
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2018 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Articles: Cellular/Molecular

The Divalent Metal Transporter 1 (DMT1) is required for iron uptake and
normal development of oligodendrocyte progenitor cells

V   Cheli , D   González Santiago , LN Marziali , NN Zamora , M   Guitart , V Spreuer , JM Pasquini  and1 1 1 1 2 1 2

PM Paez1

1Hunter James Kelly Research Institute, Department of Pharmacology and Toxicology, Jacobs School of
Medicine and Biomedical Sciences, The State University of New York, University at Buffalo, Buffalo, New York.
2Department of Biological Chemistry, Biological and Physical Chemistry Institute (IQUIFIB-CONICET). School of
Pharmacy and Biochemistry, University of Buenos Aires, Buenos Aires, Argentina.

DOI: 10.1523/JNEUROSCI.1447-18.2018

Received: 7 June 2018

Revised: 8 August 2018

Accepted: 27 August 2018

Published: 6 September 2018

Author contributions: V.T.C., D.A.S.G., L.M., M.E.G., and P.M.P. designed research; V.T.C., D.A.S.G., L.M.,
N.N.Z., M.E.G., V.S., and P.M.P. performed research; V.T.C., D.A.S.G., L.M., N.N.Z., M.E.G., V.S., and P.M.P.
analyzed data; V.T.C., D.A.S.G., N.N.Z., J.M.P., and P.M.P. wrote the first draft of the paper; V.T.C., D.A.S.G.,
L.M., N.N.Z., J.M.P., and P.M.P. edited the paper; V.T.C. and P.M.P. wrote the paper.

Conflict of Interest: The authors declare no competing financial interests.

National Institute of Neurological Disorders and Stroke (award number: R01NS07804) and startup package from
the Jacobs School of Medicine and Biomedical Sciences, University at Buffalo..

Correspondence: Pablo M. Paez, Hunter James Kelly Research Institute, Department of Pharmacology
and Toxicology, Jacobs School of Medicine and Biomedical Sciences, SUNY at Buffalo. NYS Center of
Excellence, 701 Ellicott St., Buffalo, New York 14203, USA. Tel: 716-881-7823; Fax: 716-849-6651; E-mail:
ppaez@buffalo.edu

Cite as: J. Neurosci ; 10.1523/JNEUROSCI.1447-18.2018

Alerts: Sign up at www.jneurosci.org/cgi/alerts to receive customized email alerts when the fully formatted
version of this article is published.

T A E



 

 1 

The Divalent Metal Transporter 1 (DMT1) is required for iron uptake 1 

and normal development of oligodendrocyte progenitor cells. 2 

 3 

Cheli VT , Santiago González DA1* 1*, Marziali LN , Zamora NN , Guitart ME , Spreuer V , 1* 1 2 14 

Pasquini JM2 and Paez PM1. 5 

*These authors made equivalent contributions. 6 

 7 

1Hunter James Kelly Research Institute, Department of Pharmacology and Toxicology, Jacobs 8 

School of Medicine and Biomedical Sciences, The State University of New York, University at 9 

Buffalo, Buffalo, New York. 10 

2Department of Biological Chemistry, Biological and Physical Chemistry Institute (IQUIFIB-11 

CONICET). School of Pharmacy and Biochemistry, University of Buenos Aires, Buenos Aires, 12 

Argentina. 13 

 14 

Correspondence to: Pablo M. Paez, Hunter James Kelly Research Institute, Department of 15 

Pharmacology and Toxicology, Jacobs School of Medicine and Biomedical Sciences, SUNY at 16 

Buffalo. NYS Center of Excellence, 701 Ellicott St., Buffalo, New York 14203, USA. Tel: 716-17 

881-7823; Fax: 716-849-6651; E-mail: ppaez@buffalo.edu 18 

 19 

Number of text pages: 43 20 

Number of figures: 11 21 

Number of tables: 2 22 

Number of words in the Abstract: 204 23 

Number of words in the Introduction: 597 24 

Number of words in the Discussion: 1444 25 



 

 2 

Running title: DMT1 and oligodendrocyte maturation. 26 

 27 

Acknowledgements: National Institute of Neurological Disorders and Stroke (award number: 28 

R01NS07804) and startup package from the Jacobs School of Medicine and Biomedical 29 

Sciences, University at Buffalo..30 



 

 3 

ABSTRACT  31 

The Divalent Metal Transporter 1 (DMT1) is a multi-metal transporter with a primary role 32 

in iron transport. Even though DMT1 has been previously described in the CNS nothing was 33 

known about the role of this metal transporter in oligodendrocyte maturation and myelination. To 34 

determine whether DMT1 is required for OPC maturation, we used siRNAs and the Cre-lox 35 

system to knock-down/out DMT1 expression in vitro as well as in vivo. Blocking DMT1 synthesis 36 

in primary cultures of oligodendrocyte progenitor cells (OPCs) reduced oligodendrocyte iron 37 

uptake and significantly delayed OPC development. In vivo, a significant hypomyelination was 38 

found in DMT1 conditional knock-out mice in which DMT1 was postnatally deleted in NG2 or 39 

Sox10 positive OPCs. The brain of DMT1 knock-out animals presented a decrease in the 40 

expression levels of myelin proteins and a substantial reduction in the percentage of myelinated 41 

axons. This reduced postnatal myelination was accompanied by a decrease in the number of 42 

myelinating oligodendrocytes and a rise in proliferating OPCs. Furthermore, using the cuprizone 43 

model of demyelination, we established that DMT1 deletion in NG2 positive OPCs lead to less 44 

efficient remyelination of the adult brain. These results indicate that DMT1 is vital for OPC 45 

maturation and for the normal myelination of the mouse brain.46 
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Significance Statement 47 

To determine if DMT1, a multi-metal transporter with a primary role in iron transport, is 48 

essential for oligodendrocyte development, we created two conditional knock-out mice in which 49 

DMT1 was postnatally deleted in NG2 or Sox10 positive oligodendrocyte progenitor cells 50 

(OPCs). We have established that DMT1 is necessary for normal OPC maturation and is 51 

required for an efficient remyelination of the adult brain. Since iron accumulation by OPCs is 52 

indispensable for myelination, understanding the iron incorporation mechanism as well as the 53 

molecules involved is critical to design new therapeutic approaches to intervene in diseases in 54 

which the myelin sheath is damaged or lost. 55 

 56 
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INTRODUCTION 57 

In rodents, myelination takes place during early postnatal life. This process requires that 58 

oligodendrocyte precursor cells (OPCs) experiment phenotypic changes in order to accomplish 59 

a maturation program that finally yields mature myelinating oligodendrocytes (OLs). Iron is an 60 

essential trophic factor that is required for oxygen consumption and ATP production. Thus, it 61 

plays a key role in vital cell functions. Experiments in primary cultures of OPCs show that iron 62 

can regulate OL proliferation and differentiation (Morath and Mayer-Proschel, 2001). The 63 

importance of iron in myelin production and maintenance has been demonstrated by several 64 

studies showing that decreased availability of iron in the diet is associated with hypomyelination 65 

in animal models as well as in humans (Larkin and Rao, 1990; Connor, 1994; Roncagliolo et al., 66 

1998; Algarin et al., 2003; Ortiz et al., 2004; Beard et al., 2003). For example, postnatal iron 67 

deficiency in rats significantly alters the production and composition of myelin (Ortiz et al., 2004; 68 

Badaracco et al., 2008), and strongly affects OL maturation (Rosato-Siri et al., 2010). In 69 

humans, the most common neurological signs of iron deficiency include decreased cognitive 70 

abilities and behavior problems (Grantham-McGregor and Ani, 2001). Several studies have 71 

shown that these clinical outcomes in iron-deficient humans can be traced to hypomyelination 72 

(Oski et al., 1983). Importantly, these neurological sequelae persist even after iron 73 

supplementation (Beard, 2007). 74 

Iron accumulation by OLs is an early event in the development of these cells, however 75 

how OPCs incorporate and store iron is not completely understood. Hill and Awitzer (1984) 76 

demonstrated that physiological iron accumulation occurs in the central nervous system almost 77 

exclusively in OLs and thus OLs stained for iron more robustly that any other cell in the normal 78 

adult brain (Benkovic and Connor, 1993; Connor et al., 1995; Connor and Menzies, 1995). In 79 

iron enriched brain areas such as the cerebellar nuclei and the striatum, the principal cells that 80 

stain for iron are OLs (Dwork et al., 1988; Benkovic and Connor, 1993; Todorich et al., 2009). 81 
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The Divalent Metal Transporter 1 (DMT1) is an H+ driven metal transporter with a 82 

principal role in iron transport, and is responsible for iron uptake from the gut and transport from 83 

endosomes (Veuthey and Wessling-Resnick, 2014; Gruenheid et al., 1995). Even though DMT1 84 

has been previously described in the CNS, nothing is known about the function of DMT1 in OL 85 

maturation and myelination (Rouault, 2013). In the brain, DMT1 expression was found in 86 

neurons in the striatum, cerebellum and thalamus (Skjørringe et al., 2015). The staining in the 87 

ependymal cells and endothelial cells suggests that DMT1 has an important role in iron 88 

transport into the brain (Skjørringe et al., 2015). DMT1 is also highly expressed by astrocytes in 89 

vitro as well as in vivo (Erikson and Aschner, 2006; Song et al., 2007), by microglial cells 90 

(Zhang et al., 2014) and by Schwann cells in the peripheral nervous system (Vivot et al., 2013). 91 

Likewise, DMT1 was found in OLs and the staining pattern was similar to transferrin in the 92 

subcortical white matter (Burdo et al., 2001). This staining pattern was consistent with in situ 93 

hybridization studies indicating that DMT1 is expressed by OLs in the white matter of adult rats 94 

(Burdo et al., 2001). Since iron is essential for brain metabolic processes, elucidating the 95 

mechanisms of OL iron metabolism is critical for understanding the role of iron in brain 96 

development and particularly in myelination. Results from this study indicate that DMT1 is 97 

essential for OL maturation and myelination. We showed that DMT1 knock-down/ out reduces 98 

iron uptake and prevents OPC maturation and myelin production in vitro as well as in vivo.99 
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MATERIALS AND METHODS 100 

Transgenic mice 101 

All animals used in the present study were housed in the UB Division of Laboratory 102 

Animal Medicine vivarium, and procedures were approved by UB’s Animal Care and Use 103 

Committee, and conducted in accordance with the guidelines in “Guide for the Care and Use of 104 

Laboratory Animals” from the National Institutes of Health. The heterozygous floxed DMT1 mice 105 

(Jackson Mice 017789, RRID: IMSR_JAX:017789) and the NG2CreERTM transgenic line 106 

Tg(Cspg4-cre/Esr1*)BAkik (Jackson Mice 008538, RRID: IMSR_JAX:008538) were obtained 107 

from the Jackson Laboratory. The Sox10CreERT2 transgenic mouse was obtained from Dr. 108 

Pachnis V. (University College London, London, United Kingdom) and was maintained as 109 

heterozygous (Tripathi et al., 2011; Laranjeira et al., 2011). Experimental animals were 110 

generated in our laboratory by crossing the heterozygous floxed DMT1 line with the hemizygous 111 

NG2CreERTM or Sox10CreERT2 transgenic lines. For all the experiments presented in this work 112 

mice of either sex were used. 113 

Mice treatments 114 

To delete DMT1 in NG2 positive OPCs, Cre activity was induced starting at P10. P10 115 

NG2-DMT1KO (DMT1f/f, NG2CreCre/-) and control (Cre negative) littermates (DMT1f/f, NG2Cre-/-) 116 

were intraperitoneally injected once a day for five consecutive days with 50mg/Kg of tamoxifen 117 

(Sigma), and brain tissue was collected at P30 and P60. To delete DMT1 in Sox10 positive 118 

OPCs, P2 Sox10-DMT1KO (DMT1f/f, Sox10CreCre/-) and control (Cre negative) littermates 119 

(DMT1f/f, Sox10Cre-/-) were injected intraperitoneally once a day for five consecutive days with 120 

25mg/Kg of tamoxifen, and brain tissue was collected at P15 and P30. Furthermore, P60 121 

Sox10-DMT1KO and control littermates were injected intraperitoneally once a day for five 122 

consecutive days with 100mg/Kg of tamoxifen, and brain tissue was collected at P90. A 123 

20mg/ml of tamoxifen stock solution was prepared by dissolving and sonicating tamoxifen in 124 

19:1 autoclaved vegetable oil:ethanol. We have found that five consecutive tamoxifen injections 125 
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starting at P2 in mice double transgenic for Sox10CreERT2 and the Cre reporter B6.Cg-126 

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Jackson Mice 007909, RRID: IMSR_JAX:007909) 127 

revealed recombination activity in more than 90% of callosal and cortical Olig2 positive cells at 128 

P15 and P30 (data not shown). In this mouse line, 25mg/Kg of tamoxifen per injection was the 129 

highest non-toxic dose for P2 pups. On the other hand, the maximum level of recombination in 130 

the NG2CreERTM line (~80% of Olig2 positive cells) was achieved injecting P10 animals with 131 

five consecutive tamoxifen injections of 50mg/Kg (Cheli et al., 2016). For remyelination studies, 132 

P60 NG2-DMT1KO (DMT1f/f, NG2CreCre/-) and control (Cre negative) littermates (DMT1f/f, 133 

NG2Cre-/-) were fed pellet chow containing 0.2% cuprizone (Teklad-Envigo) for 7 weeks and 134 

were injected with 100mg/Kg tamoxifen every other day during the last week of the cuprizone 135 

treatment and through the first week of recovery as was described in Santiago-González et al. 136 

(2017). Additionally, a group of control (DMT1f/f, NG2Cre-/-) mice were maintained on a diet of 137 

normal pellet chow. 138 

Primary cultures of cortical OPCs  139 

Primary cultures of cortical OPCs were prepared as described by Amur-Umarjee et al. 140 

(1993). First, cerebral hemispheres from 1 day old mice were mechanically dissociated and 141 

were plated on poly-D-lysine-coated flasks in DMEM/F12 (1:1 v/v) (Invitrogen), supplemented 142 

with 10% fetal bovine serum (FBS) (Life Technologies). After 4h the medium was changed and 143 

the cells were grown in DMEM/F12 supplemented with insulin (5μg/ml), apo-transferrin 144 

(50μg/ml), sodium selenite (30nM), d-Biotin (10mM) and 10% FBS (Life Technologies). 2/3 of 145 

the culture media was changed every 3 days. After 14 days, OPCs were purified from the mixed 146 

glial culture by the differential shaking and adhesion procedure of Suzumura et al. (1984) and 147 

allowed to grow on poly-D-lysine-coated coverslips in DMEM/F12 supplemented with insulin 148 

(5μg/ml), apo-transferrin (50μg/ml), sodium selenite (30nM), 0.1% BSA, progesterone 149 

(0.06ng/ml) and putrescine (16μg/ml) (Sigma). OPCs were kept in mitogens, PDGF and bFGF 150 

(20ng/ml) (Peprotech), for 2 days and then induced to differentiate by mitogen withdrawal and 151 
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T3 (15nM) addition. Because of the inherent variability in cell growth from culture to culture, 152 

quadruplicate cultures were prepared. Since the size of the litter significantly affects pup’s 153 

development, litters with less than 5 or more than 10 pups were not used. 154 

siRNA knock-down of DMT1 155 

OPCs were transiently transfected with a combination of four different siRNA duplexes 156 

(ON-TARGETplus SMARTpool siRNAs, Thermo Scientific) specific for DMT1 (see Table I for 157 

siRNA target sequences). Briefly, 6pmol of each siRNA duplex were mixed with LipofectamineTM 158 

RNAiMAX (Life Technologies) and the mixture was added to 35mm Petri dishes or coverslips 159 

containing ~80% confluent OPCs 24h after plating. After transfection, OPCs were further 160 

cultured for 24h in defined culture media plus PDGF (20ng/ml) and bFGF (20ng/ml) and then 161 

the cells were switched to a mitogen-free medium to induce differentiation. Control cells were 162 

transfected with scrambled siRNAs and some OPCs were treated with fluorescein-labeled 163 

dsRNA oligomers (BLOCK-iT™ Fluorescent Oligos, Life Technologies) to determine siRNA 164 

transfection efficiency. 165 

Lentivirus-mediated Cre deletion of floxed DMT1 166 

Primary cultures of cortical OPCs were prepared from homozygous floxed DMT1 mice 167 

as described above. DMT1 floxed OPCs were infected with lentiviruses expressing both Cre 168 

recombinase and GFP and control lentiviruses expressing the RFP (Cellomics Technology). 169 

Lentivirus infections were performed 24h after plating, 8 MOI were added to 24-well dishes 170 

containing ~80% confluent OPCs. OLs were infected for 12h with a reduced volume of culture 171 

medium containing the virus at the appropriate concentration. After infection, OPCs were further 172 

cultured for 24h in defined culture media plus PDGF and bFGF (20ng/ml) and then the cells 173 

were switched to a mitogen-free medium to induce differentiation. 174 

Immunocytochemistry 175 

Cells were stained with antibodies against several OL stage specific markers following 176 

the protocol outlined in Cheli et al. (2016). Fluorescent images were obtained using a spinning 177 
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disc confocal microscope (Olympus, IX83-DSU). Quantitative analysis of the results was done 178 

counting the antigen-positive and DAPI-positive cells (total number of cells) in 20 randomly 179 

selected fields per coverslip, which resulted in counts of >2000 cells. For all experimental 180 

conditions, 4 coverslips per culture were analyzed and data represent pooled results from at 181 

least 4 independent cultures. Cell counting was performed semi-automatically and blind to the 182 

genotype of the sample by MetaMorph software (Molecular Devices, RRID: SCR_002368). The 183 

primary antibodies used for immunocytochemistry were against: caspase-3 (mouse; 1:200; Cell 184 

Signaling, RRID: AB_2341188), CC1 (mouse; 1:300; Calbiochem, RRID: AB_2057371), DMT1 185 

(rabbit; 1:500; Abcam, RRID: AB_10971807), Ki67 (rabbit; 1:250; Abcam, RRID: AB_443209), 186 

Ki67 (mouse; 1:250; BD Biosciences, RRID: AB_396287), MBP (mouse; 1:1000; Covance, 187 

RRID: AB_510039), MOG (mouse; 1:200; Millipore, RRID: AB_1587278), NG2 (rabbit; 1:400; 188 

Millipore, RRID: AB_91789), Olig2 (mouse and rabbit; 1:500; Millipore, RRID: AB_570666, 189 

RRID: AB_10807410), PDGFr (mouse; 1:200; Millipore, RRID: AB_2283679), phospho-histone 190 

H3 (rabbit; 1:500; Millipore, RRID: AB_310177) and Tfr1 (mouse; 1:500; Life Technologies, 191 

RRID: AB_2533029). 192 

Western blot 193 

Protein samples were extracted using lysis buffer as described in Santiago-González et 194 

al. (2017). Twenty μg of proteins were separated with NuPAGE® Novex® 4-12% Bis-Tris Protein 195 

Gels (Life Technologies) and electroblotted onto PDVF membranes. Membranes were blocked 196 

over night at 4°C with 5% non-fat milk, 0.1% tween-20 in PBS. Primary antibodies were diluted 197 

with the blocking solution and membranes incubated 3h at room temperature with agitation. 198 

Protein bands were detected by chemiluminescence using the Amersham ECL kit (GE 199 

Healthcare) with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare, 200 

RRID: AB_772206, RRID:AB_772210) and scanned with a C-Digit Bot Scanner (LI-COR). 201 

Protein bands were quantified using the Image Studio™ Software (LI-COR, RRID: 202 

SCR_014211). Data represent pooled results from at least 6 independent experiments. The 203 
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primary antibodies used were: CNP (1:1000; Neo-Markes, RRID: AB_61312), DMT1 (rabbit; 204 

1:500; Abcam, RRID: AB_10971807), GAPDH (mouse; 1:10,000; Genetex, RRID: 205 

AB_11174761), MBP (mouse; 1:1000; Covance, RRID: AB_510039), MOG (mouse; 1:1000; 206 

Millipore, RRID: AB_1587278), PLP (rat; 1:500, AA3 - PLP/DM20, RRID: AB_2341144) and β-207 

actin (mouse; 1:10,000; Sigma, RRID: AB_476744). 208 

RT-PCR  209 

Total RNA was isolated using Trizol reagent (Life Technologies). RNA content was 210 

estimated by measuring the absorbance at 260nm and the purity was assessed by measuring 211 

the ratio of absorbance: 260/280nm. PCR primers for DMT1 isoforms were designed based on 212 

published sequences by Hubert and Hentze (2002) (see Table II for primer sequences). First-213 

strand cDNA was prepared from 1μg of total RNA using SuperScriptTM III RNase H-reverse 214 

transcriptase (Life Technologies) and 1μg of oligo(dT). The mRNA samples were denaturized at 215 

65°C for 5min. Reverse transcription was performed at 50°C for 55min and was stopped by 216 

heating the samples at 85°C for 5min. The cDNA was amplified by PCR using the DMT1 217 

isoform-specific primers and PCR Platinum Supermix reagent (Life Technologies). PCR 218 

conditions were as follows: 94°C for 2min, 40 cycles of 94°C for 30s, 58°C for 30s followed by 219 

72°C for 2min. After 40 cycles, samples were incubated at 72°C for 5min. The PCR products 220 

were visualized on a SYBR Safe stained agarose gel and the bands digitized using a Gel Doc™ 221 

EZ System (BioRad). Data represent pooled results from at least 4 independent experiments. 222 

Colorimetric iron assay 223 

The Quantichrom iron assay kit (BioAssay Systems) was used to measure total cellular 224 

iron. Briefly, 50μl of samples containing 1X106 cells were mixed with 200μl Quantichrom 225 

working reagent in a 96-well plate and incubated at room temperature for 40min. The optical 226 

density (OD) at 590nm was measured by a microplate reader. The OD against standard iron 227 

concentrations were plotted by subtracting blank (water) OD from the standard OD values, and 228 

the slope of the data plot then determined using liner regression fitting. The total protein 229 



 

 12 

concentration was estimated using the Pierce™ BCA Protein Assay Kit (Thermo Scientific). 230 

Data represent pooled results from at least 4 independent experiments. 231 

MTT assay 232 

The MTT survival assay was performed as described by Mosmann (1983). The sterile 233 

solution of MTT (Molecular Probes) was added to all wells and the micro plate was incubated at 234 

37oC for 45min. The reaction was stopped by addition of SDS and the product was quantified by 235 

spectrophotometry at 570nm. Data represent pooled results from at least 4 independent 236 

experiments. 237 

Immunohistochemistry 238 

All animals were anesthetized with isoflurane and then perfused with 4% of 239 

paraformaldehyde in PBS via the left ventricle. The brains were post-fixed overnight in the same 240 

fixative solution at 4°C. Coronal brain slices of 50μm thick were obtained using a vibratome 241 

(Leica Biosystems, VT1000-S). Free-floating vibratome sections were incubated in a blocking 242 

solution (2% normal goat serum and 1% Triton X-100 in PBS) for 2h at room temperature and 243 

then incubated with the primary antibody overnight at 4°C. Sections were then rinsed in PBS 244 

and incubated with Cy3 or Cy5 conjugated secondary antibodies (1:400; Jackson Immuno 245 

Research) for 2h at room temperature followed by a counterstain with the nuclear dye DAPI 246 

(Life Technologies). After washing, the sections were mounted on to Superfrost Plus slides 247 

(Fisher) using coverslips and mounting medium (Aquamount; Thermo Scientific). The primary 248 

antibodies used in the present study were against: caspase-3 (mouse; 1:200; Cell Signaling, 249 

RRID: AB_2341188), CC1 (mouse; 1:300; Calbiochem, RRID: AB_2057371), Ki67 (rabbit; 250 

1:250; Abcam, RRID: AB_443209), Ki67 (mouse; 1:250; BD Biosciences, RRID: AB_396287), 251 

MBP (mouse; 1:1000; Covance, RRID: AB_510039), MOG (mouse; 1:200; Millipore, RRID: 252 

AB_1587278), Olig1 (mouse; 1:500; Millipore, RRID: AB_92198), Olig2 (mouse and rabbit; 253 

1:500; Millipore, RRID: AB_570666, RRID: AB_10807410), PLP (rat; 1:50, AA3 - PLP/DM20, 254 

RRID: AB_2341144) and Sox2 (rabbit; 1:200; Millipore, RRID: AB_2286686). 255 
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The staining intensity for myelin proteins as well as the number of positive cells was 256 

assessed in the central area of the corpus callosum, between the midline and below the apex of 257 

the cingulum (0.6mm2), in the motor and cingulate cortex including M1, M2, Cg1, Cg2 (0.6mm2) 258 

(Franklin and Paxinos, 2008; Figure 24) and in the dorsal/caudal striatum, immediately 259 

underneath the corpus callosum (0.6mm2). The integrated fluorescence intensity was calculated 260 

as the product of the area and mean pixel intensity using MetaMorph software (Molecular 261 

Devices, RRID: SCR_002368). For all experiments involving quantification of positive cells and 262 

fluorescent intensity in tissue sections, data represent pooled results from at least 6 brains per 263 

experimental group. Seven slices per brain (50μm each) were used and quantification was 264 

performed blind to the genotype of the sample using an unbiased stereological sampling 265 

method. 266 

Black-gold II myelin staining 267 

Black Gold II staining was performed as described in Cheli et al. (2016). Briefly, 268 

paraformaldehyde-fixed brain sections of 50μm were mounted onto Superfrost Plus slide 269 

(Fisher). Coronal brain slices were initially air dried and then rehydrated and transferred to a 270 

lukewarm 0.3% Black Gold II solution (Millipore). After color development (~10min), the slides 271 

were rinsed with a 1% sodium thiosulfate solution at 60°C, dehydrated and mounted with 272 

Permount. The integrated staining intensity in the corpus callosum, striatum and cortex was 273 

assessed by MetaMorph software (Molecular Devices, RRID: SCR_002368). The staining 274 

intensity in control mice was given the arbitrary value of 100, and the staining intensity in 275 

DMT1KO mice was determined as a percentage of that in control mice. Seven slices per brain 276 

were used and data represent pooled results from at least 6 brains per experimental group. 277 

Perl’s histochemistry 278 

Enhanced Perl’s histochemistry was performed as described previously by Meguro et al. 279 

(2007) with slight variations. Briefly, 20μm coronal brain sections were incubated with 1% H2O2 280 

in methanol for 15min and then with 2% potassium ferrocyanide (pH 1.0) overnight (Iron Stain 281 
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Kit, Sigma-Aldrich). The reaction was enhanced for 30min with 0.025% 3,3’-diaminobenzidine-282 

4Hl, 0.05% H2O2 and 0.005% CoCl2 in 0.1M PB. Finally, sections were dehydrated and mounted 283 

with Permount. The number of positive OLs and the integrated staining intensity per cell was 284 

assessed by MetaMorph software (Molecular Devices, RRID: SCR_002368) in the central area 285 

of the corpus callosum, between the midline and below the apex of the cingulum (0.6mm2) and 286 

in the motor and cingulate cortex including M1, M2, Cg1, Cg2 (0.6mm2) (Franklin and Paxinos, 287 

2008; Figure 24). Moreover, the integrated staining intensity in neurons was assessed in the 288 

motor cortex (M1) including all cortical layers (Franklin and Paxinos, 2008; Figure 24), in the 289 

globus pallidus (Franklin and Paxinos, 2008; Figure 42) and in the substantia nigra (Franklin 290 

and Paxinos, 2008; Figure 52). Seven slices per brain were used and data represent pooled 291 

results from at least 6 brains per experimental group. 292 

Electron microscopy 293 

Mouse brains were perfused transcardially with 3% paraformaldehyde and 1% 294 

glutaraldehyde. The body of the corpus callosum at the anterior-dorsal level of the hippocampus 295 

was dissected and resin embedded. Thin sections were stained with uranyl acetate and lead 296 

citrate and photographed with a FEI TecnaiTM F20 transmission electron microscope as 297 

previously described (Cheli et al., 2016). For g-ratio measurements, at least 150 fibers per 298 

animal were analyzed. The percentage of myelinated axons was determined in 10 randomly 299 

selected fields per sample, which resulted in counts of >1000 axons. The g-ratio and the 300 

percentage of myelinated axons was determined semi-automatically and blind to the genotype 301 

of the sample using MetaMorph software (Molecular Devices, RRID: SCR_002368). For all 302 

experimental conditions, data represent pooled results from at least 4 mice. 303 

Experimental design and statistical analysis 304 

All data sets were tested for normal distribution using Kolmogorov-Smirnov tests. Single 305 

between-group comparisons were made by the unpaired t-test (Student’s t-test), using a 306 

confidence interval of 95%. Multiple comparisons were investigated by one-way ANOVA 307 
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followed by Bonferroni’s multiple comparison tests to detect pair-wise between-group 308 

differences. For the analysis of g-ratio scatter plots, simple linear regression with a confidence 309 

interval of 95% was used. All statistical tests were performed in Graphpad Prism (Graphpad 310 

Software, RRID:SCR_002798). A fixed value of p<0.05 for one tailed test was the criterion for 311 

reliable differences between groups. Data are presented as mean ± SEM. No data points were 312 

excluded from this study. To minimize bias, the quantification and analysis of all the 313 

experiments described in this work was performed by two independent investigators, who were 314 

both blinded to the sample genotype. The genotype of the sample was coded and determined 315 

by a technician, who provided the genotype after the statistical analysis was complete. Based 316 

on previous studies, power calculations and the fact that all comparisons were made between 317 

animals with the same genetic background, we compare at least 6 mice for each genotype for 318 

all the morphological and biochemical endpoints. To date, we have not encountered any 319 

difference in OL development, myelination or remyelination attributable to mouse gender, and 320 

thus both sexes were employed. Details regarding the number of cells, the specific brain areas 321 

and the number of brain slices analyzed can be found in the individual assay descriptions. 322 

Complete results of the statistical analyses, including exact p values are included in the figure 323 

legends.324 
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RESULTS 325 

DMT1 is upregulated during OL maturation in vitro.  326 

Initially, we examined the expression of DMT1 in cultured OLs at different developmental 327 

stages. OPCs were obtained from the brain cortices of P1-2 mice and were kept under 328 

proliferative conditions in the presence of PDGF and bFGF. After two days in vitro (DIV), OPCs 329 

were induced to exit from the cell cycle and differentiate by switching the cells to a mitogen-free 330 

medium and by T3 addition (Figure 1A). To analyze DMT1 expression in OPCs and mature 331 

OLs, RT-PCR experiments using DMT1 specific primers were performed at 2 and 4DIV. Four 332 

DMT1 isoforms were reported in mammals, this includes two N-terminal variants having 333 

alternative exon 1 (1A and 1B) (Hubert and Hentze, 2002) and two C-terminal alternatives with 334 

and without an iron-responsive element (IRE) (Fleming et al. 1998; Lee et al. 1998). We found 335 

that only DMT1B was present in cortical OLs; DMT1A was not detected in either immature or 336 

mature OLs (Figure 1B). Moreover, only mature OLs transcribe DMT1 mRNAs containing an 337 

iron-responsive element (+IRE) (Figure 1B). Furthermore, western blot experiments showed 338 

that DMT1 synthesis increases dramatically when OPCs are induced to mature by growth factor 339 

withdrawal and T3 addition (Figure 1C). Using confocal analysis, we found DMT1 expression 340 

throughout the cell body, nucleus and processes of OPCs cultivated for 2DIV in the presence of 341 

PDGF and bFGF (Figure 1D). DMT1 fluorescence was predominantly concentrated in the cell 342 

nucleus and in multiple high intensity patches along the cell processes where it co-localized 343 

partially with the transferrin receptor 1 (Tfr) (Figure 1D). 344 

DMT1 knock-down/out delays OL maturation in vitro. 345 

In order to assess the role of DMT1 on OPC differentiation we knocked-down the 346 

expression of DMT1 in primary cultures of cortical OPCs. OPCs were transfected with a 347 

combination of four different small interfering RNAs duplexes specific for DMT1 (siDMT1). 348 

siRNAs were selected to target four distinct DMT1 mRNA regions to enhance silencing (Table 349 

I). Scrambled siRNAs were used for sequence independent effects in all the siRNA experiments 350 
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performed. To determine transfection efficiency, OPCs were treated with fluorescein-labeled 351 

dsRNA oligomers. We found that more than 90% of the OPCs displayed siRNA fluorescent 352 

signal at different time-points after transfection (Figure 2A). Figure 2B shows a representative 353 

RT-PCR and western blot demonstrating that DMT1 siRNA decreased DMT1 mRNAs and 354 

proteins in OPCs three days after transfection. Figure 2E shows the effect of DMT1 siRNAs on 355 

OPC iron uptake. As time passes in culture, control cells showed a continuous increase in iron 356 

accumulation which correlates with the expression of DMT1 in these cells (Figure 2E). No 357 

differences between genotypes were found at 1 or 2DIV, but during the maturation phase of our 358 

culture protocol (3 and 4DIV) siDMT1 transfected OPCs displayed lower iron acquisition than 359 

control cells (Figure 2E). 360 

After mitogen removal, our data show that the morphological differentiation as well as 361 

expression of mature OL markers was significantly inhibited in DMT1 deficient OPCs (Figure 362 

2C, D and F). Two days after mitogen withdrawal, DMT1 siRNAs induced a decrease in the 363 

percentage of OLs expressing myelin proteins such as MOG and MBP, and an increase in 364 

immature OPCs positive for NG2 and PDGF receptor alpha (Figure 2C and D). In addition, the 365 

percentage of positive cells for the mature OL marker CC1 was significantly reduced in siDMT1 366 

transfected cultures (Figure 2C and D). Furthermore, the average number of proliferating cells 367 

(Ki67 and Phospho-Histone-H3 positive cells) in the siDMT1-transfected cultures was 368 

significantly higher than that of the control group (Figure 2C and D). OL morphology was also 369 

evaluated three days after siDMT1 transfection. Individual MBP-positive cells were scored 370 

according to their morphological complexity in four different categories, according to the number 371 

of primary and secondary processes, the presence of MBP positive sheets and the total size of 372 

the cell (Sperber and McMorris; 2001). Suggesting a delay in OPC morphological maturation, a 373 

significant decrease in the percentage of cells with medium, medium-high and high morphology 374 

and a sharp increase in the percentage of cells with low complexity were found in siDMT1 375 

transfected cultures (Figure 2F). Importantly, no changes in OPC metabolic activity due to 376 
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variations in cell viability/proliferation (MTT assay) or apoptotic cell death (caspase-3 positive 377 

cells) were detected (Figure 2G and H). 378 

Similar results were found in primary cultures of DMT1 floxed OPCs infected with 379 

lentivirus expressing the Cre-recombinase (Figure 3). In the floxed mutant DMT1 line (Gunshin 380 

et al., 2005; Carlson et al., 2009), exons 6 to 8 of the wild-type DMT1 gene (Slc11a2) were 381 

flanked with loxP sites and thus, exons 6-8 are eliminated when Cre-recombinase is present. 382 

Removal of exons 6-8 leads to a truncated, non-functional DMT1 protein (Gunshin et al., 2005; 383 

Carlson et al., 2009). Homozygous DMT1 floxed OPCs were infected with lentiviruses 384 

expressing Cre-recombinase and GFP (LV-Cre-GFP) as well as control lentiviruses expressing 385 

only the RFP (LV-RFP). Three days after infection, more than 95% of the cells were positive for 386 

GFP or RFP (Figure 3A), and RT-PCR experiments showed high recombination efficiency in 387 

Cre expressing OLs (Figure 3B). In agreement with the siRNA knock-down experiments, 388 

DMT1KO OLs displayed an immature morphology, lower levels of mature OL markers and 389 

proliferate more than control OPCs at 4DIV (Figure 3C, D and E). In contrast, OPCs infected 390 

with the control lentivirus showed normal levels of proliferation and morphological changes 391 

characteristic of mature OLs (Figure 3C, D and E). These data were confirmed by western blots 392 

in which we found decreased DMT1 and myelin proteins expression in DMT1KO OLs (Figure 393 

3F). Overall, these results suggest that DMT1 expression is crucial for cortical OPC maturation 394 

in vitro. OLs lacking DMT1 exhibited a simple, less developed morphology and displayed lower 395 

levels of iron uptake and myelin proteins expression than control cells. Furthermore, in 396 

agreement with a maturational interruption, DMT1 deficient OPCs showed higher proliferation 397 

rates than normal cells after mitogen removal. 398 

DMT1 is necessary for normal OL maturation and myelination in vivo. 399 

To determine whether DMT1 is required for OPC development in vivo, a conditional 400 

knock-out mouse for DMT1 in OPCs was generated by cross breeding the floxed mutant DMT1 401 

mouse (Gunshin et al., 2005; Carlson et al., 2009) with the NG2CreERTM transgenic line (Zhu et 402 
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al., 2011). Floxed DMT1 mice were successfully used to generate a conditional knock-out 403 

mouse in which DMT1 was postnatally deleted in hippocampal neurons (Carlson et al., 2009). 404 

NG2CreERTM transgenic mice express a tamoxifen-inducible Cre recombinase under the control 405 

of the mouse NG2 (Cspg4) promoter/enhancer which restricts Cre expression to OPCs (Zhu et 406 

al., 2011; Cheli et al., 2016). To delete DMT1 in NG2 positive OPCs, Cre activity was induced 407 

starting at P10 by intraperitoneal injection of tamoxifen. DMT1 conditional knock-out mice (NG2-408 

DMT1KO) (DMT1f/f, NG2CreERCre/-) and control (Cre negative) littermates (DMT1f/f, NG2CreER-/-409 

) were injected once a day for five consecutive days with tamoxifen, and brain tissue was 410 

collected at P30. OL iron incorporation was evaluated using enhanced Perl’s histochemistry. 411 

Compared to controls, NG2-DMT1KO brains display a significant reduction in the total number of 412 

iron-positive OLs as well as an important decrease in the average Perl’s staining intensity per 413 

cell (Figure 4A and C). Suggesting an OL specific iron deficiency, NG2-DMT1KO mice showed 414 

normal levels of Perl’s staining in cortical neurons (Figure 4B and C) and at brain iron enriched 415 

areas such as the globus pallidus and substantia nigra (data not shown). 416 

The postnatal myelination of the NG2-DMT1KO mouse was initially examined using the 417 

Black Gold II staining technique to localize myelin within the CNS. NG2-DMT1KO mice display a 418 

substantial reduction in myelin staining in the corpus callosum, cortex and striatum (Figure 4D 419 

and E). Additionally, total proteins were collected from the corpus callosum, cortex and olfactory 420 

bulb to evaluate the expression of myelin proteins by western blot (Figure 4F). The olfactory 421 

bulb was included in this set of experiments because is one of the most active areas of myelin 422 

production in the postnatal mouse brain (Garcia-Gonzalez et al., 2013). In agreement with the 423 

Black Gold staining, the expression levels of MBP, MOG and CNP were significantly decreased 424 

in NG2-DMT1KO brains (Figure 4F). In the same line, immunohistochemical analysis for myelin 425 

proteins showed a reduced expression of MBP and MOG in the corpus callosum, cortex and 426 

striatum of NG2-DMT1KO mice at P30 (Figure 5A and B). Likewise, the expression of MBP and 427 

MOG was found to be below control levels in several brain areas of NG2-DMT1KO animals at 428 
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P60 (Figure 5C), suggesting that the hypomyelination found in young NG2-DMT1KO mice is 429 

persistent throughout adulthood.  430 

The NG2-DMT1KO brain was also evaluated by electron microscopy. The degree of 431 

myelination was analyzed at P30 in the body of the corpus callosum by calculating the fraction 432 

of myelinated axons and the ratio of the inner axonal diameter to the total outer diameter (g-433 

ratio) as described previously (Cheli et al., 2016) (Figure 6). An important reduction in the 434 

percentage of myelinated axons without changes in the mean g-ratio was found in NG2-DMT1KO 435 

animals (Figure 6A-D and F). Importantly, no changes in the frequency distribution of axonal 436 

diameter were found in the corpus callosum of NG2-DMT1KO mice (Figure 6E). To further 437 

examine the effect of DMT1 deletion in OPC development, OL markers such as Olig2 and CC1 438 

were used to measure OL numbers and maturation in the corpus callosum, cortex and striatum. 439 

No changes in the total number of Olig2 positive cells was found, but the density of mature CC1 440 

positive OLs was significantly lower in the NG2-DMT1KO brain at both, P30 and P60 (Figure 7A 441 

and B). OPC proliferation was evaluated using the mitotic marker Ki67 in combination with the 442 

OL marker Olig2 and the proportion of immature OLs was assessed mixing Olig2 with the 443 

transcription factor Olig1 (Figure 7C and D). Suggesting a rise in the rate of OPC proliferation, 444 

NG2-DMT1KO mice displayed a significant increase in the percentage of Olig2/Ki67 and 445 

Olig2/Olig1 double positive cells in the corpus callosum and cortex at P30 (Figure 7C and D). 446 

Myelination and OPC maturation was also analyzed in a DMT1 conditional KO mouse 447 

created by breeding the floxed DMT1 mouse with the Sox10CreERT2 line. The Sox10CreERT2 448 

transgenic mouse express a tamoxifen-inducible Cre recombinase under the control of the 449 

mouse Sox10 promoter which limits Cre expression to OLs (Tripathi et al., 2011; Laranjeira et 450 

al., 2011). Starting at P2, Sox10-DMT1KO (DMT1f/f, Sox10CreCre/-) and control (Cre negative) 451 

littermates (DMT1f/f, Sox10Cre-/-) were injected once a day for five consecutive days with 452 

tamoxifen, and brain tissue was collected at P15 and P30. Compared to littermate controls, 453 

Sox10-DMT1KO mice show a substantial reduction of MBP and PLP immunostaining in the 454 
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corpus callosum and cortex at both, P15 and P30 (Figure 8A and B). This myelin deficit was 455 

accompanied by a decrease in the total number of Olig2 positive cells, a decline in the density 456 

of myelinating OLs (CC1 positive cells) and a rise in proliferating OPCs in the cortex (Figure 8C 457 

and D). Importantly, no changes in the percentage of apoptotic OLs (Olig2/Caspase-3 positive 458 

cells) were found (Figure 8D). To explore the role of DMT1 in myelinating OLs, 459 

immunohistochemical experiments for myelin proteins were performed in adult mice. Since the 460 

Sox10 promoter is highly active in myelinating OLs, Sox10-DMT1KO and control animals were 461 

injected with tamoxifen at P60 and brains were collected for analysis at P90. Suggesting that 462 

DMT1 is relevant for the function of mature OLs, the expression of MBP and PLP was severely 463 

reduced in P90 Sox10-DMT1KO mice (Figure 8A and B). No changes in the percentage of 464 

Olig2/Ki67 or Olig2/Casp3 double positive cells were found (Figure 8D), but the brain of Sox10-465 

DMT1KO mice at P90 showed a significant reduction in the total number of Olig2 and CC1 466 

expressing cells (Figure 8D). These results imply that the decline in myelin proteins expression 467 

at P90 is due to reduced numbers of mature OLs. 468 

DMT1 is key for the remyelination of the adult brain. 469 

The role of DMT1 on myelin loss and recovery was examined in the NG2-DMT1KO line 470 

using the cuprizone model of demyelination (Ludwin 1978; Matsushima and Morell, 2001; 471 

Armstrong et al., 2006; Islam et al., 2009). P60 NG2-DMT1KO mice (DMT1f/f, NG2CreERCre/-) 472 

and control (Cre negative) littermates (DMT1f/f, NG2CreER-/-) were fed 0.2% cuprizone for 7 473 

weeks to induce myelin damage, followed by a return to the standard diet for 2 and 4 weeks to 474 

allow remyelination. To delete DMT1 in OPCs, NG2-DMT1KO mice and control littermates were 475 

injected with tamoxifen every other day during the last week of the cuprizone treatment and 476 

through the first week of recovery. In addition, P60 control (DMT1f/f, NG2CreER-/-) mice were 477 

maintained on a diet of normal pellet chow (untreated) or were not injected and were just 478 

treated with cuprizone during 7 weeks (CPZ). Initially, the expression of myelin proteins was 479 

evaluated in the corpus callosum and cortex by immunohistochemistry and western blot (Figure 480 
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9). No differences between genotypes were found at the end of the cuprizone treatment; 481 

compare to non-injected cuprizone treated animals, tamoxifen-treated control and NG2-DMT1KO 482 

mice displayed an equal decline in MBP and PLP immunostaining (Figure 9A and B). However, 483 

relative to controls, an important reduction in the levels of MBP and PLP was found in the 484 

corpus callosum and cortex of NG2-DMT1KO mice after 2 and 4 weeks of recovery (Figure 9A 485 

and B). These results were confirmed by western blot experiments in which MBP and CNP 486 

quantities were significantly reduced in NG2-DMT1KO samples after 2 weeks of recovery 487 

(Figure 9C). In the same line, the density of mature CC1 positive OLs as well as the number of 488 

Olig2 positive cells were found to be below control levels in the NG2-DMT1KO brain 2 weeks 489 

after the termination of the cuprizone treatment (Figure 10A and B). Consistently, the fraction 490 

of mature OLs (Olig2/CC1+ cells) was reduced and the amount of proliferating immature OPCs 491 

(Olig2/Ki67+ cells) was increased in NG2-DMT1KO brains after 2 weeks of recovery (Figure 492 

10C). 493 

Finally, the degree of remyelination was analyzed in the body of the corpus callosum by 494 

electron microscopy (Figure 11). Seven weeks of cuprizone treatment induced a significant 495 

decrease in the percentage of myelinated axons (Figure11A and F). Opposite to controls, 496 

which show a significant recovery, NG2-DMT1KO mice display almost no improvement in the 497 

proportion of myelinated axons after 2 weeks of normal diet (Figure11C and F). Additionally, to 498 

assess axonal remyelination, the g-ratio was determined for NG2-DMT1KO and control mice 499 

(Figure 11B, D and E). Suggesting a reduction in myelin thickness, the mean g-ratio of 500 

myelinated axons was increased in the NG2-DMT1KO corpus callosum after 2 weeks of recovery 501 

(Figure 11D and E). Plotting g-ratios against axonal diameters demonstrated that the myelin 502 

thickness was lower in axons of all size (Figure 11D). Importantly, during the recovery phase of 503 

the cuprizone model no variations in the mean diameter of myelinated axons were found 504 

(Figure 11G). In summary, our data suggest that DMT1 is essential for OPC maturation and for 505 

the appropriate remyelination of the mouse brain.506 
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DISCUSSION 507 

DMT1 is crucial for iron uptake and normal OPC maturation. 508 

Our results show that DMT1 is an important player in OL iron homeostasis. We found 509 

that OL iron uptake is diminished when DMT1 is knock-down in primary cultures of cortical 510 

OPCs and OPCs lacking DMT1 failed to morphologically mature and displayed low levels of 511 

mature markers and myelin proteins expression in vitro. Additionally, DMT1 deficient OPCs 512 

showed higher proliferation rates than control cells, suggesting a maturational delay. These in 513 

vitro results were confirmed in vivo in which DMT1 was knocked-out in postnatal OPCs. 514 

Immunohistochemical and western blot studies performed during the postnatal development of 515 

the moue brain (P15/P30) revealed lower expression levels of myelin proteins in several areas 516 

of NG2-DMT1KO and Sox10-DMT1KO brains, and the corpus callosum of NG2-DMT1KO animals 517 

presented an important decrease in the percentage of myelinated axons. Additionally, NG2-518 

DMT1KO as well as Sox10-DMT1KO mice exhibited an important reduction in the number of 519 

mature myelinating OLs with a concomitant rise in the density of immature proliferating OPCs, 520 

been this imbalance probably the main reason for the myelination deficit observe in young 521 

DMT1KO animals. Furthermore, the expression of MBP and PLP and the density of myelinating 522 

OLs was decreased in P60 NG2-DMT1KO brains as well as in P90 Sox10-DMT1KO mice in which 523 

DMT1 deletion was induced at P60. These results suggest that the reduction in myelin proteins 524 

expression in adult DMT1KO mice is due to reduced numbers of mature OLs and that 525 

myelinating cells need DMT1 for iron uptake. However, P60 NG2-DMT1KO animals display a 526 

significant recovery in myelin proteins synthesis compare to younger P30 DMT1KO mice. 527 

Because the recombination efficiency in these animals is approximately 80%, it is possible that 528 

this compensation was sustained by OPC expressing normal levels of DMT1 or by an 529 

augmented myelin production per OL. 530 

Under normal conditions, mammalian cells such as OLs acquire most of their iron via the 531 

transferrin (Tf) cycle (Moos et al., 2007). Iron is normally transported in the plasma in the ferric 532 
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state by Tf (Ponka, 1997). Transferrin subsequently binds the Tf receptor on the cell surface, 533 

which then undergoes endocytosis, generating endosomal vesicles within the cell. Since DMT1 534 

is essential for endosomal iron exit (see Garrick et al., 2003 for a review) it is possible that 535 

DMT1 contributes to the OL Tf cycle by accelerating endosomal iron exit. However, most cells 536 

are capable also of non-Tf-bound iron uptake through DMT1 (Garrick et al., 2003), thus this 537 

could be a second way by which iron is incorporated into OLs. Determining which one of these 538 

two mechanisms is the most active in OLs and how these two possible alternatives of iron 539 

assimilation changes during the maturation of OPCs needs to be elucidated in future 540 

experiments. DMT1B was the sole isoform found in cortical OPCs. This DMT1 isoform was 541 

upregulated during OPC maturation and was found to hold an iron-responsive element (+IRE) 542 

only in mature OLs. This indicates that in developed OLs, DMT1B synthesis may be controlled 543 

post-translationally by the intracellular iron concentration. DMT1 was detected throughout the 544 

cell body and processes of OPCs where co-localizes partially with the transferrin receptor. 545 

Interestingly, DMT1 was highly concentrated in the cell nucleus. DMT1 was also found in the 546 

nucleus of PC12 cells (Garrick et al., 2003), sympathetic neurons and human medulloblastoma 547 

cells in vitro as well as in situ (Roth et al., 2000). The function of DMT1 in the cell nucleus is 548 

currently unknown, perhaps DMT1 sequesters iron in the nucleus or carries iron there. In doing 549 

so it may signal an aspect of iron status or it may serve as a signal of iron status itself in OPCs. 550 

In contrast to the Belgrade rat (Burdo et al., 1999; Burdo et al., 2001) or classical animal 551 

models of dietary iron restriction, which display broad brain iron deficiency resulting from 552 

impaired uptake of iron from the gut or traversing the blood brain barrier, the NG2-DMT1KO and 553 

Sox10-DMT1KO mice exhibit iron deficiency only in OLs. Perl’s histochemistry performed on 554 

NG2-DMT1KO mice revealed a substantial reduction in the number of iron-positive OLs without 555 

changes in the average iron staining of cortical neurons or in the normal brain iron distribution. 556 

Therefore, these DMT1KO mice are the first models of OL iron deficiency. For the first time, we 557 

were able to study iron deficiency in OLs without the interference of systemic hypoferremia and 558 
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the associated anemia. Thus, all changes in OLs development and myelination presented in this 559 

work can be entirely attribute to iron deficiency in the OL lineage. Nevertheless, we cannot 560 

exclude the possibility that DMT1 modulates OPC development and myelination by facilitating 561 

the incorporation of divalent metals other than iron. DMT1 can potentially transports other 562 

divalent cations, including magnesium, cadmium, zinc, cobalt, nickel and copper (Gunshin et al., 563 

1997). Brain myelin contain magnesium, zinc and copper and it is speculated that such metals 564 

play a role in membrane as cofactors of enzymes and possibly also in myelin structure. For 565 

instance, zinc appears to stabilize the myelin sheath by binding MBP in the presence of 566 

phosphate and this results in MBP aggregation (Riccio et al., 1995; Tsang et al., 1997). Baran et 567 

al. (2010) have recently shown that copper and zinc induce MBP compaction in vitro, suggestive 568 

of a tertiary conformation that may reflect its arrangement in mature myelin. Perhaps, DMT1 is 569 

required to uptake and concentrate divalent metals in young myelin sheaths to stimulate myelin 570 

compaction and stabilization. 571 

A role for DMT1 in the remyelination of the adult brain. 572 

Remyelination requires the recruitment of OPCs to demyelinated lesions followed by 573 

their maturation to myelin-forming OLs. Iron is required in a variety of enzymes that influence 574 

myelin formation, including those that regulate metabolism, proliferation and differentiation of 575 

OPCs, and the deposition of myelin membranes. Iron deficiency is associated with impairments 576 

in OL well-being and remyelination (Stephenson et al., 2014). It has been shown that iron-577 

deficient OLs and reduced iron availability lead to declines in OPC maturation and remyelination 578 

following injury (Schonberg and McTigue, 2009, Schulz et al., 2012). Additionally, several 579 

studies have shown global alterations in iron levels in the brains of patients with multiple 580 

sclerosis (MS). A significant decrease of iron in OLs and in the normal-appearing white matter 581 

was found in the brain of humans with chronic MS (Hametner et al., 2013). In active MS lesions, 582 

iron is released from dying OLs, resulting in extracellular accumulation of iron and uptake into 583 

microglia and macrophages (Williams et al., 2012). Furthermore, cellular degeneration in MS 584 
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lesions leads to waves of iron liberation, which may propagate neurodegeneration together with 585 

inflammatory oxidative burst.  586 

We tested the role of DMT1 in demyelination and remyelination using the cuprizone 587 

model of myelin injury and repair (Armstrong et al., 2002; 2006; Paez et al., 2012). Our data 588 

suggest that after demyelination, DMT1 is critical for newly generated OPCs to incorporate iron 589 

and efficiently remyelinate demyelinated axons. We have found that DMT1 deficient OPCs 590 

mature slower than control cells and are less effective in remyelinating several structures of the 591 

adult brain including the corpus callosum and cortex. After two weeks of recovery, the control 592 

group showed a significant increase in the percentage of myelinated axons (~10%), without 593 

changes in the average g-ratio. These data reflect the normal remyelination process in which 594 

newly remyelinated axons are usually surrounded by thinner myelin. In contrast, DMT1KO mice 595 

presented a marginal increase in the percentage of myelinated axons (~3%) with an important 596 

enlargement in the average g-ratio at 2 weeks of recovery. These findings reveal the inability of 597 

DMT1KO OPC to efficiently remyelinate demyelinated axons and as a result probably further 598 

myelin is lost due to axonal damage. 599 

The involvement of DMT1 in anemia, iron overload disorders and neurodegenerative 600 

diseases makes their pharmacological modulation a promising therapeutic strategy. 601 

Pharmacological modulators for DMT1 are actively being developed (Buckett and Wessling-602 

Resnick, 2009; Montalbetti et al., 2015; Seo et al., 2016). We believe that after demyelination, 603 

DMT1 is critical for newly generated OPCs to reuptake iron liberated from expiring OLs, thus, 604 

activation of DMT1 in OPC during the remyelination process may promote recovery. A small 605 

molecule capable of crossing the blood brain barrier and specifically activate DMT1 in OPC will 606 

be ideal. Further studies regarding cellular location, protein structure and specific OL DMT1 607 

isoforms will be necessary to achieve this objective. In summary, we have established that 608 

DMT1 is essential for normal OPC development and for iron uptake during the first steps of 609 

OPC maturation. Since iron accumulation by OLs is indispensable for myelination, 610 
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understanding the iron incorporation mechanism as well as the molecules involve is critical to 611 

design new therapeutic approaches to intervene in diseases in which the myelin sheath is 612 

damaged or lost.613 
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FIGURE LEGENDS 845 

FIGURE 1: DMT1 expression in cultured OLs. (A) OPCs were cultured for 2 days in vitro 846 

(DIV) in defined culture media plus PDGF and bFGF and then induced to mature by mitogen 847 

removal and T3 addition. (B) RT-PCR analysis of DMT1 expression at 2 and 4DIV. Specific 848 

primers were designed to identify DMT1 isoforms A and B and DMT1 mRNAs with and without 849 

an iron-responsive element (IRE) (Table II); GAPDH was used as internal standard. (C) 850 

Western blot study of DMT1 at different time-points in vitro, β-actin and GAPDH were used as 851 

internal standards. (D) OPCs were co-stained with antibodies against DMT1 and the transferrin 852 

receptor 1 (Tfr) at 2DIV. Higher magnification pictures of the boxed area in a are showed in b. 853 

Scale bar = 40μm for a and 20μm for b. 854 

 855 

FIGURE 2: DMT1 knock-down blocks OPC maturation. OPCs were transfected with four 856 

siRNA duplexes specific for DMT1 (siDMT1) and grown as described in Figure 1. (A) OPCs 857 

were treated with fluorescein-labeled dsRNA oligomers to determine siRNA transfection 858 

efficiency. (B) Three days after siRNA transfection, semi-quantitative RT-PCR and western blot 859 

analysis of DMT1 expression in OPCs was performed using β-actin as internal standard. (C and 860 

D) Three days after siDMT1 transfection, OPCs were stained with antibodies against NG2, 861 

PDGFr, Ki67, P-Histone H3, CC1, MOG and MBP and the percentage of positive cells in each 862 

experimental condition was examined by confocal microscopy. Exact p values from left to right: 863 

<0.0001; <0.0001; <0.0001; <0.0001; 0.0012; <0.0001; <0.0001. Scale bar = 80μm. (E) Total 864 

iron content was examined in control and siDMT1 transfected OPCs using a colorimetric iron 865 

assay. Exact p values, 3DIV: 0.0246; 4DIV: 0.0049. (F) Morphological complexity of MBP-866 

positive cells was scored in four categories. Exact p values from left to right: 0,0042; 0.0073; 867 

<0.0001; 0.0005.  (G) Evaluation of OPCs viability and proliferation by the MTT assay at 868 

different time-points after siDMT1 transfection. Exact p values from left to right: 0.9547; 0.4954; 869 

0.0570. (H) OPC death was evaluated by measuring the percentage of Caspase-3 positive cells 870 
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in each experimental group. Exact p values from left to right: 0.9004; 0.2581; 0.8332. 871 

Comparisons between experimental groups were made by the unpaired t-test. Values are 872 

expressed as mean ± SEM of 4 independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs. 873 

respective controls. 874 

 875 

FIGURE 3: DMT1 KO OPCs do not mature normally. (A) DMT1 floxed OPCs were infected 876 

with lentiviruses expressing both Cre recombinase and GFP (LV-Cre-GFP), and control 877 

lentiviruses expressing the RFP (LV-RFP). (B) Three days after infection, RT-PCR analysis of 878 

DMT1 expression in OPCs was performed using GAPDH as internal standard. (C and D) Three 879 

days after infection, control (LV-RFP) and DMT1KO (LV-Cre-GFP) OPCs were stained with 880 

antibodies against NG2, PDGFr, Olig2, Ki67, CC1, MOG and MBP and the percentage of 881 

positive cells in each experimental condition was examined by confocal microscopy. Exact p 882 

values from left to right: 0.0046; 0.0464; 0.4581; 0.0018; 0.0014; 0.0028; 0.0017. Scale bar = 883 

80μm. (E) Morphological complexity of control (LV-RFP) and DMT1KO (LV-Cre-GFP) cells was 884 

scored in four categories. Exact p values from left to right: 0.0050; 0.0058; 0.0119; 0.0013. (F) 885 

Three days after lentivirus infection, total proteins were collected from primary OPC cultures to 886 

assess the expression of myelin proteins by western blot. GAPDH was used as internal 887 

standard and data from 4 independent experiments are summarized based on the relative spot 888 

intensities. Exact p values from left to right: 0.0420; 0.0121; 0.0046; 0.0016. Comparisons 889 

between experimental groups were made by the unpaired t-test. Values are expressed as mean 890 

± SEM of 4 independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs. respective controls. 891 

 892 

FIGURE 4: Perl’s and Black Gold staining in the NG2-DMT1KO brain. (A and B) Perl’s 893 

staining in representative coronal sections of brain tissue collected from control and NG2-894 

DMT1KO mice at P30. Arrowheads in high magnification insets indicate Perl’s positive cells that 895 

were selected for the analysis. Scale bar = 90μm for A and 70μm for B. (C) The total number of 896 
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Perl’s positive OLs and the average intensity staining per cell was quantified in the central area 897 

of the corpus callosum (CC) and in the cortex (CX) at P30. Additionally, the total number of 898 

Perl’s positive neurons (Neu) and the average intensity staining per cell was quantified in the 899 

motor cortex. Exact p values from left to right: <0.0001; <0.0001; 0.7601; <0.0001; <0.0001; 900 

0.8658. (D) Black Gold II staining in representative coronal sections of brain tissue collected 901 

from control and NG2-DMT1KO mice at P30. Scale bar = 180μm. (E) Black Gold II intensity 902 

staining was quantified in the central area of the corpus callosum (CC), in the cortex (CX) and in 903 

the striatum (ST) at P30. Exact p values from left to right: 0.0066; <0.0001; 0.0022. (F) Total 904 

proteins were collected from the corpus callosum, cortex and olfactory bulb (OB) at P30 to 905 

assess the expression of myelin proteins by western blot. Representative western blots are 906 

shown. GAPDH was used as the internal standard and data from 6 independent experiments 907 

are summarized based on the relative spot intensities and plotted as percent of controls. Exact 908 

p values from left to right: 0.0005; 0.0010; 0.0064; <0.0001; <0.0001; <0.0001; 0.0030; 0.0045; 909 

0.0006. Comparisons between experimental groups were made by the unpaired t-test. Six 910 

brains per experimental condition were analyzed and values are expressed as mean ± SEM. 911 

**p<0.01, ***p<0.001 vs. respective controls. 912 

 913 

FIGURE 5: Expression of myelin proteins in the postnatal NG2-DMT1KO mouse. (A) MBP 914 

and MOG immunostaining in the brains of control and NG2-DMT1KO mice at P30. 915 

Representative brain coronal sections are shown. Scale bar = 180μm. (B and C) Myelin was 916 

quantified by analyzing the integrated fluorescence intensity of MBP and MOG in the central 917 

area of the corpus callosum (CC), the cortex (CX) and in the striatum (ST) at P30 and P60. 918 

Exact p values from left to right: MBP-P30: <0.0001; <0.0001; <0.0001. MOG-P30: 0.025; 919 

0.0001; <0.0001. MBP-P60: 0.0007; 0.0283; 0.0087. MOG-P60: 0.0012; 0.1379; 0.1655. 920 

Comparisons between experimental groups were made by the unpaired t-test. Six brains per 921 

experimental condition were analyzed and values are expressed as mean ± SEM. *p<0.05, 922 
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**p<0.01, ***p<0.001 vs. respective controls. 923 

 924 

 925 

FIGURE 6: Electron microscopy of the NG2-DMT1KO corpus callosum. (A) Electron 926 

micrographs of axons in the corpus callosum of control and NG2-DMT1KO mice at P30. Scale 927 

bar = 8μm upper panel; 2μm lower panel. (B) Scatter plot of g-ratio values of control and NG2-928 

DMT1KO mice at P30. The lines represent the regression equation with 95% confidence 929 

intervals. Control: r2: 0.3351; slope: 0.1242; 1/slope: 8.050; F: 348.3. NG2-DMT1KO: r2: 0.2106; 930 

slope: 0.1126; 1/slope: 8.881; F: 168.3. (C) Mean g-ratio values of control and NG2-DMT1KO 931 

mice at P30. Exact p value: 0.0591. (D) Percentage of myelinated axons of control and NG2-932 

DMT1KO mice at P30. Exact p value: <0.0001. (E) Mean axonal diameter in control and NG2-933 

DMT1KO mice fibers at P30. Exact p value: 0.0532. (F) Distribution of g-ratio values at P30. 934 

Exact p values from left to right: 0.4768; 0.6021; 1,0000; 0.5636; 0.4655. Comparisons between 935 

experimental groups were made by the unpaired t-test. Values are expressed as mean ± SEM. 936 

Four animals per experimental group and 150 fibers per animal were analyzed. ***p<0.001 vs. 937 

control. 938 

 939 

FIGURE 7: Decreased number of mature OLs in the NG2-DMT1KO mouse. (A and C) 940 

Representative coronal sections of control and NG2-DMT1KO brains at P30 immunostained for 941 

Olig2, CC1 and the combination of Olig2/Ki67 and Olig2/Olig1. Scale bar = 180μm. Arrowheads 942 

in high magnification insets indicate examples of double positive cells that were selected for the 943 

analysis. (B and D) The number of Olig2 and CC1 positive cells and the percentage of 944 

Olig2/Ki67 and Olig2/Olig1 double positive cells was quantified in the central area of the corpus 945 

callosum (CC), in the cortex (CX) and in the striatum (ST) at P30 and P60. Exact p values from 946 

left to right: Olig2: 0.2738; 0.2125; 0.0604; 0.8876; 0.3629; 0.2998. CC1: <0.0001; <0.0001; 947 

<0.0001; 0.0023; 0.0003; 0.0005. Olig2/Ki67: 0.0078; 0.0123; 0.6769; 0.3403; 1,0000; 0.5568. 948 
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Olig2/Olig1: <0.0001; 0.0036; 0.2937; 0.5173; 0.6591; 0.1931. Comparisons between 949 

experimental groups were made by the unpaired t-test. Six brains per experimental condition 950 

were analyzed and values are expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. 951 

respective controls. 952 

 953 

FIGURE 8: Myelination in the Sox10-DMT1KO brain. (A) MBP and PLP immunostaining in the 954 

brains of control and Sox10-DMT1KO mice at P15 and P90. Representative brain coronal 955 

sections are shown. Scale bar = 180μm. (B) The integrated fluorescence intensity of MBP and 956 

PLP was quantified in the central area of the corpus callosum (CC) and in the cortex (CX) at 957 

P15, P30 and P90, and plotted as percent of P15 controls. Exact p values from left to right: 958 

MBP-CC: <0.0001; <0.0001; <0.0001. MBP-CX: <0.0001; 0.0002; 0.0001. PLP-CC: <0.0001; 959 

<0.0001; <0.0001. PLP-CX: <0.0001; <0.0001; <0.0001. (C) Representative coronal sections of 960 

control and Sox10-DMT1KO brains immunostained for Olig2 and CC1 at P15. Scale bar = 961 

180μm. (D) The number of Olig2 and CC1 positive cells and the percentage of Olig2/Ki67 and 962 

Olig2/ Caspase-3 double positive cells was quantified in the cortex (CX) at P15, P30 and P90. 963 

Exact p values from left to right: Olig2: <0.0001; <0.0001. Olig2/Ki67: 0.0007; 0.0710. CC1: 964 

<0.0001; <0.0001. Olig2/Caspase3: 0.4736. Comparisons between experimental groups were 965 

made by one-way ANOVA followed by Bonferroni’s multiple comparison test. Six brains per 966 

experimental condition were analyzed and values are expressed as mean ± SEM. **p<0.01, 967 

***p<0.001 vs. respective controls. 968 

 969 

FIGURE 9: Remyelination in the NG2-DMT1KO brain. (A) Representative coronal sections of 970 

brain tissue immunostained for MBP and PLP collected from untreated animals (untreated), 971 

mice treated with cuprizone for 7 weeks (CPZ) and control and NG2-DMT1KO mice after 7 972 

weeks of CPZ treatment (7W CPZ) and at 2 weeks of recovery (2W Rec). Scale bar = 180μm. 973 

(B) Myelin was quantified by analyzing fluorescence intensity of MBP and PLP in the central 974 
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area of the corpus callosum (CC) and in the cortex (CX). Exact p values from left to right: MBP-975 

CC: <0.0001; 0.9709; <0.0001; <0.0001. MBP-CX: <0.0001; 0.5418; 0.0001; <0.0001. PLP-CC: 976 

<0.0001; 0.6892; 0.0002; <0.0001. PLP-CX: <0.0001; 0.6277; <0.0001; <0.0001. (C) Total 977 

proteins were collected from the corpus callosum and olfactory bulb (OB) to assess the 978 

expression of MBP and CNP by western blot. Representative western blots are shown. GAPDH 979 

was used as the internal standard and data from 4 independent experiments are summarized 980 

based on the relative spot intensities and plotted as percent of untreated animals. Exact p 981 

values from left to right: MBP-CC: <0.0001; 0.0014. CNP-CC: <0.0001; 0.0017. MBP-OB: 982 

<0.0001; 0.0002. PLP-OB: <0.0001; 0.0025. Comparisons between experimental groups were 983 

made by one-way ANOVA followed by Bonferroni’s multiple comparison test. Six brains per 984 

experimental condition were analyzed and values are expressed as mean ± SEM. ###p<0.001 985 

vs. untreated; **p<0.01, ***p<0.001 vs. control. 986 

 987 

FIGURE 10: Decreased density of mature OLs during the remyelination of the NG2-988 

DMT1KO brain. (A) Representative coronal sections of brain tissue immunostained for CC1 and 989 

Olig2 collected from cuprizone treated animals (CPZ) and control and NG2-DMT1KO mice at 2 990 

weeks of recovery (2W Rec). Scale bar = 180μm. (B and C) The number of CC1, Olig2 and 991 

Olig2/Ki67 positive cells and the percentage of Olig2/CC1 double positive cells was quantified in 992 

the central area of the corpus callosum (CC), in the cortex (CX) and in the striatum (ST). Exact 993 

p values from left to right: CC1: <0.0001; <0.0001; <0.0001; <0.0001; <0.0001; <0.0001. Olig2: 994 

<0.0001; 0.0040; <0.0001; <0.0001; <0.0001; <0.0001. Olig2/CC1: <0.0001; 0.0332; <0.0001; 995 

0.0049; <0.0001; <0.0001. Olig2/Ki67: 0.0049; 0.4664; 0.0022; 0.0210; <0.0001; 0.0056. 996 

Comparisons between experimental groups were made by one-way ANOVA followed by 997 

Bonferroni’s multiple comparison test. Six brains per experimental condition were analyzed and 998 

values are expressed as mean ± SEM. ###p<0.001 vs. untreated; *p<0.05, **p<0.01, ***p<0.001 999 

vs. control. 1000 
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 1001 

FIGURE 11: Electron microscopy of the NG2-DMT1KO corpus callosum during 1002 

remyelination. (A and C) Electron micrographs of axons in the corpus callosum of untreated 1003 

animals (untreated), mice treated with cuprizone for 7 weeks (CPZ) and control and NG2-1004 

DMT1KO mice at 2 weeks of recovery (2W Rec). Scale bar = 8μm upper panel; 2μm lower panel. 1005 

(B and D) Scatter plot of g-ratio values. The lines represent the regression equation with 95% 1006 

confidence intervals. Untreated: r2: 0.2500; slope: 0.1841; 1/slope: 5.431; F: 257.4. CPZ: r2: 1007 

0.2024; slope: 0.1942; 1/slope: 5.151; F: 146.9. Control: r2: 0.2971; slope: 0.1627; 1/slope: 1008 

6.145; F: 274.7. NG2-DMT1KO: r2: 0.1878; slope: 0.1338; 1/slope: 7.476; F: 142.5. (E) Mean g-1009 

ratio values. Exact p values from left to right: <0.0001; 0.0001. (F) Percentage of myelinated 1010 

axons. Exact p values from left to right: <0.0001; <0.0001. (G) Mean axonal diameter of 1011 

myelinated axons. Exact p values from left to right: 0.0672; 0.8373. Comparisons between 1012 

experimental groups were made by one-way ANOVA followed by Bonferroni’s multiple 1013 

comparison test. Values are expressed as mean ± SEM. Four animals per experimental group 1014 

and 150 fibers per animal were analyzed. ###p<0.001 vs. untreated; ***p<0.001 vs. control. 1015 
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Table I: siRNA target sequences used for DMT1 knockdown. 
 

siRNA target sequences for mouse Slc11a2 
 

siRNA1              AGACAGGUGAAUCGGGCCA 
 

siRNA2              ACAAAUAUGGCUUGCGGAA 
 

siRNA3              GGACCUUUCUGACGAUGAA 
 

siRNA4              GGUUUAAAGUGUAUCGAUA 
 

 



Table II: Sequences of primers used for RT-PCR 
 

 Forward Reverse PCR fragment 
(bp) 

DMT1A 5’ - GTACTCCTCTGCATATATAGAGG 5’ - CTAGGTAGGCAATGCTCATAAGAAAGCCAGG 405 
DMT1B 5’ - CAATCACGGGAGGGCAGGAG 5’ - CTAGGTAGGCAATGCTCATAAGAAAGCCAGG 385 

DMT1 +IRE 5’ - CTGCTGAGCGAAGATACCAG 5’ - CTCAGGAGCTTAGGTCAGAAG 351 
DMT1 -IRE 5’ - CGCCCAGATTTTACACAGTG 5’ - AAGCTTCACTACCTGCACAC 350 

DMT1 floxed 5’ - CTCCCACATTCCACTGGAGAC 5’ - TGCTTCAGCAAAGACGGACA WT 858 
KO 612 

 


























