with the known ubiquitous intracellular distribution of K ions that fill the whole intracellular volume. Potassium distribution obtained by XFM imaging can be used to display the cell boundaries. [START_REF] Ortega | Iron storage within dopamine neurovesicles revealed by chemical nano-imaging[END_REF] In the present study, K distribution depicts the growth cone boundaries as well exemplified in Fig. 1. Potassium distribution is however not uniform and can show some asymmetry as it will be discussed below for the other elements.

We could highlight that P, S, Cl, K and Zn distributions were asymmetric in growth cones that present an asymmetric distribution of Ca (Fig. 1, 2, 3, 6, S2). It can be assumed that all these elements are needed at the active regions of the growth cone, rich in F-actin (Fig. 7). These results indicate that elements preferentially accumulate in the peripheral domain of the growth cone, that can be explained by a greater requirement for these elements in the F-actin rich areas, involved in cytoskeleton remodeling and formation of protrusions. Our results indicate that not only Ca is involved in the asymmetric modeling of the cytoskeleton, but that other elements are recruited to fulfil the metabolic activity generated by neurite guidance.

Iron distribution in growth cones

Iron-rich dots were observed within all the analyzed growth cones. Fe distribution did not correlate with any of the other chemical elements. However, in growth cones displaying asymmetric Ca distribution, Fe dots were located in the calcium-rich areas (Fig. 1, 2, 3, 6 and S2), at the distal end. This is the first direct evidence for the existence of iron-rich regions within growth cones. In a previous study we also found that similar Fe hot-spots accumulated in the distal end of differentiated PC12 cells. [START_REF] Ortega | Iron storage within dopamine neurovesicles revealed by chemical nano-imaging[END_REF] In growth cones showing a Ca widespread distribution, Fe-rich structures were located in the dendritic shaft and were less in number than in the Ca asymmetric growth cones (Fig. 4 andS3). This last observation is similar to our recent results of XFM element imaging in dendrites of mature (quiescent) hippocampal neurons, where Fe hot spots of 100-200 nm size were detected only in the dendrites contiguous to the dendritic spines but not in the spines. [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] Our results suggest that in growth cones with Ca widespread distribution, representing quiescent growth cones, iron-rich dots are present at low density in the dendritic shaft, similarly to what was observed for mature neurons.

The exact nature of these Fe-rich structures remains to be identified. Fe could be present within mitochondria where it is required for energy metabolism. [START_REF] Lane | Cellular iron uptake, trafficking and metabolism: Key molecules and mechanisms and their roles in disease[END_REF] Iron-rich hot-spots have been tentatively identified as mitochondria using XFM. [START_REF] Samber | Nanoscopic X-ray imaging and quantification of the iron cellular architecture within single fibroblasts of Friedreich's ataxia patients[END_REF] Fe dotted structures could correspond to mitochondria both within the dendritic shafts of quiescent growth cones, and within the tips of the active growth cones. It has been reported that in inactive axons, mitochondria do not significantly enrich at the growth cone while in actively differentiating axons, mitochondria travel to the axonal growth cone. [START_REF] Zinsmaier | Mitochondrial transport dynamics in axons and dendrites[END_REF] Another hypothesis is that Fe could be present in ferritin-like structures. For axonal pathfinding, active growth cones require metabolic enzymes including ferritin. Ferritin mRNAs have been imaged by FISH (fluorescent in situ hybridization) on Xenopus growth cones. [START_REF] Zivraj | Subcellular profiling reveals distinct and developmentally regulated repertoire of growth cone mRNAs[END_REF] Expected consequences in case of element deficiency Our results indicate that Fe-rich entities are expressed in active growth cones presumably to support the metabolic and/or energy requirements of the growth cone during neurite pathfinding. This observation has an important impact in our understanding of Fe functions during neurodevelopment and might help explain the deleterious effects of early-life iron-deficiency during the hippocampus development, [START_REF] Bastian | Chronic Energy Depletion due to Iron Deficiency Impairs Dendritic Mitochondrial Motility during Hippocampal Neuron Development[END_REF] known to result in learning and memory deficits in children. [START_REF] Fretham | The role of iron in learning and memory[END_REF] Iron deficiency is the most common nutrient deficiency affecting billions people worldwide, especially pregnant women and their offspring. Our data indicate an essential function for Fe in the neurite pathfinding process during neurodevelopment that could be irreversibly impaired in case of inadequate iron-availability.

Similarly, Zn deficiency is known to alter neurodevelopment. [START_REF] Adamo | Zinc deficiency and neurodevelopment: the case of neurons[END_REF] Zinc deficiency is less frequent than iron-deficiency but is common worldwide, with an estimation of 17% of the global population at risk for inadequate Zn uptake and up to 30% in South Asia. [START_REF] Maxfield | Zinc Deficiency[END_REF] Our study also reveals the specific need of Zn in the active phases of growth cone development. This result is in line with studies on animal models of accelerated natural aging showing that Zn deficiency occurs in regions of the hippocampus. [START_REF] Fimognari | Biospectroscopic Imaging Provides Evidence of Hippocampal Zn Deficiency and Decreased Lipid Unsaturation in an Accelerated Aging Mouse Model[END_REF] 

Conclusion

High resolution imaging using synchrotron XFM allowed us to describe the organization of chemical elements in the growth cones of primary rat hippocampal neurons. We have highlighted the existence of two characteristic distributions. On the one hand, an asymmetric distribution of Ca, P, S, Cl, K and Zn that could correspond to the active stages of neurite guidance. Iron also shows an asymmetric distribution, but in the form of submicrometer size aggregates. In contrast, in a smaller number of cases, the Ca distribution is widespread, not asymmetric, as for P, S, Cl and Zn while Fe is not detected in these growth cones. In all cases, the distribution of K is more extensive than that of the other elements and describes the entire surface of the growth cone. While the distribution of Ca in growth cones had been described previously, that of the other elements had not. Our study indicates the necessary mobilization of the main biologically relevant chemical elements inside the growth cones for neurite pathfinding, following the distribution of F-actin.

Neurite pathfinding is a critical process in the early stages of neurodevelopment to connect neurons to their partner structures to build the nervous system. We have shown that essential elements such as Ca, P, S, Cl, Fe and Zn are mobilized during this process, probably to fulfill energetic and metabolic functions of the growth cone. A lack of these elements in the critical period of neurodevelopment, especially Zn or Fe which may be deficient in the diet, would affect the growth cone neurite pathfinding and could lead to abnormal neurodevelopment. We have described in previous work the interplay between trace metals (e.g. Cu and Zn) and the architecture of the neuronal cytoskeletal in the formation of synaptic structures. [START_REF] Perrin | Zinc and Copper Effects on Stability of Tubulin and Actin Networks in Dendrites and Spines of Hippocampal Neurons[END_REF][START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF] Here we have extended this concept to earlier stages of neuronal differentiation such as neurite pathfinding. Further work is planned to understand precisely the molecular mechanisms involving these elements in neurodevelopment phases.
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 1234 Fig.1(A) Synchrotron XFM multi-elemental imaging showing the asymmetric distribution of Ca in a palm-shaped growth cone from a primary rat hippocampal neuron. K contours are outlined (dotted line) to highlight the singular distribution of this element, the only one being present into the whole growth cone area. Scan size: 7 µm x 12 µm and pixel size: 150 nm. X-ray counts displayed with a color scale from minimum (blue) to maximum (red). (B) Pearson's correlation and Mander's overlap coefficients between elements.

Fig. 5

 5 Fig. 5 Confocal and STED microscopy of F-actin (magenta) and tubulin (green) in growth cones labeled with SiR700-actin and SiR-tubulin fluorescent dyes. (A) Merged confocal microscopy image of F-actin and tubulin showing several growth cones at the distal ends. (B) Merged confocal image of Factin and STED microscopy of tubulin in the single growth cone framed in A (white square). (C) STED microscopy image of tubulin alone. (D) Confocal microscopy image of F-actin alone. (E) Schematic representation of a growth cone showing the two main domains, central (in green) and peripheral (in pink).

Fig. 6 Fig. 7

 67 Fig. 6 Combined high-resolution imaging of cytoskeleton proteins and chemical elements in a growth cone. (A) Live-cell merged image of tubulin confocal microscopy (green) and F-actin STED microscopy (magenta) labelled respectively with SiR700-tubulin and SiR-actin fluorescent probes. (B) Tubulin (green) and F-actin (magenta) confocal microscopy merged image, on the same growth cone, after sample plunge-freezing and freeze drying. (C) Synchrotron XFM multi-elemental imaging. Scan size 11.5 µm x 13.5 µm and pixel size 85 nm.

Fig. 8

 8 Fig. 8 Correlative imaging of cytoskeleton proteins and chemical elements in a growth cone showing a widespread Ca distribution. (A) Live-cell confocal imaging of tubulin (green) and F-actin (magenta) on a primary rat hippocampal neuron at DIV3. (B) Confocal microscopy on the same neuron after plunge-freezing and freeze-drying. (C) Live-cell merged image of tubulin STED microscopy and F-actin confocal microscopy (labelled respectively with SiR and SiR700 probes) on the growth cone pointed out in A (arrow). (D) Confocal images of tubulin (green) and F-actin (magenta) of the growth cone after plunge-freezing and freeze-drying. (E) Distribution of F-actin after freeze-drying trimmed to the same size as the XFM analysis. (F) Synchrotron XFM elements distribution in the growth cone. Scan size: 8.6 µm x 14.3 µm and pixel size: 150 nm. (G) Plot profiles of F-actin and elements distribution across the red line drawn in E) and F). Fluorescence intensity of F-actin and X-ray counts normalized intensity for each element are presented with arbitrary units (a.u.).
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