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ABSTRACT 32 

Iron is an essential cofactor for many cellular enzymes involved in myelin synthesis, and 33 

iron homeostasis unbalance is a central component of peripheral neuropathies. However, iron 34 

absorption and management in the peripheral nervous system (PNS) is poorly understood. To 35 

study iron metabolism in Schwann cells (SCs) we have created three inducible conditional 36 

knock-out mice in which three essential proteins implicated in iron uptake and storage: the 37 

divalent metal transporter 1 (DMT1), the ferritin heavy chain (Fth) and the transferrin receptor 1 38 

(Tfr1) were postnatally ablated specifically in SCs. Deleting DMT1, Fth or Tfr1 in vitro 39 

significantly reduce SC proliferation, maturation and the myelination of dorsal root ganglia 40 

axons. This was accompanied by an important reduction in iron incorporation and storage. 41 

When these proteins were knock-out in vivo during the first postnatal week, the sciatic nerve of 42 

all three conditional knock-out animals displayed a significant reduction in the synthesis of 43 

myelin proteins and in the percentage of myelinated axons. Knocking-out Fth produce the most 44 

severe phenotype, followed by DMT1 and lastly Tfr1. Importantly, DMT1 as well as Fth knock-45 

out mice showed substantial motor coordination deficits. In contrast, deleting these proteins in 46 

mature myelinating SCs result in milder phenotypes characterized by small reductions in the 47 

percentage of myelinated axons and minor changes in the g-ratio of myelinated axons. These 48 

results indicate that DMT1, Fth and Tfr1 are critical proteins for early postnatal iron uptake and 49 

storage in SCs and as a consequence for the normal myelination of the PNS.  50 
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SIGNIFICANCE STATEMENT 51 

To determine the function of the divalent metal transporter 1, the transferrin receptor 1 52 

and the ferritin heavy chain in Schwann cell (SC) maturation and myelination, we created three 53 

conditional knock-out mice in which these proteins were postnatally deleted in Sox10 positive 54 

SCs. We have established that these proteins are necessary for normal SC iron incorporation 55 

and storage, and as a consequence, for an effective myelination of the peripheral nervous 56 

system (PNS). Since iron is indispensable for SC maturation, understanding iron metabolism in 57 

SCs is an essential prerequisite for developing therapies for demyelinating diseases in the PNS. 58 
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INTRODUCTION 59 

In the CNS, iron is essential for myelin synthesis and maintenance (Todorich et al., 60 

2009; Cheli et al., 2018). Iron is directly required for myelin production as a cofactor for 61 

enzymes involved in cholesterol and lipid synthesis (Lange and Que, 1998; Beard et al., 2003), 62 

and oligodendrocytes are the cells with the highest iron levels in the brain which is linked to their 63 

highly metabolic needs associated with the process of myelination (LeVine and Macklin, 1990; 64 

Connor and Menzies, 1996).The peripheral nervous system (PNS) has also an elevated iron 65 

requirement (Levi and Taveggia, 2014), and Schwann cells (SCs) development has been 66 

associated with iron uptake (Salis et al., 2002; 2012). Moreover, iron deficiency is involved in 67 

the pathogenesis of several peripheral neuropathies (Salas et al., 2010; Kabakus et al., 2002) 68 

and some neurodegenerative diseases characterized with brain iron accumulation show 69 

phenotypic alterations in the PNS (Levi and Taveggia, 2014). Nevertheless, the physiological 70 

role of iron in the PNS and particularly in SC maturation and myelination is poorly understood. 71 

Several proteins have been shown to play a role in maintaining cell iron homeostasis by 72 

regulating iron uptake and storage. Transferrin receptor 1 (Tfr1) mediates cellular iron uptake 73 

through receptor-mediated endocytosis, and is highly expressed by neurons and 74 

oligodendrocytes in the CNS (Connor and Fine, 1986; Giometto et al., 1990). Tfr1 is also 75 

present in the PNS and it has been implicated in SC iron uptake after nerve injury (Raivich et 76 

al., 1991). The iron incorporated by the Tfr1 is transported from endosomes into the cytosol by 77 

the divalent metal transporter 1 (DMT1) (Fleming et al., 1998). DMT1 is a proton driven metal 78 

transporter primarily responsible for iron transport from endosomes as well as for diet iron 79 

uptake in the gut (Veuthey and Wessling-Resnick, 2014; Gruenheid et al., 1995). DMT1 is 80 

expressed by neurons (Skjørringe et al., 2015), astrocytes (Erikson and Aschner, 2006; Song et 81 

al., 2007) and oligodendrocytes in the brain (Burdo et al., 2001, Cheli et al., 2018); and by SCs 82 

in the PNS (Vivot et al., 2013). 83 
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Ferritin is the major iron storage protein, it is a heteropolymer composed of 24 subunits 84 

of heavy (Fth) and light (Ftl) types which can store up to 4500 atoms of iron (Harrison et al., 85 

1967). The Fth subunit contains ferroxidase activity, which is required for converting soluble 86 

ferrous into ferric iron which is then deposited inside the ferritin core (Levi et al., 1988; Harrison 87 

and Arosio, 1996). In the CNS, the highest ferritin expression levels are in oligodendrocytes 88 

which express equal amounts of both Fth and Ftl subunits (Connor et al., 1994). Microglia cells 89 

express ferritin enriched in Ftl subunits whereas ferritin in neurons is mainly composed of Fth 90 

subunits (Connor et al., 1994). Despite the extensive literature regarding ferritin in the CNS 91 

(Friedman et al., 2011), very little is known on this protein in the PNS. 92 

Much effort has been paid to understand the molecular mechanism involved in CNS iron 93 

homeostasis. This has been stimulated by the evidence that abnormal iron homeostasis can 94 

result in CNS pathological conditions. Excessive iron levels have been associated with 95 

neurodegenerative diseases (Zecca et al., 2004; Molina-Holgado et al., 2007), whereas iron 96 

deficiency during early development has been linked to hypomyelination and cognitive 97 

impairment (Georgieff, 2008). However, very little has been done to explore iron metabolism in 98 

SC development and myelination. Thus, to gain a mechanistic understanding on iron 99 

homeostasis in the PNS, we have studied three animal models lacking proteins relevant for iron 100 

metabolism specifically in SCs. Our data suggest that SCs utilize Tfr1 and DMT1 to uptake iron 101 

during the postnatal development of the PNS. Furthermore, SCs need to synthesize Fth during 102 

the first postnatal week in order to store adequate amounts of iron to accomplish the full 103 

myelination process. In summary, we have established that DMT1, Fth and Tfr1 are critical 104 

proteins for early postnatal iron uptake and storage in SCs and as a consequence for the 105 

normal myelination of the PNS.  106 
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MATERIALS AND METHODS 107 

Transgenic mice 108 

All animals used in the present study were housed in the UB Division of Laboratory 109 

Animal Medicine vivarium, and procedures were approved by UB’s Animal Care and Use 110 

Committee, and conducted in accordance with the guidelines in “Guide for the Care and Use of 111 

Laboratory Animals” from the National Institutes of Health. The heterozygous floxed DMT1 mice 112 

(Jackson Mice 017789), the heterozygous floxed Fth mice (Jackson Mice 018063), the 113 

heterozygous floxed Tfr1 mice (Jackson Mice 028177) and the Sox10-iCreERT2 transgenic line 114 

(Jackson Mice 027651) were obtained from the Jackson Laboratory. Experimental animals were 115 

generated in our laboratory by crossing the heterozygous floxed lines with hemizygous Sox10-116 

iCreERT2 transgenic mice. For all the experiments presented in this work, mice of either sex 117 

were used. Transgenic mice were genotyped by PCR. The genomic DNA was isolated and 118 

PCRs were carried out using the Terra PCR Direct Polymerase Mix (Takara). The following 119 

primers were used for detection of floxed alleles: DMT1: 5’-ATGGGCGAGTTAGAGGCTTT-3’ 120 

(sense) and 5’-CCTGCATGTCAGAACCAATG-3’ (antisense); Fth: 5’-121 

CCATCAACCGCCAGATCAAC-3’ (sense) and 5’-CGCCATACTCCAGGAGGAAC-3’ 122 

(antisense); Tfr1: 5’-TTCAGTTCCCAGTGACCACA-3’ (sense) and 5’-123 

TCCTTTCTGTGCCCAGTTCT-3’ (antisense); Sox10-CreERT2: 5’-124 

TTGCGATGGGAGAGTCTGAC-3’ (sense) and 5’-AGGTACAGGAGGTAGTCCCT-3’ 125 

(antisense). 126 

Mice treatments 127 

A tamoxifen stock solution (2.5mg/ml) was prepared by dissolving and sonicating 128 

tamoxifen in autoclaved vegetable oil. To delete DMT1, Fth or Tfr1 in Sox10 positive SCs, P2 129 

DMT1KO (DMT1f/f, Sox10CreCre/-), FthKO (Fthf/f, Sox10CreCre/-), TfrKO (Tfr1f/f, Sox10CreCre/-) and 130 

control (Cre negative) littermates (DMT1f/f, Fthf/f or Tfr1f/f, Sox10Cre-/-) were injected 131 

intraperitoneally once a day for five consecutive days with 25mg/Kg of tamoxifen, and sciatic 132 
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nerves were collected at P15 and P30. Additionally, P60 DMT1KO, FthKO or TfrKO and control 133 

littermates were injected once a day for five consecutive days with 100mg/Kg of tamoxifen 134 

(20mg/ml stock solution), and sciatic nerves were collected at P90. 135 

Dorsal root ganglia explant cultures  136 

Dorsal root ganglia (DRGs) were extracted from the spinal cord of mouse embryos at 137 

embryonic day 13.5. Twenty DRGs were collected per embryo in 1ml of Leibovitz’s-15 medium 138 

(L-15) (Gibco), centrifuged at 700rpm for 5min and resuspended in 500μl of 0.25% trypsin 139 

solution without EDTA (Gibco). DRGs were then incubate for 45min at 37°C after which 500μl of 140 

L-15 medium containing 10% fetal bovine serum (FBS) (Life Technologies) was added to each 141 

tube. After 10min centrifugation at 1000rpm the cell pellet was triturated and resuspended in C-142 

medium: MEM (Gibco) supplemented with D-glucose (4g/L), FBS (10%), L-glutamine (2mM), 143 

NGF (50ng/ml) and gentamycin. 150μl of cell suspension was transfer to the center of a 144 

coverslip (15mm) coated with collagen. The cells were then incubated at 37°C with 5% CO2 145 

overnight. The following day, the culture medium was replaced for Neurobasal (Gibco) 146 

supplemented with B27 (Gibco), D-glucose (4g/L), L-glutamine (2mM), NGF (50ng/ml) and 147 

gentamycin. After 2 days, the cells were transfer to C-medium which was replaced every other 148 

day. Cre activity and recombination was induced by treating the cells with 4-OH tamoxifen for 149 

four consecutive days starting at day 4 after plating. To promote SCs maturation and 150 

myelination, cultures were treated with ascorbic acid (50ug/ml) starting at day 7 after plating. 151 

Immunocytochemistry 152 

Cells were rinsed with PBS and fixed with methanol for 10min at room temperature. The 153 

cells were then permeabilized with 0.1% triton X-100 in PBS for 10min at room temperature and 154 

processed for immunocytochemistry following the protocol as outlined by Cheli et al. (2015). 155 

Essentially, fixed cells were incubated in a blocking solution (0.1% triton X-100, 1.5% bovine 156 

serum albumin, 5% goat serum) followed by an overnight incubation at 4°C with the primary 157 

antibody. Cells were next incubated with the appropriate secondary antibodies (1:400; Jackson). 158 
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Nuclei were stained with the fluorescent dye DAPI (4′,6-diamidino-2-phenylindole; Invitrogen) 159 

and mounted onto slides with Aquamount (Lerner Laboratories). Fluorescent images were 160 

obtained using a spinning disc confocal microscope (Olympus, IX83-DSU). The staining 161 

intensity as well as the number of positive cells was assessed in 30 randomly selected fields per 162 

coverslip, which resulted in counts of >2000 cells. Cell counting was performed semi-163 

automatically and blind to the genotype of the sample by MetaMorph software (Molecular 164 

Devices). The integrated fluorescence intensity was calculated as the product of the area and 165 

mean pixel intensity using MetaMorph software (Molecular Devices). Myelin internodes were 166 

quantified using an automated routine for ImageJ Fiji1,2 v1.52n. Briefly, fluorescent images 167 

were loaded in ImageJ, filtered using a Gaussian blur filter to reduce background noise and 168 

myelin internodes were selected using thresholding. Objects smaller than 40μm2 or with 169 

circulatory higher than 0.3 were excluded from the analysis since they often represented non-170 

specific staining. Overlapping internodes, which could not be correctly individualized, were also 171 

excluded. For all experiments involving quantification of positive cells, MBP and PLP fluorescent 172 

intensity and myelin internodes in DRG explant cultures, data represent pooled results from at 173 

least 4 cultures per experimental group. The primary antibodies used for immunocytochemistry 174 

were against: caspase-3 (rabbit; 1:2000; Cell Signaling), Ki67 (mouse; 1:500; BD Biosciences), 175 

MBP (mouse; 1:1000; Covance), neurofilament (chicken; 1:2000; Biolegend), PLP (rat; 1:500; 176 

AA3-PLP/DM20), and Sox10 (rabbit; 1:1600; Cell Signaling). 177 

Immunohistochemistry 178 

Mouse sciatic nerves were dissected and place on a tube containing 4% 179 

paraformaldehyde in PBS for overnight fixation. Longitudinal slices of 10μm thick were obtained 180 

using a Clinical Cryostat (Leica Biosystems, CM1950) and mounted on Superfrost Plus slides 181 

(Fisher). Sections were then incubated in a blocking solution (2% triton X-100, 1.5% bovine 182 

serum albumin, 5% goat serum) for 2h at room temperature and then incubated with the primary 183 

antibody overnight at 4°C. Sections were next rinsed in PBS and incubated with the appropriate 184 
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secondary antibodies (1:400; Jackson) for 2h at room temperature. Sections were stained with 185 

the fluorescent dye DAPI (4′,6-diamidino-2-phenylindole; Invitrogen) and were covered with 186 

Aquamount (Lerner Laboratories) after rinsing and drying. The primary antibodies used for 187 

immunohistochemistry were against: Ki67 (rat; 1:500; Invitrogen), Krox20 (rabbit; 1:500, 188 

provided by Dr. Dies Meijer, The University of Edinburgh), MBP (mouse; 1:1000; Covance), P0 189 

(chicken; 1:3000; Aves) and Sox10 (rabbit; 1:1500; Cell Signaling). The integrated fluorescence 190 

intensity for MBP and P0 was calculated as the product of the area and mean pixel intensity 191 

using MetaMorph software (Molecular Devices). For all experiments involving quantification of 192 

positive cells and fluorescent intensity in tissue sections, data represent pooled results from at 193 

least 6 sciatic nerves per experimental group. Ten slices per sciatic nerve were used and 194 

quantification was performed blind to the genotype of the sample using a stereological sampling 195 

method. 196 

Western blot 197 

Protein samples were extracted from DRG explant cultures and sciatic nerves using a 198 

lysis buffer containing 50mM Tris-HCl pH 8.0, 0.5% (w/v) sodium deoxycholate, 150mM NaCl, 199 

1% (w/v) Triton X-100, 0.1% (w/v) SDS, 1mM PMSF, 1mM NaF, 1mM sodium orthovanadate, 200 

1mM AEBSF, 10ug/ml aprotinin, 10ug/ml leupeptin, 10ug/ml pepstatin. Quantification of total 201 

proteins was done by using a BCA assay. Twenty μg of proteins were separated with NuPAGE 202 

Novex 4-12% Bis-Tris Protein Gels (Life Technologies) and electroblotted onto PDVF 203 

membranes. Membranes were blocked for 2h and then primary antibodies were added over 204 

night at 4°C with 5% non-fat milk, 0.2% tween-20 in PBS. Protein bands were detected by 205 

chemiluminescence using the Amersham ECL kit (GE Healthcare) with horseradish peroxidase-206 

conjugated secondary antibodies (GE Healthcare) and scanned with a C-Digit Bot Scanner (LI-207 

COR). Protein bands were quantified using the Image Studio™ Software (LI-COR). The primary 208 

antibodies used were against: CNP (mouse; 1:3000; Neo-Markes), DMT1 (rabbit; 1:1000; 209 

Abcam), Fth (rabbit; 1:1000; Abcam), MBP (mouse; 1:1000; Covance), PLP (rat; 1:1000; AA3-210 
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PLP/DM20), P0 (chicken; 1:3000; Aves), p84 (mouse; 1:10,000; Genetex), Sox10 (rabbit; 211 

1:3000; Cell Signaling) and Tfr1 (mouse; 1:1000; Thermo-Fisher Scientific). 212 

Colorimetric iron assay 213 

The Quantichrom iron assay kit (BioAssay Systems) was used to measure total iron in 214 

DRG explant cultures as well as in sciatic nerves homogenates. Briefly, 50μl of proteins 215 

samples were mixed with 200μl Quantichrom working reagent in a 96-well plate and incubated 216 

at room temperature for 40min. The optical density (OD) at 590nm was measured by a 217 

microplate reader. The OD against standard iron concentrations were plotted by subtracting 218 

blank (water) OD from the standard OD values, and the slope of the data plot then determined 219 

using liner regression fitting. The total protein concentration was estimated using the Pierce™ 220 

BCA Protein Assay Kit (Thermo-Fisher Scientific). Data represent pooled results from 4 DRG 221 

explant cultures and 4 sciatic nerves per genotype. 222 

Perl’s histochemistry 223 

Enhanced Perl’s histochemistry was performed as described previously by Cheli et al. 224 

(2018). Briefly, teased nerve fibers from mouse sciatic nerve were incubated with 1% H2O2 in 225 

methanol for 15min and then with 2% potassium ferrocyanide (pH 1.0) overnight (Iron Stain Kit, 226 

Sigma-Aldrich). The reaction was enhanced for 30min with 0.025% 3,3’-diaminobenzidine-4Hl, 227 

0.05% H2O2 and 0.005% CoCl2 in 0.1M PB. Finally, nerve fibers were dehydrated and mounted 228 

with Permount. The integrated staining intensity per fiber was assessed by MetaMorph software 229 

(Molecular Devices). Fifty fibers per sciatic nerve were analyzed and data represent pooled 230 

results from at least 4 sciatic nerves per genotype. 231 

Electron microscopy 232 

Mouse sciatic nerves were dissected and place on a tube containing 2% glutaraldehyde 233 

for fixation. The nerves were then embedded in resin. Thin sections were stained with uranyl 234 

acetate and lead citrate and photographed with a FEI TecnaiTM F20 transmission electron 235 

microscope. For g-ratio measurements, at least 200 fibers per sciatic nerve were analyzed. The 236 
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percentage of myelinated axons was determined in the entire sciatic nerve, which resulted in 237 

counts of >1000 axons. The g-ratio and the percentage of myelinated axons was determined 238 

semi-automatically and blind to the genotype of the sample using MetaMorph software 239 

(Molecular Devices). Additionally, in each analyzed sciatic nerve, 100 randomly selected Remak 240 

bundles were classified according to Feltri et al. (2016). At least 6 sciatic nerves from individual 241 

mice were processed per experimental group. 242 

Rotarod 243 

Coordinated motor activity was measured by a rotarod apparatus following the standard 244 

procedure of EMPReSS (European Mouse Phenotyping Resource of Standardised Screens 245 

http://empress.har.mrc.ac.uk/). Mice were put on a rod rotating at 5rpm. The speed of rotation 246 

was gradually increased up to 40rpm in a 5min interval and the time until mice fall to the floor 247 

was measured. The latency to fall was also recorded on a rod rotating at 20rpm for a maximum 248 

time of 10min. Each mouse was tested three times with 20min between each trial. Not less than 249 

9 animals were tested in each experimental group. 250 

Statistical analysis 251 

All data sets were tested for normal distribution using the Kolmogorov-Smirnov test. 252 

Single between-group comparisons were made by the unpaired t-test (Student’s t-test), using a 253 

confidence interval of 95%. Multiple comparisons were investigated by one-way ANOVA 254 

followed by Bonferroni’s multiple comparison test to detect pair-wise between-group differences. 255 

For the analysis of g-ratio scatter plots, simple linear regression with a confidence interval of 256 

95% was used. All statistical tests were performed in Graphpad Prism (Graphpad Software). A 257 

fixed value of p<0.05 for two-tailed test was the criterion for reliable differences between groups. 258 

Data are presented as mean ± SEM. To minimize bias, the quantification of all the experiments 259 

described in this work was performed blinded to the sample genotype. Based on previous 260 

studies, power calculations and the fact that all comparisons were made between mice with the 261 

same genetic background, at least 6 animals for each genotype were compared for all the 262 
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morphological and biochemical endpoints.  263 
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RESULTS 264 

DMT1, Fth and Tfr1 are crucial for iron uptake and normal SC maturation in vitro. 265 

To determine whether DMT1, Fth and Tfr1 are required for SC development and 266 

myelination, three conditional knock-out mice were generated by cross breeding the 267 

corresponding floxed mutant mouse with the Sox10-iCreERT2 transgenic line. The Sox10-268 

iCreERT2 transgenic mouse express a tamoxifen-inducible Cre recombinase under the control of 269 

the mouse Sox10 promoter which limits Cre expression to SCs in the PNS (McKenzie et al., 270 

2014). Initially, we knocked-out the expression of these proteins in myelinating DRG explant 271 

cultures. DRGs were isolated at embryonic day 13.5 from DMT1 conditional knock-out mice 272 

(DMT1KO) (DMT1f/f, Sox10CreCre/-), Fth conditional knock-out mice (FthKO) (Fthf/f, Sox10CreCre/-), 273 

Tfr1 conditional knock-out mice (TfrKO) (Tfr1f/f, Sox10CreCre/-) and corresponding control (Cre 274 

negative) littermates (DMT1f/f, Fthf/f or Tfr1f/f, Sox10Cre-/-). DRG explants were treated with 4OH-275 

tamoxifen for 4 consecutive days to induce Cre activity in Sox10 positive SCs and myelination 276 

was promoted by treating the cultures with ascorbic acid starting at day 7 after plating. The cells 277 

were then fixed after 10 or 14 days in vitro (10 or 14DIV) and the expression of myelin proteins 278 

as well as the maturation of SCs was analyzed by immunocytochemistry. Compared to controls, 279 

DMT1KO cultures showed reduce quantities of MBP expression as well as fewer MBP positive 280 

internodes at both, 10 and 14DIV (Figure 1A and B). Likewise, the density of PLP positive 281 

fibers was significantly reduced in DMT1KO cultures (Figure 1A and B). Similar results were 282 

found in FthKO and TfrKO DRG explants (Figure 1C - F). Deleting Fth or the Tfr1 in SCs 283 

significantly attenuates the myelination of DRG axons, particularly after 14DIV (Figure 1C - F). 284 

The largest decline in myelin protein synthesis was found in FthKO cultures, in which the 285 

fluorescent intensity for MBP and PLP, and the density of MBP positive internodes, were 286 

reduced more than four-fold the control level at 14DIV (Figure 1C and D). The lower levels of 287 

MBP and PLP in knock-out cultures could not be explained by a diminished number of axons 288 
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and/ or DRG neuros because the neurofilament staining as well as the density of DRGs nuclei 289 

were found to be uniform across genotypes (Figure 1B, 1D, 1F, 2B, 2D and 2F). 290 

Next, we conducted a series of immunocytochemical experiments to study SC 291 

proliferation, maturation and survival in vitro. We found that the density of Sox10-positive cells 292 

was considerably lower in the DMT1KO culture at both 10 and 14DIV (Figure 2A and B). These 293 

changes were more pronounce in FthKO cultures in which the number of Sox10 positive cells 294 

dropped approximately 50% relative to control levels at 10DIV (Figure 2C and D). TfrKO cultures 295 

also exhibited a reduction in Sox10 expressing cells which was similar in magnitude to what was 296 

found in DMT1KO explants (Figure 2E and F). Then, we evaluated SC proliferation using the cell 297 

cycle marker Ki67 in combination with Sox10. Suggesting a reduction in the rate of SC 298 

proliferation, DMT1KO cultures exhibited a substantial decrease in the number of Sox10/Ki67 299 

double positive cells at 10 and 14DIV (Figure 2A and B). With the sole exception of FthKO 300 

cultures at 14DIV (Figure 2C and D), similar reductions in SC proliferation were found in FthKO 301 

and TfrKO DRG explants (Figure 2C - F). Additionally, the proportion of Sox10/caspase-3 double 302 

positive cells was quantified to measure apoptotic cell death. Approximately 4% of the total 303 

population of Sox10 expressing cells were at the same time positive for the apoptotic marker 304 

caspase-3 at both, 10 and 14DIV. However, no significant differences among genotypes were 305 

detected (data not shown). 306 

Protein samples were collected from DRG explants at 14DIV to study the expression of 307 

myelin proteins and SCs markers by western blot (Figure 3). In agreement with the 308 

immunocytochemical results presented above, all three conditional knock-out mice showed 309 

important reductions in the synthesis of myelin protein zero (P0), 2',3'-cyclic-nucleotide 3'-310 

phosphodiesterase (CNP) and PLP (Figure 3A, C and D). Furthermore, the transcription factor 311 

Sox10 was notably downregulated in every knock-out culture (Figure 3A, C and D). Cre 312 

recombination efficacy for each specific floxed gene was evaluated in DRGs explants by 313 

western blot (Figure 3B). Demonstrating high recombination efficiency, the expression of 314 
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DMT1, Fth and Tfr1 was decreased ~50% in every knock-out culture (Figure 3B). Importantly, 315 

knocking-down DMT1 induces a significant downregulation of Fth expression in SC which was 316 

accompanied with a small but significant reduction in the levels of Tfr1 (Figure 3B). In contrast, 317 

deleting Fth induces an important upregulation of DMT1 and a minor reduction in Tfr1 318 

expression (Figure 3B). On the other hand, Tfr1 knock-down provokes some reduction in DMT1 319 

synthesis but no changes in Fth expression. Finally, Figure 3E shows the effect of DMT1, Fth 320 

and Tfr1 deletion in DRG explants iron content. After 14 days in culture, all three conditional 321 

knock-out cultures showed a significant reduction in iron accumulation which correlates with the 322 

western blots results presented above. Together, these in vitro data demonstrate that deleting 323 

DMT1, Fth or Tfr1 induce a substantial iron deficiency in SC. More importantly, this lack of iron 324 

incorporation and/or storage negatively affects SC proliferation, maturation and consequently 325 

the myelination of DRG axons. 326 

DMT1, Fth and Tfr1 are necessary for normal SC maturation and myelination in vivo. 327 

To delete DMT1, Fth and Tfr1 in Sox10 positive SCs, Cre activity was induced starting at 328 

P2 by intraperitoneal injection of tamoxifen. DMT1KO (DMT1f/f, Sox10CreCre/-), FthKO (Fthf/f, 329 

Sox10CreCre/-), TfrKO (Tfr1f/f, Sox10CreCre/-) and control (Cre negative) littermates (DMT1f/f, Fthf/f 330 

or Tfr1f/f, Sox10Cre-/-) were injected once a day for five consecutive days with tamoxifen, and 331 

sciatic nerves were collected at P15 and P30. Initially, we used electron microscopy to evaluate 332 

the ultrastructure of axon and myelin integrity in DMT1KO sciatic nerves. The degree of 333 

myelination was analyzed by calculating the axon diameter, myelin thickness and mean g-ratio 334 

of myelinated axons as described previously (Cheli et al., 2018) (Figure 4). A significant 335 

reduction in the percentage of myelinated axons and a substantial increase in the mean g-ratio 336 

of myelinated axons was found in the sciatic nerves of DMT1KO animals at P15 as well as at 337 

P30 (Figure 4A, B and E). In addition, the scatter plot of g-ratio values revealed that 338 

hypomyelination affected axons of all sizes (Figure 4F). In the same line, a significant reduction 339 

in the axonal diameter of myelinated axons was found in the sciatic nerve of DMT1KO mice at 340 
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these time points (Figure 4C). Furthermore, the area covered by bundles of unmyelinated 341 

axons in P15 DMT1KO nerves was higher than the one found in controls (Figure 4D). To explore 342 

the role of DMT1 in myelinating SCs, electron microscopy experiments were performed in adult 343 

mice. Since the Sox10 promoter is highly active in myelinating SCs, DMT1KO and control 344 

animals were injected with tamoxifen at P60 and sciatic nerves were collected for analysis at 345 

P90. Suggesting that DMT1 is relevant for the function of mature SCs, the mean g-ratio of 346 

myelinated axons was significantly increased in P90 DMT1KO nerves (Figure 4A, B and F). On 347 

the other hand, the percentage of myelinated axons, the axonal diameter of myelinated axons 348 

and the area covered by bundles in P90 DMT1KO sciatic nerves were equivalent to controls 349 

(Figure 4C, D and E).  350 

Similar experiments were conducted in FthKO mice injected with tamoxifen during the first 351 

postnatal week. At P15 and P30, these animals displayed an important increase in the mean g-352 

ratio of myelinated axons as well as a significant reduction in the percentage of myelinated 353 

axons (Figure 5A, B and E). Changes in g-ratios were equal among axons of all sizes and were 354 

accompanied with an expansion of the area covered by bundles of unmyelinated axons (Figure 355 

5A, D and F). In agreement to what we found in DMT1KO mice, FthKO sciatic nerves also 356 

showed a decrease in the average diameter of myelinated axons at P15 and P30 (Figure 5C). 357 

Parallel experiments were performed in P90 sciatic nerves from FthKO mice injected with 358 

tamoxifen at P60. Knocking-out Fth in adult myelinating SCs do not result in a significant 359 

modification of the mean g-ratio or in the area covered by bundles of unmyelinated axons 360 

(Figure 5A, B and D). P90 FthKO mice only displayed a minor reduction in the percentage of 361 

myelinated axon, which was mostly concentrated in axon of small caliber (Figure 5E, and F). 362 

Lastly, the deletion of the Tfr1 in SCs during the initiation of the myelination process as well as 363 

after P60 only produce minor reductions in the percentage of myelinated axon with no 364 

significant changes in the main g-ratio of myelinated axons (Figure 6A, B and E). However, 365 

similar to what we found in DMT1KO and FthKO nerves, the area covered by bundles of 366 
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unmyelinated axons was expanded in this conditional knock-out at P15 and P30 (Figure 6D). 367 

The morphology of these bundles of unmyelinated axons was further evaluated using the 368 

classification defined by Feltri et al. (2016) (Figure 7A). Suggesting an abnormal radial sorting 369 

process, all conditional knock-out mice at P15 displayed a significant increase in the percentage 370 

of late bundles in combination with a sharp reduction in the proportion of normal bundles 371 

(Figure 7B - D). We have identified very few bundles lacking SCs or polyaxonal bundles, 372 

however we found a remarkable increase in the number of early bundles in the FthKO mouse 373 

(Figure 7C). 374 

Next, we performed a series of immunohistochemical experiments in P15 sciatic nerves 375 

to evaluate myelin proteins expression as well as SC proliferation, maturation and survival in 376 

vivo (Figure 8). In line with the EM data, the staining intensity for MBP and P0 was reduced 377 

~40% in all conditional knock-out mice (Figure 8A and B). The density of Sox10 positive cells 378 

in the knock-out lines was equal to control levels, however, the percentage of Krox20 and Ki67 379 

positive cells was augmented relative to control nerves (Figure 8A and B). Importantly, no 380 

changes were detected in the number of apoptotic (caspase-3 positive) cells across genotypes 381 

(data not shown). Furthermore, total proteins were collected from sciatic nerves to evaluate the 382 

expression of myelin proteins by western blot (Figure 9). In agreement with the above 383 

described results, the expression levels of MBP, CNP and PLP were significantly lower in the 384 

sciatic nerves of tamoxifen-treated DMT1KO mice at both, P15 and P30 (Figure 9A and B). 385 

Importantly, these changes were more prominent in P30 samples where the decrease in the 386 

expression of myelin proteins was greater than 50% (Figure 9B). No changes in the expression 387 

of myelin proteins were detected in P90 sciatic nerves isolated from DMT1KO animals injected 388 

with tamoxifen at P60 (Figure 9C). The expression of myelin proteins in FthKO nerves was also 389 

critically affected at P15 and P30; at both time points Fth conditional knock-out animals 390 

displayed less than 50% of normal myelin protein quantities (Figure 9D and E). Similar to 391 

DMT1KO mice, P90 FthKO nerves presented usual levels of myelin proteins production (Figure 392 
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9F). The hypomyelination of the Tfr1KO sciatic nerves was the less severe of the three 393 

conditional knock-out. These animals showed an average 25% decline in MBP, CNP and PLP 394 

expression at P15 and P30 with no detectable changes at P90 (Figure 9G - I).  395 

Additionally, total protein samples from P15 sciatic nerves were used to study the 396 

expression of DMT1, Fth and Tfr1 in the three conditional knock-out lines (Figure 10). The 397 

reduction of more than 50% in the synthesis of the corresponding protein product of each 398 

conditional knock-out line demonstrate that the in vivo recombination efficiency was elevated 399 

(Figure 10A - C). In agreement with the results from DRG explant cultures, the deletion of 400 

DMT1 attenuates the expression of the Tfr1 and vice versa, the ablation of the Tfr1 in SCs 401 

downregulate the synthesis of DMT1 in vivo (Figure 10A and C). In contrast, FthKO nerves 402 

presented no significant changes in the levels of DMT1 or Tfr1 (Figure 10B). Recombination 403 

efficiency was also evaluated in P90 sciatic nerves from animals treated with tamoxifen at P60 404 

(Figure 10D). These western blots demonstrate that the expression of the three targeted 405 

proteins was consistently reduce in the adult PNS (Figure 10D). Confirming the involvement of 406 

DMT1, Fth and Tfr1 in SC iron incorporation and storage, the ablation of these proteins during 407 

the first postnatal week significantly reduce sciatic nerves iron content (Figure 10E). These 408 

colorimetric iron measurements in sciatic nerves homogenates were corroborated using Perl’s 409 

histochemistry. Compared to controls, teased fibers from knock-out sciatic nerves displayed a 410 

significant reduction in the average Perl’s staining intensity (Figure 10F and G). 411 

Finally, motor coordination was measured across genotypes using the rotarod test. At 412 

P30, the latency to fall off the rotarod was significantly different between DMT1KO, FthKO and 413 

their corresponding control littermates (Figure 11A and B). In both protocols, DMT1KO and 414 

FthKO mice exhibited an important reduction in the latency to fall off the rotarod (Figure 11A and 415 

B). Interestingly, these changes were not observed in P90 DMT1KO and FthKO animals that were 416 

treated with tamoxifen at P60 (Figure 11A and B). On the other hand, no significant differences 417 

were observed between controls and Tfr1KO mice (Figure 11C). Our data showed that Tfr1KO 418 
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mice performed equal to control animals at both P30 as well as P90 (Figure 11C). 419 
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DISCUSSION 420 

DMT1 is crucial for iron uptake and normal SC maturation. 421 

DMT1 is indispensable for dietary-iron absorption in the intestine, but also constitutes a 422 

crucial component of the transferrin cycle by mediating ferrous iron transport across the 423 

endosomal membrane (Gunshin et al., 2005). In the sciatic nerve, SCs show elevated levels of 424 

DMT1 in the plasma membrane as well as in the nucleus (Vivot et al., 2013), and higher DMT1 425 

quantities were found in SCs near to demyelinated lesions (Vivot et al., 2015). We have recently 426 

established that DMT1 is essential for proper oligodendrocyte maturation and is required for an 427 

efficient remyelination of the adult brain (Cheli et al., 2018). In this work, we have shown that the 428 

sciatic nerve of juvenile DMT1KO mice exhibited an important decrease in the percentage of 429 

myelinated axons with a concomitant rise in the average g-ratio of myelinated axons. These 430 

knock-out mice also showed an important delay in the normal radial sorting process, with 431 

decreased numbers of normal bundles and high quantities of late bundles, and presented motor 432 

coordination deficits. Interestingly, the average myelin thickness was also reduced in the adult 433 

sciatic nerve in which DMT1 was deleted in mature (P60) myelinating SCs, suggesting that 434 

DMT1 activity is also relevant for myelin maintenance and/or turnover in the adult PNS. 435 

SCs lacking DMT1 were deficient in iron and were less able to produce myelin in vitro. 436 

The hypomyelination of DRG neurons in DMT1KO culture was likely a consequence of 437 

decreased rates of SC proliferation, since the density of Sox10 positive cells was severely 438 

reduced in these cultures. However, DMT1KO SCs proliferate more in vivo, and express high 439 

levels of Krox20, a transcription factor presents in premyelinating SC (Topilko et al., 1994). 440 

Importantly, the density of Sox10 positive cells as well as SC survival in the sciatic nerve of 441 

DMT1KO mice were normal. Thus, these results indicate that DMT1 ablation in cultured 442 

embryonic SCs mainly affects cell proliferation, but later in development, DMT1 deletion in 443 

postnatal SCs mostly disturbs cell maturation and myelin production. 444 
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Interestingly, the deletion of DMT1 attenuates the expression of the Tfr1 and vice versa, 445 

the ablation of the Tfr1 in SCs downregulate the synthesis of DMT1. Since DMT1 is essential for 446 

endosomal iron exit (see Garrick et al., 2003 for a review) it is possible that DMT1 contributes to 447 

the transferrin cycle by accelerating endosomal iron exit in SCs. However, most cells are 448 

capable also of non-transferrin-bound iron uptake through DMT1 (Garrick et al., 2003), thus this 449 

could be a second way by which iron is incorporated into SCs. Determining which one of these 450 

two mechanisms is the most active in SCs and how these two possible alternatives of iron 451 

assimilation changes during SC maturation needs to be elucidated in future experiments. 452 

Additionally, we cannot exclude the possibility that DMT1 modulates SC development and 453 

myelination by facilitating the incorporation of divalent metals other than iron, such as 454 

magnesium, cadmium, zinc, cobalt, nickel and copper (Gunshin et al., 1997). The PNS contain 455 

high quantities of magnesium, zinc and copper and it is speculated that such metals play a role 456 

in membrane as cofactors of enzymes and probably in myelin structure (Bourre et al., 1987; Pan 457 

et al., 2011). 458 

The role of ferritin in the development of SCs. 459 

We have found that FthKO SCs displayed an important decrease in iron incorporation and 460 

showed a significant deficit in myelin protein expression in vitro as well as in vivo. Sciatic nerves 461 

from developing FthKO animals showed an increase in the mean g-ratio of myelinated axons as 462 

well as a reduction in the percentage of myelinated axons. This deficit in myelination was 463 

accompanied by increased numbers of Krox20 and Ki67 positive SCs and with changes in the 464 

distribution of normal, late and early Remak bundles. Together, these results suggest a delay in 465 

SC maturation and a significant radial sorting defect in the sciatic nerve of FthKO mice. Like 466 

DMT1KO animals, young FthKO mice presented motor coordination problems. In contrast, Fth 467 

deletion in mature myelinating SCs do not produce deficits in motor coordination or in the mean 468 

g-ratio of myelinated axons. When Fth was deleted in mature SCs, only a small reduction in the 469 

percentage of myelinated axons was detected. Roskams and Connor (1994) showed that the 470 
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expression of ferritin in the rodent brain is highest at birth and declines to minimum levels after 471 

the third postnatal week. Similarly, Fth immunostaining results prominent in SCs during the early 472 

development of the PNS (Morral et al., 2010). Therefore, our data suggest that SCs need to 473 

make new Fth during the first postnatal week to store adequate quantities of iron for the 474 

complete maturation process. Decreasing the ability of SCs to store iron during this narrow time 475 

window reduces the capacity of these cells to mature and impair myelin synthesis. 476 

The absence of Fth in SCs slightly diminishes the expression of the Tfr1, but significantly 477 

upregulates the production of DMT1 in vitro. However, these changes were not found in the 478 

intact sciatic nerve, and in both situations, SCs experience an important reduction in the amount 479 

of intracellular iron. Normal and/ or augmented levels of DMT1 and Tfr1 indicate that iron uptake 480 

is probable not affected in FthKO SCs. However, the Fth subunit is essential for iron 481 

incorporation into the ferritin core, therefore, iron storage might be significantly compromised in 482 

Fth deficient SCs. Free iron can induce the production of free radicals and cause severe cell 483 

oxidative stress. Fth exhibits ferroxidase activity, which is essential for its antioxidant properties 484 

(Pham et al., 2004). Fibroblasts deficient in Fth showed a significant surge in cell death induced 485 

by increased free cytoplasmic iron levels and ROS formation (Darshan et al., 2009). SC are 486 

particularly susceptible to oxidative damage (Park et al., 2019), and nerve damage due to 487 

oxidative stress and mitochondrial dysfunction are key pathogenic mechanisms involved in 488 

peripheral neuropathies (Areti et al., 2014). Thus, without proper Fth levels, SCs may 489 

experience an increase in free cytoplasmic iron, ROS formation and oxidative stress. 490 

Losing Fth does not induce SC apoptotic cell death, however, Fth deletion in embryonic 491 

DRGs explants negatively affects SC proliferation. In contrast, SC division in the postnatal FthKO 492 

sciatic nerve was found to be augmented. These opposite changes in the rate of cell division 493 

suggest that early Fth ablation is detrimental for SC proliferation, however, in the postnatal PNS, 494 

the absence of Fth do not prevent SCs expansion but significantly impairs SC maturation and 495 
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myelin production. Still, how these two opposed effects are induced by Fth ablation, as well as 496 

any involvement of ROS formation and oxidative stress, remains to be investigated. 497 

The function of Tfr1 on PNS iron homeostasis. 498 

We have previously demonstrated that transferrin and Tfr1 are associated with 499 

oligodendrocyte differentiation and myelination (Paez et al., 2002; 2004; 2005; 2006). 500 

Immunohistochemical and immunoblot analysis in the PNS demonstrated cytoplasmic 501 

accumulation of transferrin in SCs of the myelinated sciatic nerve, but not in the unmyelinated 502 

cervical sympathetic trunk (Lin et al., 1990). Following sciatic nerve injury, the expression of Tfr1 503 

was significantly upregulated in SCs and these changes were associated with a substantial 504 

increase in iron uptake restricted to the lesion site (Raivich et al., 1991). In this work, we have 505 

found that Tfr1 ablation significantly disrupts SC maturation, iron incorporation and the 506 

myelination of DRG neuros in vitro. Likewise, knocking-out Tfr1 in SCs during early 507 

development diminish iron uptake and reduce the percentage of myelinated axons in sciatic 508 

nerves. Tfr1KO mice also presented high levels of late bundles and reduce quantities of normal 509 

bundles in combination with an expanded population of proliferating SCs. However, compare to 510 

DMT1KO and FthKO animals, these changes were mild and do not significantly alter the motor 511 

coordination of Tfr1KO mice. This less severe in vivo phenotype suggests that in the complete 512 

sciatic nerve, iron incorporation through the transferrin cycle in SCs can be partially 513 

compensated by alternative routes of iron uptake. DMT1 is capable of non-transferrin-bound 514 

iron absorption (Garrick et al., 2003), thus, this could be an alternative way by which iron is 515 

assimilated into SCs during early development. 516 

Several noncanonical functions of Tfr1 have been defined. In the liver, Tfr1 interacts with 517 

Fth and modulates the expression of hepcidin, an iron-regulatory hormone (Schmidt et al., 518 

2008). Tfr1 interactions with gambogic and stearic acids inhibits its internalization and activates 519 

the JNK and ERK signaling pathways (Kasibhatla et al., 2005; Senyilmaz et al., 2015). Tfr1 also 520 

interacts with Src, and phosphorylation of Tfr1 by Src decreases apoptosis and promotes cell 521 
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survival (Jian et al., 2011). Furthermore, Tfr1 was implicated in the homeostatic maintenance of 522 

the intestinal epithelium, acting through a function that is independent of its role on iron 523 

incorporation (Chen et al., 2015). Together, these studies suggest that loss of Tfr1 might result 524 

in alteration in intracellular signaling cascades independent of its role in iron metabolism. The 525 

participation of these signaling pathways in SC maturation, and whether these intracellular 526 

cascades are modulated by Tfr1 in SCs, needs to be defined in future studies. 527 

In summary, we have demonstrated the involvement of DMT1, Fth and Tfr1 on SC iron 528 

metabolism. Clearly, iron is indispensable for SC maturation and for the myelination of the PNS, 529 

and understanding iron metabolism in SCs is an essential prerequisite for developing therapies 530 

for demyelinating diseases in the PNS.  531 
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FIGURE LEGENDS: 735 

 736 

FIGURE 1: Schwann cell myelination in DRG explant cultures. Four days after plating, DRG 737 

explant cultures were treated with 4OH-tamoxifen for 4 consecutive days to induce Cre activity 738 

and then with ascorbic acid starting at day 7 to promote SCs maturation. The cells were then 739 

fixed after 10 or 14 days in vitro (10 or 14DIV). The expression of MBP and PLP, the 740 

neurofilament (NF) staining intensity and the number of MBP positive internodes were examined 741 

by immunocytochemistry in control and DMT1KO (A and B), FthKO (C and D) and TfrKO (E and F) 742 

DRG explant cultures at 10 and 14DIV. Scale bar = 60μm. Fluorescent intensity data is 743 

presented as percent of controls at 10DIV. Values are expressed as mean ± SEM of at least 4 744 

independent cultures. **p<0.01, ***p<0.001 versus respective controls. 745 

 746 

FIGURE 2: Schwann cell maturation in DRG explant cultures. The total number of Sox10 747 

positive cells, the percentage of Sox10/Ki67 double positive cells and the number of DRG 748 

neuros were quantified in control and DMT1KO (A and B), FthKO (C and D) and TfrKO (E and F) 749 

DRG explant cultures at 10 and 14DIV. Scale bar = 60μm. Values are expressed as mean ± 750 

SEM of at least 4 independent cultures. *p<0.05, **p<0.01, ***p<0.001 versus respective 751 

controls. 752 

 753 

FIGURE 3: Western blot analysis of myelin and iron metabolism proteins in DRG explant 754 

cultures. Representative western blots for P0, CNP, PLP and Sox10 made with total proteins 755 

purified from controls, DMT1KO (A), FthKO (C) and Tfr1KO (D) DRG explant cultures at 14DIV. (B) 756 

Representative western blots for DMT1, Fth, and Tfr1 made with total proteins purified from 757 

controls, DMT1KO, FthKO and Tfr1KO DRG explant cultures at 14DIV. p84 was used as the 758 

internal standard and data from 4 independent experiments are summarized based on the 759 

relative spot intensities and plotted as percent of controls. (E) Total iron content was examined 760 
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in control and knock-out DRG explant cultures at 14DIV using a colorimetric iron assay. Values 761 

are expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 versus respective controls. 762 

 763 

FIGURE 4: Electron microscopy of the DMT1KO sciatic nerve. (A) Electron micrographs of 764 

axons in the sciatic nerve of control and DMT1KO mice at different postnatal time points. Scale 765 

bar = 6μm. (B) Mean g-ratio values of control and DMT1KO mice at P15, P30 and P90. (C) Mean 766 

diameter of myelinated axons in control and DMT1KO mice. (D) Area cover by bundles of 767 

unmyelinated axons. (E) Percentage of myelinated axons of control and DMT1KO animals. (F) 768 

Scatter plot of g-ratio values of control and DMT1KO mice at P15, P30 and P90. The lines 769 

represent the regression equation with 95% confidence intervals. P15 Control: r2: 0.0001; 770 

slope: 0.0012; 1/slope: 815.1; F: 0.1057. P15 DMT1KO: r2: 0.0129; slope: -0.0122; 1/slope: -771 

81.83; F: 7.328. P30 Control: r2: 0.0014; slope: 0.0019; 1/slope: 520.3; F: 0.6045. P30 DMT1KO: 772 

r2: 0.0153; slope: 0.0072; 1/slope: 137.6; F: 5.716. P90 Control: r2: 0.0075; slope: -0.0039; 773 

1/slope: -255.5; F: 3.149. P90 DMT1KO: r2: 0.0022; slope: 0.0061; 1/slope: 1616; F: 0.1007. 774 

Values are expressed as mean ± SEM. Six sciatic nerves per genotype and 200 fibers in each 775 

sciatic nerve were analyzed. **p<0.01, ***p<0.001 versus respective controls. 776 

 777 

FIGURE 5: Electron microscopy of the FthKO sciatic nerve. (A) Electron micrographs of 778 

axons in the sciatic nerve of control and FthKO mice at different postnatal time points. Scale bar 779 

= 6μm. (B) Mean g-ratio values of control and FthKO mice at P15, P30 and P90. (C) Mean 780 

diameter of myelinated axons in control and FthKO mice. (D) Area cover by bundles of 781 

unmyelinated axons. (E) Percentage of myelinated axons of control and FthKO animals. (F) 782 

Scatter plot of g-ratio values of control and FthKO mice at P15, P30 and P90. The lines represent 783 

the regression equation with 95% confidence intervals. P15 Control: r2: 0.0053; slope: 0.0061; 784 

1/slope: 163.0; F: 2.736. P15 FthKO: r2: 0.0011; slope: 0.0043; 1/slope: 232.2; F: 0.3878. P30 785 

Control: r2: 0.0191; slope: 0.0067; 1/slope: 147.4; F: 7.728. P30 FthKO: r2: 0.0007; slope: 786 
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0.0025; 1/slope: 395.8; F: 0.272. P90 Control: r2: 0.1059; slope: -0.0133; 1/slope: 74.96; F: 787 

44.42. P90 FthKO: r2: 0.0254; slope: 0.0073; 1/slope: 136.1; F: 8.826. Values are expressed as 788 

mean ± SEM. Six sciatic nerves per genotype and 200 fibers in each sciatic nerve were 789 

analyzed. *p<0.05, ***p<0.001 versus respective controls. 790 

 791 

FIGURE 6: Electron microscopy of the TfrKO sciatic nerve. (A) Electron micrographs of 792 

axons in the sciatic nerve of control and TfrKO mice at different postnatal time points. Scale bar = 793 

6μm. (B) Mean g-ratio values of control and TfrKO mice at P15, P30 and P90. (C) Mean diameter 794 

of myelinated axons in control and TfrKO mice. (D) Area cover by bundles of unmyelinated 795 

axons. (E) Percentage of myelinated axons of control and TfrKO animals. (F) Scatter plot of g-796 

ratio values of control and TfrKO mice at P15, P30 and P90. The lines represent the regression 797 

equation with 95% confidence intervals. P15 Control: r2: 0.0001; slope: 0.0004; 1/slope: -2474; 798 

F: 0.0118. P15 TfrKO: r2: 0.0001; slope: 0.0001; 1/slope: 5427; F: 0.0826. P30 Control: r2: 799 

0.0034; slope: 0.0032; 1/slope: 306.4; F: 3.068. P30 TfrKO: r2: 0.0008; slope: 0.0017; 1/slope: -800 

586.5; F: 0.5552. P90 Control: r2: 0.0091; slope: -0.0042; 1/slope: 237.0; F: 5.011. P90 TfrKO: 801 

r2: 0.0170; slope: 0.0055; 1/slope: 179.5; F: 10.72.Values are expressed as mean ± SEM. Six 802 

sciatic nerves per genotype and 200 fibers in each sciatic nerve were analyzed. **p<0.01, 803 

***p<0.001 versus respective controls. 804 

 805 

FIGURE 7: Axonal sorting in the sciatic nerve of conditional knock-out mice. (A) Remak 806 

bundles were classified in five different categories according to Feltri et al., 2016. (B, C and D) 807 

The percentage of Remak bundles in each category was evaluated in control, DMT1KO, FthKO 808 

and TfrKO sciatic nerves at P15. Values are expressed as mean ± SEM. Six sciatic nerves per 809 

genotype and 100 Remak bundles in each sciatic nerve were analyzed. ND: non-detected. 810 

*p<0.05, **p<0.01, versus respective controls. 811 

 812 
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FIGURE 8: Schwann cell myelination and maturation in the sciatic nerve of conditional 813 

knock-out mice. (A) The expression of MBP and P0 and the number of Sox10, Krox20 and 814 

Ki67 positive cells were examined by immunohistochemistry in control, DMT1KO, FthKO and TfrKO 815 

sciatic nerves at P15. Scale bar = 60μm. (B) Fluorescent intensity data for MBP and P0 is 816 

presented as percent of controls and the number of Sox10, Krox20 and Ki67 positive cells as 817 

percent of total (DAPI positive) cells. Values are expressed as mean ± SEM of at least 6 818 

independent experiments. *p<0.05, **p<0.01, ***p<0.001 versus respective controls. 819 

 820 

FIGURE 9: Western blot analysis of myelin proteins expression in the sciatic nerve of the 821 

three conditional knock-out mouse. Representative western blots for MBP, CNP and PLP 822 

made with total proteins purified from the sciatic nerves of controls, DMT1KO (A-C), FthKO (D-F) 823 

and Tfr1KO (G-I) at P15, P30 and P90. p84 was used as the internal standard and data from 4 824 

independent experiments are summarized based on the relative spot intensities and plotted as 825 

percent of control samples. Values are expressed as mean ± SEM. *p<0.05, **p<0.01, 826 

***p<0.001 versus control. 827 

 828 

FIGURE 10: Evaluation of proteins involved in iron metabolism and iron content in 829 

conditional knock-out mouse sciatic nerves. Representative western blots for DMT1, Fth 830 

and Tfr1 made with total proteins purified from the sciatic nerves of controls, DMT1KO (A), FthKO 831 

(B) and Tfr1KO (C) at P15. (D) Representative western blots for DMT1, Fth, and Tfr1 made with 832 

total proteins purified from controls, DMT1KO, FthKO and Tfr1KO sciatic nerves at P90. p84 was 833 

used as the internal standard and data from 4 independent experiments are summarized based 834 

on the relative spot intensities and plotted as percent of controls. (E) Total iron content was 835 

examined in sciatic nerve homogenates from controls, DMT1KO, FthKO and Tfr1KO at P15 using a 836 

colorimetric iron assay. (F) Perl’s staining in representative teased sciatic nerve fibers collected 837 

from controls, DMT1KO, FthKO and Tfr1KO at P30. (G) The average Perl’s intensity staining per 838 
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fiber was quantified in all genotypes at P15 and P30. Values are expressed as mean ± SEM of 839 

at least 4 independent experiments. *p<0.05, **p<0.01, ***p<0.001 versus control. 840 

 841 

FIGURE 11: Motor coordination in young and adult conditional knock-out animals. 842 

Controls, DMT1KO (A), FthKO (B) and Tfr1KO (C) mice were evaluated in the rotarod test. The 843 

latency to fall off the rotarod was measured in P30 and P90 mice using two different protocols. 844 

In the first protocol, the speed of rotation was gradually increased from 5 to 40rpm in a 5min 845 

interval (5-40rpm). In the second protocol, the latency to fall was recorded on a rod rotating at 846 

20rpm for a maximum time of 10min (20rpm). At least 9 mice were tested in each experimental 847 

group. Values are expressed as mean. **p<0.01, ***p<0.001 versus respective controls. 848 
























