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The Divalent Metal Transporter 1 (DMT1) Is Required for
Iron Uptake and Normal Development of Oligodendrocyte
Progenitor Cells
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The divalent metal transporter 1 (DMT1) is a multimetal transporter with a primary role in iron transport. Although DMT1 has been
described previously in the CNS, nothing was known about the role of this metal transporter in oligodendrocyte maturation and myeli-
nation. To determine whether DMT1 is required for oligodendrocyte progenitor cell (OPC) maturation, we used siRNAs and the Cre-lox
system to knock down/knock out DMT1 expression in vitro as well as in vivo. Blocking DMT1 synthesis in primary cultures of OPCs
reduced oligodendrocyte iron uptake and significantly delayed OPC development. In vivo, a significant hypomyelination was found in
DMT1 conditional knock-out mice in which DMT1 was postnatally deleted in NG2- or Sox10-positive OPCs. The brain of DMT1 knock-out
animals presented a decrease in the expression levels of myelin proteins and a substantial reduction in the percentage of myelinated
axons. This reduced postnatal myelination was accompanied by a decrease in the number of myelinating oligodendrocytes and a rise in
proliferating OPCs. Furthermore, using the cuprizone model of demyelination, we established that DMT1 deletion in NG2-positive OPCs
lead to less efficient remyelination of the adult brain. These results indicate that DMT1 is vital for OPC maturation and for the normal
myelination of the mouse brain.
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Introduction
In rodents, myelination takes place during early postnatal life.
This process requires that oligodendrocyte precursor cells (OPCs)

experiment phenotypic changes to accomplish a maturation pro-
gram that finally yields mature myelinating oligodendrocytes
(OLs). Iron is an essential trophic factor that is required for oxy-
gen consumption and ATP production. Thus, it plays a key role in
vital cell functions. Experiments in primary cultures of OPCs
show that iron can regulate OL proliferation and differentiation
(Morath and Mayer-Pröschel, 2001). The importance of iron in
myelin production and maintenance has been demonstrated by
several studies showing that decreased availability of iron in the
diet is associated with hypomyelination in animal models as well
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Significance Statement

To determine whether divalent metal transporter 1 (DMT1), a multimetal transporter with a primary role in iron transport, is
essential for oligodendrocyte development, we created two conditional knock-out mice in which DMT1 was postnatally deleted in
NG2- or Sox10-positive oligodendrocyte progenitor cells (OPCs). We have established that DMT1 is necessary for normal OPC
maturation and is required for an efficient remyelination of the adult brain. Since iron accumulation by OPCs is indispensable for
myelination, understanding the iron incorporation mechanism as well as the molecules involved is critical to design new thera-
peutic approaches to intervene in diseases in which the myelin sheath is damaged or lost.
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as in humans (Larkin and Rao, 1990; Connor, 1994; Roncagliolo
et al., 1998; Algarín et al., 2003; Beard et al., 2003; Ortiz et al.,
2004). For example, postnatal iron deficiency in rats significantly
alters the production and composition of myelin (Ortiz et al.,
2004; Badaracco et al., 2008) and strongly affects OL maturation
(Rosato-Siri et al., 2010). In humans, the most common neuro-
logical signs of iron deficiency include decreased cognitive abili-
ties and behavior problems (Grantham-McGregor and Ani,
2001). Several studies have shown that these clinical outcomes in
iron-deficient humans can be traced to hypomyelination (Oski et
al., 1983). Importantly, these neurological sequelae persist even
after iron supplementation (Beard, 2007).

Iron accumulation by OLs is an early event in the develop-
ment of these cells; however, how OPCs incorporate and store
iron is not completely understood. Hill and Switzer (1984) dem-
onstrated that physiological iron accumulation occurs in the
CNS almost exclusively in OLs and thus OLs stained for iron
more robustly that any other cell in the normal adult brain (Ben-
kovic and Connor, 1993; Connor and Menzies, 1995; Connor et
al., 1995). In iron-enriched brain areas such as the cerebellar
nuclei and the striatum, the principal cells that stain for iron are
OLs (Dwork et al., 1988; Benkovic and Connor, 1993; Todorich
et al., 2009).

The divalent metal transporter 1 (DMT1) is an H�-driven
metal transporter with a principal role in iron transport, and is
responsible for iron uptake from the gut and transport from en-
dosomes (Gruenheid et al., 1995; Veuthey and Wessling-Resnick,
2014). Although DMT1 has been previously described in the
CNS, nothing is known about the function of DMT1 in OL mat-
uration and myelination (Rouault, 2013). In the brain, DMT1
expression was found in neurons in the striatum, cerebellum, and
thalamus (Skjørringe et al., 2015). The staining in the ependymal
cells and endothelial cells suggests that DMT1 has an important
role in iron transport into the brain (Skjørringe et al., 2015).
DMT1 is also highly expressed by astrocytes in vitro as well as in
vivo (Erikson and Aschner, 2006; Song et al., 2007), by microglial
cells (Zhang et al., 2014) and by Schwann cells in the peripheral
nervous system (Vivot et al., 2013). Likewise, DMT1 was found in
OLs and the staining pattern was similar to transferrin in the
subcortical white matter (Burdo et al., 2001). This staining pat-
tern was consistent with in situ hybridization studies indicating
that DMT1 is expressed by OLs in the white matter of adult rats
(Burdo et al., 2001). Since iron is essential for brain metabolic
processes, elucidating the mechanisms of OL iron metabolism is
critical for understanding the role of iron in brain development,
and particularly in myelination. Results from this study indicate
that DMT1 is essential for OL maturation and myelination. We
showed that DMT1 knockdown/knockout (KO) reduces iron up-
take and prevents OPC maturation and myelin production in
vitro as well as in vivo.

Materials and Methods
Transgenic mice. All animals used in the present study were housed in the
UB Division of Laboratory Animal Medicine vivarium, and procedures
were approved by UB’s Animal Care and Use Committee, and conducted
in accordance with the guidelines in “Guide for the Care and Use of
Laboratory Animals” from the National Institutes of Health. The
heterozygous floxed DMT1 mice (catalog #017789; RRID:IMSR_JAX:
017789) and the NG2CreER transgenic line Tg(Cspg4-cre/Esr1*)BAkik
(catalog #008538; RRID:IMSR_JAX:008538) were obtained from the The
Jackson Laboratory. The Sox10CreER T2 transgenic mouse was obtained
from Dr. Pachnis V. (University College London, London, UK) and was
maintained as heterozygous (Laranjeira et al., 2011; Tripathi et al., 2011).
Experimental animals were generated in our laboratory by crossing the

heterozygous floxed DMT1 line with the hemizygous NG2CreER or
Sox10CreER T2 transgenic lines. For all the experiments presented in this
work, mice of either sex were used.

Mice treatments. To delete DMT1 in NG2-positive OPCs, Cre activity
was induced starting at postnatal day 10 (P10). P10 NG2-DMT1 KO

(DMT1f/f, NG2CreCre/ �) and control (Cre-negative) littermates (DMT1f/f,
NG2Cre� / �) were intraperitoneally injected once a day for 5 consecutive
days with 50 mg/kg tamoxifen (Sigma-Aldrich), and brain tissue was col-
lected at P30 and P60. To delete DMT1 in Sox10-positive OPCs, P2 Sox10-
DMT1KO (DMT1f/f, Sox10CreCre/ �) and control (Cre negative) littermates
(DMT1f/f, Sox10Cre� / �) were injected intraperitoneally once a day for 5
consecutive days with 25 mg/kg tamoxifen, and brain tissue was col-
lected at P15 and P30. Furthermore, P60 Sox10-DMT1 KO and control
littermates were injected intraperitoneally once a day for 5 consecu-
tive days with 100 mg/kg tamoxifen, and brain tissue was collected at
P90. A 20 mg/ml tamoxifen stock solution was prepared by dissolving
and sonicating tamoxifen in 19:1 autoclaved vegetable oil/ethanol.
We have found that five consecutive tamoxifen injections starting at
P2 in mice double transgenic for Sox10CreER T2 and the Cre reporter
B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (catalog #007909, The
Jackson Laboratory; RRID:IMSR_JAX:007909) revealed recombination ac-
tivity in �90% of callosal and cortical OL transcription factor 2 (Olig2)-
positive cells at P15 and P30 (data not shown). In this mouse line, 25 mg/kg
tamoxifen per injection was the highest nontoxic dose for P2 pups. On the
other hand, the maximum level of recombination in the NG2CreER line
(�80% of Olig2-positive cells) was achieved injecting P10 animals with five
consecutive tamoxifen injections of 50 mg/kg (Cheli et al., 2016). For remy-
elination studies, P60 NG2-DMT1KO (DMT1f/f, NG2CreCre/ �) and control
(Cre negative) littermates (DMT1f/f, NG2Cre� / �) were fed pellet chow
containing 0.2% cuprizone (CPZ; Teklad-Envigo) for 7 weeks and were
injected with 100 mg/kg tamoxifen every other day during the last week of
the cuprizone treatment and through the first week of recovery as was de-
scribed in the study by Santiago González et al. (2017). Additionally, a group
of control (DMT1f/f, NG2Cre� / �) mice was maintained on a diet of normal
pellet chow.

Primary cultures of cortical OPCs. Primary cultures of cortical OPCs
were prepared as described by Amur-Umarjee et al. (1993). First, cerebral
hemispheres from 1-d-old mice were mechanically dissociated and were
plated on poly-D-lysine-coated flasks in DMEM/F12 (1:1, v/v; Invitro-
gen), supplemented with 10% fetal bovine serum (FBS; Life Technolo-
gies). After 4 h, the medium was changed, and the cells were grown in
DMEM/F12 supplemented with insulin (5 �g/ml), apo-transferrin (Tf;
50 �g/ml), sodium selenite (30 nM), D-Biotin (10 mM), and 10% FBS (Life
Technologies). Two-thirds of the culture media was changed every 3 d.
After 14 d, OPCs were purified from the mixed glial culture by the dif-
ferential shaking and adhesion procedure of Suzumura et al. (1984) and
allowed to grow on poly-D-lysine-coated coverslips in DMEM/F12 sup-
plemented with insulin (5 �g/ml), apo-transferrin (50 �g/ml), sodium
selenite (30 nM), 0.1% BSA, progesterone (0.06 ng/ml), and putrescine
(16 �g/ml; Sigma-Aldrich). OPCs were kept in mitogens, PDGF and
bFGF (20 ng/ml; Peprotech), for 2 d and then induced to differentiate by
mitogen withdrawal and T3 (15 nM) addition. Because of the inherent
variability in cell growth from culture to culture, quadruplicate cultures
were prepared. Since the size of the litter significantly affects the devel-
opment of a pup, litters with �5 or �10 pups were not used.

small interfering RNA knockdown of DMT1. OPCs were transiently
transfected with a combination of four different small interfering RNA
(siRNA) duplexes (ON-TARGETplus SMARTpool siRNAs, Thermo
Fisher Scientific) specific for DMT1 (Table 1, siRNA target sequences).
Briefly, 6 pmol of each siRNA duplex were mixed with Lipofectamine

Table 1. siRNA target sequences used for DMT1 knockdown

siRNA target sequences for mouse Slc11a2

siRNA1 AGACAGGUGAAUCGGGCCA
siRNA2 ACAAAUAUGGCUUGCGGAA
siRNA3 GGACCUUUCUGACGAUGAA
siRNA4 GGUUUAAAGUGUAUCGAUA
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RNAiMAX (Life Technologies), and the mixture was added to 35 mm
Petri dishes or coverslips containing �80% confluent OPCs 24 h after
plating. After transfection, OPCs were further cultured for 24 h in de-
fined culture media plus PDGF (20 ng/ml) and bFGF (20 ng/ml), and
then the cells were switched to a mitogen-free medium to induce differ-
entiation. Control cells were transfected with scrambled siRNAs, and
some OPCs were treated with fluorescein-labeled dsRNA oligomers
(BLOCK-iT Fluorescent Oligos, Life Technologies) to determine siRNA
transfection efficiency.

Lentivirus-mediated Cre deletion of floxed DMT1. Primary cultures of
cortical OPCs were prepared from homozygous floxed DMT1 mice, as
described above. DMT1-floxed OPCs were infected with lentiviruses
expressing both Cre recombinase and GFP and control lentiviruses ex-
pressing the RFP (Cellomics Technology). Lentivirus infections were
performed 24 h after plating, 8 multiplicities of infection were added to
24-well dishes containing �80% confluent OPCs. OLs were infected for
12 h with a reduced volume of culture medium containing the virus at the
appropriate concentration. After infection, OPCs were further cultured
for 24 h in defined culture media plus PDGF and bFGF (20 ng/ml), and
then the cells were switched to a mitogen-free medium to induce
differentiation.

Immunocytochemistry. Cells were stained with antibodies against sev-
eral OL stage-specific markers following the protocol outlined in Cheli et
al. (2016). Fluorescent images were obtained using a spinning disc con-
focal microscope (model IX83-DSU, Olympus). Quantitative analysis of
the results was performed counting the antigen-positive and DAPI-
positive cells (total number of cells) in 20 randomly selected fields per
coverslip, which resulted in counts of �2000 cells. For all experimental
conditions, four coverslips per culture were analyzed, and the data
represent pooled results from at least four independent cultures. Cell
counting was performed semiautomatically and blind to the genotype
of the sample by MetaMorph software (Molecular Devices; RRID:
SCR_002368). The primary antibodies used for immunocytochemistry
were against the following: caspase-3 (mouse; 1:200; Cell Signaling Tech-
nology; RRID:AB_2341188); CC1 (mouse; 1:300; Calbiochem; RRID:
AB_2057371); DMT1 (rabbit; 1:500; Abcam; RRID:AB_10971807); Ki67
(rabbit; 1:250; Abcam; RRID:AB_443209); Ki67 (mouse; 1:250; BD Bio-
sciences; RRID:AB_396287); MBP (mouse; 1:1000; Covance; RRID:
AB_510039); myelin OL glycoprotein (MOG; mouse; 1:200; Millipore;
RRID:AB_1587278); NG2 (rabbit; 1:400; Millipore; RRID:AB_91789);
Olig2 (mouse and rabbit; 1:500; Millipore; RRID:AB_570666 and RRID:
AB_10807410, respectively); PDGF receptor (PDGFr; mouse; 1:200;
Millipore; RRID:AB_2283679); phospho-histone H3 (rabbit; 1:500; Mil-
lipore; RRID:AB_310177); and Tf receptor 1 (Tfr1; mouse; 1:500; Life
Technologies; RRID:AB_2533029).

Western blot. Protein samples were extracted using lysis buffer, as de-
scribed in the study by Santiago González et al. (2017). Twenty micro-
grams of proteins were separated with Invitrogen Novex NuPAGE
4 –12% Bis-Tris Protein Gels (Thermo Fisher Scientific) and electroblot-
ted onto PDVF membranes. Membranes were blocked overnight at 4°C
with 5% nonfat milk and 0.1% Tween-20 in PBS. Primary antibodies
were diluted with the blocking solution, and membranes were incu-
bated for 3 h at room temperature with agitation. Protein bands were
detected by chemiluminescence using an ECL kit (GE Healthcare)
with horseradish peroxidase-conjugated secondary antibodies (GE
Healthcare; RRID:AB_772206 and RRID:AB_772210) and scanned
with a C-Digit Bot Scanner (LI-COR). Protein bands were quantified
using the Image Studio Software (LI-COR; RRID:SCR_014211). Data
represent pooled results from at least six independent experiments.

The following primary antibodies were used: cyclic nucleotide phos-
phodiesterase (CNP; 1:1000; Neo-Markes; RRID:AB_61312); DMT1
(rabbit; 1:500; Abcam; RRID:AB_10971807); GAPDH (mouse; 1:10,000;
Genetex; RRID:AB_11174761); MBP (mouse; 1:1000; Covance; RRID:
AB_510039); MOG (mouse; 1:1000; Millipore; RRID:AB_1587278); and
proteolipid protein (PLP; rat; 1:500; AA3-PLP/DM20, RRID:AB_2341144)
and �-actin (mouse; 1:10,000; Sigma-Aldrich; RRID:AB_476744).

RT-PCR. Total RNA was isolated using TRIzol reagent (Thermo
Fisher Scientific). RNA content was estimated by measuring the absor-
bance at 260 nm, and the purity was assessed by measuring the ratio of
absorbance: 260/280 nm. PCR primers for DMT1 isoforms were de-
signed based on published sequences by Hubert and Hentze (2002; Table
2 for primer sequences). First-strand cDNA was prepared from 1 �g of
total RNA using SuperScript III RNase H Reverse Transcriptase (Thermo
Fisher Scientific) and 1 �g of oligo(dT). The mRNA samples were dena-
turized at 65°C for 5 min. Reverse transcription was performed at 50°C
for 55 min and was stopped by heating the samples at 85°C for 5 min. The
cDNA was amplified by PCR using the DMT1 isoform-specific primers
and PCR Platinum Supermix Reagent (Thermo Fisher Scientific). PCR
conditions were as follows: 94°C for 2 min, 40 cycles of 94°C for 30 s, and
58°C for 30 s followed by 72°C for 2 min. After 40 cycles, samples were
incubated at 72°C for 5 min. The PCR products were visualized on an
SYBR Safe-stained agarose gel, and the bands were digitized using a Gel
Doc EZ System (Bio-Rad). Data represent pooled results from at least
four independent experiments.

Colorimetric iron assay. The Quantichrom Iron Assay Kit (BioAssay
Systems) was used to measure total cellular iron. Briefly, 50 �l of samples
containing 1 � 10 6 cells were mixed with 200 �l of Quantichrom work-
ing reagent in a 96-well plate and were incubated at room temperature
for 40 min. The optical density (OD) at 590 nm was measured by a
microplate reader. The OD against standard iron concentrations were
plotted by subtracting blank (water) OD from the standard OD values,
and the slope of the data plot then was determined using liner regression
fitting. The total protein concentration was estimated using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Data represent pooled
results from at least four independent experiments.

MTT assay. The MTT survival assay was performed as described by
Mosmann (1983). The sterile solution of MTT (Thermo Fisher Scien-
tific) was added to all wells, and the microplate was incubated at 37°C for
45 min. The reaction was stopped by the addition of SDS, and the prod-
uct was quantified by spectrophotometry at 570 nm. Data represent
pooled results from at least four independent experiments.

Immunohistochemistry. All animals were anesthetized with isoflurane
and then perfused with 4% of paraformaldehyde in PBS via the left ven-
tricle. The brains were postfixed overnight in the same fixative solution at
4°C. Coronal brain slices that were 50 �m thick were obtained using a
vibratome (VT1000-S, Leica Biosystems). Free-floating vibratome sec-
tions were incubated in a blocking solution (2% normal goat serum and
1% Triton X-100 in PBS) for 2 h at room temperature and then were
incubated with the primary antibody overnight at 4°C. Sections were
then rinsed in PBS and incubated with Cy3- or Cy5-conjugated second-
ary antibodies (1:400; Jackson ImmunoResearch) for 2 h at room tem-
perature followed by a counterstain with the nuclear dye DAPI (Thermo
Fisher Scientific). After washing, the sections were mounted on to Super-
frost Plus Slides (Thermo Fisher Scientific) using coverslips and mount-
ing medium (Aquamount; Thermo Fisher Scientific). The primary
antibodies used in the present study were against the following: caspase-3
(mouse; 1:200; Cell Signaling Technology; RRID:AB_2341188); CC1
(mouse; 1:300; Calbiochem; RRID:AB_2057371); Ki67 (rabbit; 1:250;

Table 2. 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
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Abcam; RRID:AB_443209); Ki67 (mouse; 1:250; BD Biosciences; RRID:
AB_396287); MBP (mouse; 1:1000; Covance; RRID:AB_510039); MOG
(mouse; 1:200; Millipore; RRID:AB_1587278); Olig1 (mouse; 1:500;
Millipore; RRID:AB_92198); Olig2 (mouse and rabbit; 1:500; Millipore;
RRID:AB_570666 and RRID:AB_10807410); PLP (rat; 1:50; AA3-PLP/
DM20; RRID:AB_2341144); and Sox2 (rabbit; 1:200; Millipore;
RRID:AB_2286686).

The staining intensity for myelin proteins as well as the number of
positive cells was assessed in the central area of the corpus callosum,
between the midline and below the apex of the cingulum (0.6 mm 2), in
the motor and cingulate cortex, including the motor cortex (M1), M2,
Cg1, and Cg2 (0.6 mm 2; Franklin and Paxinos, 2008, their Fig. 24), and in
the dorsal/caudal striatum, immediately underneath the corpus callosum
(0.6 mm 2). The integrated fluorescence intensity was calculated as the
product of the area and mean pixel intensity using MetaMorph software
(Molecular Devices; RRID:SCR_002368). For all experiments involving
the quantification of positive cells and fluorescent intensity in tissue
sections, data represent pooled results from at least six brains per exper-
imental group. Seven slices per brain (50 �m each) were used, and quan-
tification was performed blind to the genotype of the sample using an
unbiased stereological sampling method.

Black-Gold II myelin staining. Black Gold II staining was performed as
described by Cheli et al. (2016). Briefly, paraformaldehyde-fixed brain
sections of 50 �m were mounted onto Superfrost Plus slide (Thermo
Fisher Scientific). Coronal brain slices were initially air dried and then
rehydrated and transferred to a lukewarm 0.3% Black Gold II solution
(Millipore). After color development (�10 min), the slides were rinsed
with a 1% sodium thiosulfate solution at 60°C, dehydrated, and mounted
with Permount. The integrated staining intensity in the corpus callosum,
striatum, and cortex was assessed by MetaMorph Software (Molecular
Devices; RRID:SCR_002368). The staining intensity in control mice was
given the arbitrary value of 100, and the staining intensity in DMT1 KO

mice was determined as a percentage of that in control mice. Seven slices
per brain were used, and the data represent pooled results from at least six
brains per experimental group.

Perl’s histochemistry. Enhanced Perl’s histochemistry was performed as
described previously by Meguro et al. (2007) with slight variations.
Briefly, 20 �m coronal brain sections were incubated with 1% H2O2 in
methanol for 15 min and then with 2% potassium ferrocyanide, pH 1.0,
overnight (Iron Stain Kit, Sigma-Aldrich). The reaction was enhanced
for 30 min with 0.025% 3,3�-diaminobenzidine-4 Hl, 0.05% H2O2, and
0.005% CoCl2 in 0.1 M PB. Finally, sections were dehydrated and
mounted with Permount. The number of positive OLs and the integrated
staining intensity per cell was assessed by MetaMorph software (Molec-
ular Devices; RRID:SCR_002368) in the central area of the corpus callo-
sum, between the midline and below the apex of the cingulum (0.6 mm 2)
and in the motor and cingulate cortex including M1, M2, Cg1, and Cg2
(0.6 mm 2; Franklin and Paxinos, 2008, their Fig. 24). Moreover, the
integrated staining intensity in neurons was assessed in the M1, including
all cortical layers (Franklin and Paxinos, 2008, their Fig. 24), in the globus
pallidus (Franklin and Paxinos, 2008, their Fig. 42), and in the substantia
nigra (Franklin and Paxinos, 2008, their Fig. 52). Seven slices per brain
were used, and data represent pooled results from at least six brains per
experimental group.

Electron microscopy. Mouse brains were perfused transcardially with
3% paraformaldehyde and 1% glutaraldehyde. The body of the cor-
pus callosum at the anterior-dorsal level of the hippocampus was
dissected and resin was embedded. Thin sections were stained with
uranyl acetate and lead citrate, and photographed with an FEI Tecnai
F20 Transmission Electron Microscope (Thermo Fisher Scientific), as
previously described (Cheli et al., 2016). For g-ratio (ratio of the inner
axonal diameter to the total outer diameter) measurements, at least
150 fibers per animal were analyzed. The percentage of myelinated
axons was determined in 10 randomly selected fields per sample,
which resulted in counts of �1000 axons. The g-ratio and the per-
centage of myelinated axons were determined semiautomatically and
were blind to the genotype of the sample using MetaMorph Software
(Molecular Devices; RRID:SCR_002368). For all experimental condi-
tions, data represent pooled results from at least four mice.

Experimental design and statistical analysis. All datasets were tested for
normal distribution using Kolmogorov–Smirnov tests. Single between-
group comparisons were made by the unpaired t test (Student’s t test),
using a confidence interval of 95%. Multiple comparisons were investi-
gated by one-way ANOVA followed by Bonferroni’s multiple-
comparison tests to detect pairwise between-group differences. For the
analysis of g-ratio scatter plots, simple linear regression with a confidence
interval of 95% was used. All statistical tests were performed in GraphPad
Prism (GraphPad Software; RRID:SCR_002798). A fixed value of p �
0.05 for a one-tailed test was the criterion for reliable differences between
groups. Data are presented as the mean 	 SEM. No data points were
excluded from this study. To minimize bias, the quantification and anal-
ysis of all the experiments described in this work were performed by two
independent investigators, who were both blinded to the sample geno-
type. The genotype of the sample was coded and determined by a tech-
nician, who provided the genotype after the statistical analysis was
complete. Based on previous studies, power calculations, and the fact
that all comparisons were made between animals with the same genetic
background, we compare at least six mice for each genotype for all the
morphological and biochemical endpoints. To date, we have not en-
countered any difference in OL development, myelination, or remyeli-
nation attributable to mouse gender, and thus both sexes were used.
Details regarding the number of cells, the specific brain areas and the
number of brain slices analyzed can be found in the individual assay
descriptions. Complete results of the statistical analyses, including exact
p values are included in the figure legends.

Results
DMT1 is upregulated during OL maturation in vitro
Initially, we examined the expression of DMT1 in cultured OLs at
different developmental stages. OPCs were obtained from the
brain cortices of P1–P2 mice and were kept under proliferative
conditions in the presence of PDGF and bFGF. After 2 d in vitro
(DIV), OPCs were induced to exit from the cell cycle and differ-
entiate by switching the cells to a mitogen-free medium and the
addition of T3 (Fig. 1A). To analyze DMT1 expression in OPCs
and mature OLs, RT-PCR experiments using DMT1-specific
primers were performed at 2 and 4 DIV. Four DMT1 isoforms,
were reported in mammals, this includes two N-terminal variants
having alternative exon 1 (exons 1A and 1B; Hubert and Hentze,
2002) and two C-terminal alternatives with and without an iron-
responsive element (IRE; Fleming et al., 1998; Lee et al., 1998).
We found that only DMT1B was present in cortical OLs; DMT1A
was not detected in either immature or mature OLs (Fig. 1B).
Moreover, only mature OLs transcribe DMT1 mRNAs contain-
ing an IRE (Fig. 1B). Furthermore, Western blot experiments
showed that DMT1 synthesis increases dramatically when OPCs
are induced to mature by growth factor withdrawal and the ad-
dition of T3 (Fig. 1C). Using confocal analysis, we found DMT1
expression throughout the cell body, nucleus, and processes of
OPCs cultivated for 2 DIV in the presence of PDGF and bFGF
(Fig. 1D). DMT1 fluorescence was predominantly concen-
trated in the cell nucleus and in multiple high-intensity
patches along the cell processes where it colocalized partially
with the Tfr (Fig. 1D).

DMT1 knockdown/knockout delays OL maturation in vitro
To assess the role of DMT1 on OPC differentiation, we knocked
down the expression of DMT1 in primary cultures of cortical
OPCs. OPCs were transfected with a combination of four differ-
ent small interfering RNA duplexes specific for DMT1 (siDMT1).
siRNAs were selected to target four distinct DMT1 mRNA re-
gions to enhance silencing (Table 1). Scrambled siRNAs were
used for sequence-independent effects in all the siRNA experi-
ments performed. To determine transfection efficiency, OPCs
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were treated with fluorescein-labeled dsRNA oligomers. We
found that �90% of the OPCs displayed siRNA fluorescent sig-
nals at different time-points after transfection (Fig. 2A). Figure
2B shows a representative RT-PCR and Western blot demon-
strating that DMT1 siRNA decreased DMT1 mRNAs and pro-
teins in OPCs 3 d after transfection. Figure 2E shows the effect of
DMT1 siRNAs on OPC iron uptake. As time passes in culture,
control cells showed a continuous increase in iron accumulation,
which correlates with the expression of DMT1 in these cells (Fig.
2E). No differences between genotypes were found at 1 or 2 DIV,
but during the maturation phase of our culture protocol (3 and 4
DIV) siDMT1 transfected OPCs displayed lower iron acquisition
than control cells (Fig. 2E).

After mitogen removal, our data show that the morphological
differentiation as well as the expression of mature OL markers
was significantly inhibited in DMT1-deficient OPCs (Fig.
2C,D,F). Two days after mitogen withdrawal, DMT1 siRNAs

induced a decrease in the percentage of OLs expressing myelin
proteins such as MOG and MBP, and an increase in the number
of immature OPCs positive for NG2 and PDGF receptor � (Fig.
2C,D). In addition, the percentage of positive cells for the mature
OL marker CC1 was significantly reduced in siDMT1-transfected
cultures (Fig. 2C,D). Furthermore, the average number of prolif-
erating cells (Ki67 and phospho-histone-H3-positive cells) in the
siDMT1-transfected cultures was significantly higher than that of
the control group (Fig. 2C,D). OL morphology was also evaluated
3 d after siDMT1 transfection. Individual MBP-positive cells
were scored according to their morphological complexity in four
different categories, according to the number of primary and
secondary processes, the presence of MBP-positive sheets, and
the total size of the cell (Sperber and McMorris, 2001). Suggesting
a delay in OPC morphological maturation, a significant decrease
in the percentage of cells with medium, medium-high, and high
morphology, and a sharp increase in the percentage of cells with

Figure 1. DMT1 expression in cultured OLs. A, OPCs were cultured for 2 DIV in defined culture media plus PDGF and bFGF and then induced to mature by mitogen removal and T3 addition.
B, RT-PCR analysis of DMT1 expression at 2 and 4 DIV. Specific primers were designed to identify DMT1 isoforms A and B and DMT1 mRNAs with and without an IRE (Table 2); GAPDH was used as
internal standard. C, Western blot study of DMT1 at different time-points in vitro, �-actin and GAPDH were used as internal standards. D, OPCs were costained with antibodies against DMT1 and the
Tfr at 2 DIV. Higher-magnification pictures of the boxed area in a are showed in b. Scale bars: a, 40 �m; b, 20 �m.
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Figure 2. DMT1 knockdown blocks OPC maturation. OPCs were transfected with four siDMT1s and grown as described in Figure 1. A, OPCs were treated with fluorescein-labeled dsRNA oligomers
to determine siRNA transfection efficiency. B, Three days after siRNA transfection, semiquantitative RT-PCR and Western blot analysis of DMT1 expression in OPCs was performed using �-actin as
an internal standard. C, D, Three days after siDMT1 transfection, OPCs were stained with antibodies against NG2, PDGFr, Ki67, P-Histone H3, CC1, MOG, and MBP, and the percentage of positive cells
in each experimental condition was examined by confocal microscopy. Exact p values from left to right: �0.0001; �0.0001; �0.0001; �0.0001; 0.0012; �0.0001; �0.0001. Scale bar, 80 �m.
E, Total iron content was examined in control and siDMT1-transfected OPCs using a colorimetric iron assay. Exact p values: 3 DIV, 0.0246; 4 DIV, 0.0049. F, Morphological complexity of MBP-positive
cells was scored in four categories. Exact p values from left to right: 0.0042; 0.0073; �0.0001; 0.0005. G, Evaluation of OPCs viability and the proliferation by the MTT assay at different time-points
after siDMT1 transfection. Exact p values from left to right: 0.9547; 0.4954; 0.0570. H, OPC death was evaluated by measuring the percentage of caspase-3-positive cells in each experimental group.
Exact p values from left to right: 0.9004; 0.2581; 0.8332. Comparisons between experimental groups were made by the unpaired t test. Values are expressed as the mean 	 SEM of four independent
experiments. *p � 0.05, **p � 0.01, ***p � 0.001 vs respective controls.
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low complexity were found in siDMT1-transfected cultures (Fig.
2F). Importantly, no changes in OPC metabolic activity due to
variations in cell viability/proliferation (MTT assay) or apoptotic
cell death (caspase-3-positive cells) were detected (Fig. 2G,H).

Similar results were found in primary cultures of DMT1-
floxed OPCs infected with lentivirus expressing Cre-recombinase
(Fig. 3). In the floxed mutant DMT1 line (Gunshin et al., 2005;
Carlson et al., 2009), exons 6 to 8 of the wild-type DMT1 gene
(Slc11a2) were flanked with loxP sites, and, thus, exons 6 – 8 are
eliminated when Cre-recombinase is present. The removal of
exons 6 – 8 leads to a truncated, nonfunctional DMT1 protein
(Gunshin et al., 2005; Carlson et al., 2009). Homozygous
DMT1-floxed OPCs were infected with lentiviruses expressing
Cre-recombinase and GFP (LV-Cre-GFP) as well as control len-
tiviruses expressing only the RFP (LV-RFP). Three days after
infection, �95% of the cells were positive for GFP or RFP (Fig.
3A), and RT-PCR experiments showed high recombination effi-
ciency in Cre-expressing OLs (Fig. 3B). In agreement with the
siRNA knock-down experiments, DMT1 KO OLs displayed an
immature morphology and lower levels of mature OL markers,
and proliferate more than control OPCs at 4 DIV (Fig. 3C–E). In
contrast, OPCs infected with the control lentivirus showed nor-
mal levels of proliferation and morphological changes, which is

characteristic of mature OLs (Fig. 3C–E). These data were con-
firmed by Western blots in which we found decreased DMT1 and
myelin protein expression in DMT1 KO OLs (Fig. 3F). Overall,
these results suggest that DMT1 expression is crucial for cortical
OPC maturation in vitro. OLs lacking DMT1 exhibited a simple,
less developed morphology and displayed lower levels of iron
uptake and myelin protein expression than control cells. Further-
more, in agreement with a maturational interruption, DMT1-
deficient OPCs showed higher proliferation rates than normal
cells after mitogen removal.

DMT1 is necessary for normal OL maturation and
myelination in vivo
To determine whether DMT1 is required for OPC development
in vivo, a conditional knock-out mouse for DMT1 in OPCs was
generated by cross-breeding the floxed mutant DMT1 mouse
(Gunshin et al., 2005; Carlson et al., 2009) with the NG2CreER
transgenic line (Zhu et al., 2011). Floxed DMT1 mice were suc-
cessfully used to generate a conditional knock-out mouse in
which DMT1 was postnatally deleted in hippocampal neurons
(Carlson et al., 2009). NG2CreER transgenic mice express a
tamoxifen-inducible Cre recombinase under the control of the
mouse NG2 (Cspg4 ) promoter/enhancer, which restricts Cre

Figure 3. DMT1 KO OPCs do not mature normally. A, DMT1-floxed OPCs were infected with lentiviruses expressing both Cre recombinase and GFP (LV-Cre-GFP), and control lentiviruses expressing
the RFP (LV-RFP). B, Three days after infection, RT-PCR analysis of DMT1 expression in OPCs was performed using GAPDH as an internal standard. C, D, Three days after infection, control (LV-RFP) and
DMT1 KO (LV-Cre-GFP) OPCs were stained with antibodies against NG2, PDGFr, Olig2, Ki67, CC1, MOG, and MBP, and the percentage of positive cells in each experimental condition was examined by
confocal microscopy. Exact p values from left to right: 0.0046; 0.0464; 0.4581; 0.0018; 0.0014; 0.0028; 0.0017. Scale bar, 80 �m. E, Morphological complexity of control (LV-RFP) and DMT1 KO

(LV-Cre-GFP) cells was scored in four categories. Exact p values from left to right: 0.0050; 0.0058; 0.0119; 0.0013. F, Three days after lentivirus infection, total proteins were collected from primary
OPC cultures to assess the expression of myelin proteins by Western blot. GAPDH was used as an internal standard, and data from four independent experiments are summarized based on the relative
spot intensities. Exact p values from left to right: 0.0420; 0.0121; 0.0046; 0.0016. Comparisons between experimental groups were made by the unpaired t test. Values are expressed as the mean 	
SEM of four independent experiments. *p � 0.05, **p � 0.01, ***p � 0.001 vs respective controls.
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expression to OPCs (Zhu et al., 2011; Cheli et al., 2016). To
delete DMT1 in NG2-positive OPCs, Cre activity was induced
starting at P10 by intraperitoneal injection of tamoxifen.
DMT1 conditional knock-out mice (NG2-DMT1KO; DMT1f/f,
NG2CreERCre/�) and control (Cre negative) littermates (DMT1 f/f,
NG2CreER�/�) were injected once a day for 5 consecutive days
with tamoxifen, and brain tissue was collected at P30. OL iron
incorporation was evaluated using enhanced Perl’s histochemis-
try. Compared with controls, NG2-DMT1 KO brains display a
significant reduction in the total number of iron-positive OLs as
well as an important decrease in the average Perl’s staining inten-
sity per cell (Fig. 4A,C). Suggesting an OL-specific iron defi-
ciency, NG2-DMT1 KO mice showed normal levels of Perl’s
staining in cortical neurons (Fig. 4B,C) and at brain iron en-
riched areas such as the globus pallidus and substantia nigra (data
not shown).

The postnatal myelination of the NG2-DMT1 KO mouse was
initially examined using the Black Gold II staining technique to
localize myelin within the CNS. NG2-DMT1 KO mice display a
substantial reduction in myelin staining in the corpus callosum,
cortex, and striatum (Fig. 4D,E). Additionally, total proteins
were collected from the corpus callosum, cortex, and olfactory
bulb to evaluate the expression of myelin proteins by Western
blot (Fig. 4F). The olfactory bulb was included in this set of
experiments because it is one of the most active areas of myelin
production in the postnatal mouse brain (Garcia-Gonzalez et al.,
2013). In agreement with the Black Gold staining, the expression
levels of MBP, MOG, and CNP were significantly decreased in
NG2-DMT1 KO brains (Fig. 4F). In the same line, immunohisto-
chemical analysis for myelin proteins showed a reduced expres-
sion of MBP and MOG in the corpus callosum, cortex, and
striatum of NG2-DMT1 KO mice at P30 (Fig. 5A,B). Likewise, the

Figure 4. Perl’s and Black Gold staining in the NG2-DMT1 KO brain. A, B, Perl’s staining in representative coronal sections of brain tissue collected from control and NG2-DMT1 KO mice at P30.
Arrowheads in high-magnification insets indicate Perl’s positive cells that were selected for the analysis. Scale bars: (in A) A, 90 �m; (in A), B, 70 �m. C, The total number of Perl’s positive OLs and
the average intensity staining per cell was quantified in the central area of the corpus callosum (CC) and in the cortex (CX) at P30. Additionally, the total number of Perl’s positive neurons (Neu) and
the average intensity staining per cell were quantified in the motor cortex. Exact p values from left to right: �0.0001; �0.0001; 0.7601; �0.0001; �0.0001; 0.8658. D, Black Gold II staining in
representative coronal sections of brain tissue collected from control and NG2-DMT1 KO mice at P30. Scale bar, 180 �m. E, Black Gold II intensity staining was quantified in the central area of the CC,
in the CX, and in the striatum (ST) at P30. Exact p values from left to right: 0.0066; �0.0001; 0.0022. F, Total proteins were collected from the corpus callosum, cortex, and olfactory bulb (OB) at P30
to assess the expression of myelin proteins by Western blot. Representative Western blots are shown. GAPDH was used as the internal standard, and data from six independent experiments are
summarized based on the relative spot intensities and plotted as a percentage of controls. Exact p values from left to right: 0.0005; 0.0010; 0.0064; �0.0001; �0.0001; �0.0001; 0.0030; 0.0045;
0.0006. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed, and values are expressed as the mean 	 SEM. **p �
0.01, ***p � 0.001 vs respective controls.
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expression of MBP and MOG was found to be below control
levels in several brain areas of NG2-DMT1 KO animals at P60 (Fig.
5C), suggesting that the hypomyelination found in young NG2-
DMT1 KO mice is persistent throughout adulthood.

The NG2-DMT1 KO brain was also evaluated by electron mi-
croscopy. The degree of myelination was analyzed at P30 in the
body of the corpus callosum by calculating the fraction of my-
elinated axons and the g-ratio, as described previously (Cheli et
al., 2016; Fig. 6). An important reduction in the percentage of
myelinated axons without changes in the mean g-ratio was found
in NG2-DMT1 KO animals (Fig. 6A–D,F). Importantly, no
changes in the frequency distribution of axonal diameter were found
in the corpus callosum of NG2-DMT1KO mice (Fig. 6E). To further
examine the effect of DMT1 deletion in OPC development, OL
markers such as Olig2 and CC1 were used to measure OL numbers
and maturation in the corpus callosum, cortex, and striatum. No
changes in the total number of Olig2-positive cells were found, but
the density of mature CC1-positive OLs was significantly lower in
the NG2-DMT1KO brain at both P30 and P60 (Fig. 7A,B). OPC
proliferation was evaluated using the mitotic marker Ki67 in com-
bination with the OL marker Olig2, and the proportion of immature
OLs was assessed mixing Olig2 with the transcription factor Olig1
(Fig. 7C,D). Suggesting a rise in the rate of OPC proliferation, NG2-
DMT1KO mice displayed a significant increase in the percentage of
Olig2/Ki67 and Olig2/Olig1 double-positive cells in the corpus cal-
losum and cortex at P30 (Fig. 7C,D).

Myelination and OPC maturation was also analyzed in a DMT1
conditional KO mouse created by breeding the floxed DMT1 mouse
with the Sox10CreERT2 line. The Sox10CreERT2 transgenic mouse
express a tamoxifen-inducible Cre recombinase under the control of

the mouse Sox10 promoter, which limits Cre expression to OLs
(Laranjeira et al., 2011; Tripathi et al., 2011). Starting at P2,
Sox10-DMT1 KO (DMT1 f/f, Sox10Cre Cre/ �) and control (Cre
negative) littermates (DMT1 f/f, Sox10Cre � / �) were injected
once a day for 5 consecutive days with tamoxifen, and brain
tissue was collected at P15 and P30. Compared with littermate
controls, Sox10-DMT1 KO mice show a substantial reduction
of MBP and PLP immunostaining in the corpus callosum and
cortex at both P15 and P30 (Fig. 8 A, B). This myelin deficit was
accompanied by a decrease in the total number of Olig2-
positive cells, a decline in the density of myelinating OLs
(CC1-positive cells), and a rise in proliferating OPCs in the
cortex (Fig. 8C,D). Importantly, no changes in the percentage
of apoptotic OLs (Olig2/caspase-3-positive cells) were found
(Fig. 8D). To explore the role of DMT1 in myelinating OLs,
immunohistochemical experiments for myelin proteins were
performed in adult mice. Since the Sox10 promoter is highly
active in myelinating OLs, Sox10-DMT1 KO and control ani-
mals were injected with tamoxifen at P60 and brains were
collected for analysis at P90. Suggesting that DMT1 is relevant
for the function of mature OLs, the expression of MBP and
PLP was severely reduced in P90 Sox10-DMT1 KO mice (Fig.
8 A, B). No changes in the percentage of Olig2/Ki67 or Olig2/
caspase-3 double-positive cells were found (Fig. 8D), but the
brains of Sox10-DMT1 KO mice at P90 showed a significant
reduction in the total number of Olig2- and CC1-expressing
cells (Fig. 8D). These results imply that the decline in myelin
protein expression at P90 is due to reduced numbers of mature
OLs.

Figure 5. Expression of myelin proteins in the postnatal NG2-DMT1 KO mouse. A, MBP and MOG immunostaining in the brains of control and NG2-DMT1 KO mice at P30. Representative brain
coronal sections are shown. Scale bar, 180 �m. B, C, Myelin was quantified by analyzing the integrated fluorescence intensity of MBP and MOG in the central area of the corpus callosum (CC), the
cortex (CX), and in the striatum (ST) at P30 and P60. Exact p values from left to right: MBP-P30: �0.0001; �0.0001; �0.0001; MOG-P30: 0.025; 0.0001; �0.0001; MBP-P60: 0.0007; 0.0283;
0.0087; MOG-P60: 0.0012; 0.1379; 0.1655. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed, and values are
expressed as the mean 	 SEM. *p � 0.05, **p � 0.01, ***p � 0.001 vs respective controls.
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DMT1 is key for the remyelination of the adult brain
The role of DMT1 on myelin loss and recovery was examined in the
NG2-DMT1KO line using the cuprizone model of demyelination
(Ludwin, 1978; Matsushima and Morell, 2001; Armstrong et al.,
2006; Islam et al., 2009). P60 NG2-DMT1 KO mice (DMT1 f/f,
NG2CreER Cre/�) and control (Cre negative) littermates
(DMT1 f/f, NG2CreER�/�) were fed 0.2% cuprizone for 7 weeks
to induce myelin damage, followed by a return to the standard
diet for 2 and 4 weeks to allow remyelination. To delete DMT1 in
OPCs, NG2-DMT1 KO mice and control littermates were injected
with tamoxifen every other day during the last week of the cupri-
zone treatment and through the first week of recovery. In addi-
tion, P60 control (DMT1 f/f, NG2CreER�/�) mice were
maintained on a diet of normal pellet chow (untreated) or were
not injected and were just treated with CPZ during 7 weeks.
Initially, the expression of myelin proteins was evaluated in the
corpus callosum and cortex by immunohistochemistry and
Western blot (Fig. 9). No differences between genotypes were
found at the end of the cuprizone treatment; compared with
noninjected cuprizone-treated animals, tamoxifen-treated control
and NG2-DMT1KO mice displayed an equal decline in MBP and
PLP immunostaining (Fig. 9A,B). However, relative to controls, an
important reduction in the levels of MBP and PLP was found in the
corpus callosum and cortex of NG2-DMT1KO mice after 2 and 4
weeks of recovery (Fig. 9A,B). These results were confirmed by
Western blot experiments in which MBP and CNP quantities were
significantly reduced in NG2-DMT1KO samples after 2 weeks of
recovery (Fig. 9C). In the same line, the density of mature CC1-
positive OLs as well as the number of Olig2-positive cells were found

to be below control levels in the NG2-DMT1KO brain 2 weeks after
the termination of the cuprizone treatment (Fig. 10A,B). Consis-
tently, the fraction of mature OLs (Olig2/CC1-positive cells) was
reduced and the amount of proliferating immature OPCs (Olig2/
Ki67-positive cells) was increased in NG2-DMT1KO brains after 2
weeks of recovery (Fig. 10C).

Finally, the degree of remyelination was analyzed in the body of
the corpus callosum by electron microscopy (Fig. 11). Seven weeks
of cuprizone treatment induced a significant decrease in the percent-
age of myelinated axons (Figure 11A,F). Opposite to controls,
which show a significant recovery, NG2-DMT1KO mice display al-
most no improvement in the proportion of myelinated axons after 2
weeks of normal diet (Figure 11C,F). Additionally, to assess axonal
remyelination, the g-ratio was determined for NG2-DMT1KO and
control mice (Fig. 11B,D,E). Suggesting a reduction in myelin thick-
ness, the mean g-ratio of myelinated axons was increased in the
NG2-DMT1KO corpus callosum after 2 weeks of recovery (Fig.
11D,E). Plotting g-ratios against axonal diameters demonstrated
that the myelin thickness was lower in axons of all size (Fig. 11D).
Importantly, during the recovery phase of the cuprizone model, no
variations in the mean diameter of myelinated axons were found
(Fig. 11G). In summary, our data suggest that DMT1 is essential for
OPC maturation and for the appropriate remyelination of the
mouse brain.

Discussion
DMT1 is crucial for iron uptake and normal OPC maturation
Our results show that DMT1 is an important player in OL iron
homeostasis. We found that OL iron uptake is diminished when

Figure 6. Electron microscopy of the NG2-DMT1 KO corpus callosum. A, Electron micrographs of axons in the corpus callosum of control and NG2-DMT1 KO mice at P30. Scale bars: top, 8 �m;
bottom, 2 �m. B, Scatter plot of g-ratio values of control and NG2-DMT1 KO mice at P30. The lines represent the regression equation with 95% confidence intervals. Control: r 2, 0.3351; slope, 0.1242;
1/slope, 8.050; F, 348.3. NG2-DMT1 KO: r 2, 0.2106; slope, 0.1126; 1/slope, 8.881; F, 168.3. C, Mean g-ratio values of control and NG2-DMT1 KO mice at P30. Exact p value: 0.0591. D, Percentage of
myelinated axons of control and NG2-DMT1 KO mice at P30. Exact p value, �0.0001. E, Mean axonal diameter in control and NG2-DMT1 KO mice fibers at P30. Exact p value, 0.0532. F, Distribution
of g-ratio values at P30. Exact p values from left to right: 0.4768; 0.6021; 1.0000; 0.5636; 0.4655. Comparisons between experimental groups were made by the unpaired t test. Values are expressed
as the mean 	 SEM. Four animals per experimental group and 150 fibers per animal were analyzed. ***p � 0.001 vs control.

Cheli, Santiago González et al. • DMT1 and Oligodendrocyte Maturation J. Neurosci., October 24, 2018 • 38(43):9142–9159 • 9151



Figure 7. A decreased number of mature OLs in the NG2-DMT1 KO mouse. A, C, Representative coronal sections of control and NG2-DMT1 KO brains at P30 immunostained for Olig2, CC1, and the
combination of Olig2/Ki67 and Olig2/Olig1. Scale bar, 180 �m. Arrowheads in high-magnification insets indicate examples of double-positive cells that were selected for the analysis. B, D, The
number of Olig2 and CC1-positive cells and the percentage of Olig2/Ki67 and Olig2/Olig1 double-positive cells was quantified in the central area of the corpus callosum (CC), in the cortex (CX), and
in the striatum (ST) at P30 and P60. Exact p values from left to right: Olig2: 0.2738; 0.2125; 0.0604; 0.8876; 0.3629; 0.2998; CC1: �0.0001; �0.0001; �0.0001; 0.0023; 0.0003; 0.0005; Olig2/Ki67:
0.0078; 0.0123; 0.6769; 0.3403; 1,0000; 0.5568; Olig2/Olig1: �0.0001; 0.0036; 0.2937; 0.5173; 0.6591; 0.1931. Comparisons between experimental groups were made by the unpaired t test. Six
brains per experimental condition were analyzed, and values are expressed as the mean 	 SEM. *p � 0.05, **p � 0.01, ***p � 0.001 vs respective controls.
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DMT1 is knocked down in primary cultures of cortical OPCs and
OPCs lacking DMT1 failed to morphologically mature and dis-
played low levels of mature markers and myelin proteins expres-
sion in vitro. Additionally, DMT1-deficient OPCs showed higher
proliferation rates than control cells, suggesting a maturational
delay. These in vitro results, in which DMT1 was knocked out in
postnatal OPCs, were confirmed in vivo. Immunohistochemical
and Western blot studies performed during the postnatal devel-
opment of the moue brain (P15/P30) revealed lower expression

levels of myelin proteins in several areas of NG2-DMT1 KO and
Sox10-DMT1 KO brains, and the corpus callosum of NG2-
DMT1 KO animals presented an important decrease in the per-
centage of myelinated axons. Additionally, NG2-DMT1 KO as
well as Sox10-DMT1 KO mice exhibited an important reduction
in the number of mature myelinating OLs with a concomitant
rise in the density of immature proliferating OPCs, this imbal-
ance was probably the main reason for the myelination deficit
observed in young DMT1 KO animals. Furthermore, the expres-

Figure 8. Myelination in the Sox10-DMT1 KO brain. A, MBP and PLP immunostaining in the brains of control and Sox10-DMT1 KO mice at P15 and P90. Representative brain coronal sections are
shown. Scale bar, 180 �m. B, The integrated fluorescence intensity of MBP and PLP was quantified in the central area of the corpus callosum (CC) and in the cortex (CX) at P15, P30, and P90, and
plotted as a percentage of P15 controls. Exact p values from left to right: MBP-CC: �0.0001; �0.0001; �0.0001; MBP-CX: �0.0001; 0.0002; 0.0001; PLP-CC: �0.0001; �0.0001; �0.0001;
PLP-CX: �0.0001; �0.0001; �0.0001. C, Representative coronal sections of control and Sox10-DMT1 KO brains immunostained for Olig2 and CC1 at P15. Scale bar, 180 �m. D, The number of Olig2
and CC1-positive cells and the percentage of Olig2/Ki67 and Olig2/caspase-3 double-positive cells was quantified in the cortex (CX) at P15, P30, and P90. Exact p values from left to right: Olig2:
�0.0001; �0.0001; Olig2/Ki67: 0.0007; 0.0710; CC1: �0.0001; �0.0001; Olig2/caspase3: 0.4736. Comparisons between experimental groups were made by one-way ANOVA followed by
Bonferroni’s multiple-comparison test. Six brains per experimental condition were analyzed, and values are expressed as the mean 	 SEM. **p � 0.01, ***p � 0.001 vs respective controls.
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sion of MBP and PLP and the density of myelinating OLs were
decreased in P60 NG2-DMT1 KO brains as well as in P90 Sox10-
DMT1 KO mice in which DMT1 deletion was induced at P60.
These results suggest that the reduction in myelin protein expres-
sion in adult DMT1 KO mice is due to reduced numbers of mature
OLs and that myelinating cells need DMT1 for iron uptake. How-
ever, P60 NG2-DMT1 KO animals display a significant recovery in
myelin protein synthesis compared with younger P30 DMT1 KO

mice. Because the recombination efficiency in these animals is
�80%, it is possible that this compensation was sustained by
OPC-expressing normal levels of DMT1 or by an augmented
myelin production per OL.

Under normal conditions, mammalian cells such as OLs ac-
quire most of their iron via the Tf cycle (Moos et al., 2007). Iron
is normally transported in the plasma in the ferric state by Tf
(Ponka, 1997). Transferrin subsequently binds the Tfr on the cell
surface, which then undergoes endocytosis, generating endo-
somal vesicles within the cell. Since DMT1 is essential for endo-
somal iron exit (for review, see Garrick et al., 2003), it is possible
that DMT1 contributes to the OL Tf cycle by accelerating endo-
somal iron exit. However, most cells are also capable of non-Tf-
bound iron uptake through DMT1 (Garrick et al., 2003); thus,
this could be a second way by which iron is incorporated into
OLs. Determining which one of these two mechanisms is the

Figure 9. Remyelination in the NG2-DMT1 KO brain. A, Representative coronal sections of brain tissue immunostained for MBP and PLP collected from untreated animals (untreated), mice treated
with cuprizone for 7 weeks (CPZ), and control and NG2-DMT1 KO mice after 7 weeks of CPZ treatment (7W CPZ) and at 2 weeks of recovery (2W Rec). Scale bar, 180 �m. B, Myelin was quantified by
analyzing the fluorescence intensity of MBP and PLP in the central area of the corpus callosum (CC) and in the cortex (CX). Exact p values from left to right: MBP-CC: �0.0001; 0.9709; �0.0001;
�0.0001; MBP-CX: �0.0001; 0.5418; 0.0001; �0.0001; PLP-CC: �0.0001; 0.6892; 0.0002; �0.0001; PLP-CX: �0.0001; 0.6277; �0.0001; �0.0001. C, Total proteins were collected from the
corpus callosum and olfactory bulb (OB) to assess the expression of MBP and CNP by Western blot. Representative Western blots are shown. GAPDH was used as the internal standard, and data from
four independent experiments are summarized based on the relative spot intensities and plotted as percentages of untreated animals. Exact p values from left to right: MBP-CC: �0.0001; 0.0014;
CNP-CC: �0.0001; 0.0017; MBP-OB: �0.0001; 0.0002; PLP-OB: �0.0001; 0.0025. Comparisons between experimental groups were made by one-way ANOVA followed by Bonferroni’s multiple-
comparison test. Six brains per experimental condition were analyzed, and values are expressed as the mean 	 SEM. ###p � 0.001 vs untreated; **p � 0.01, ***p � 0.001 vs control.

9154 • J. Neurosci., October 24, 2018 • 38(43):9142–9159 Cheli, Santiago González et al. • DMT1 and Oligodendrocyte Maturation



most active in OLs and how these two possible alternatives of iron
assimilation changes during the maturation of OPCs needs to be
elucidated in future experiments. DMT1B was the sole isoform
found in cortical OPCs. This DMT1 isoform was upregulated
during OPC maturation and was found to hold an IRE only in

mature OLs. This indicates that in developed OLs, DMT1B syn-
thesis may be controlled post-translationally by the intracellular
iron concentration. DMT1 was detected throughout the cell body
and processes of OPCs where colocalizes partially with the Tfr.
Interestingly, DMT1 was highly concentrated in the cell nucleus.

Figure 10. Decreased density of mature OLs during the remyelination of the NG2-DMT1 KO brain. A, Representative coronal sections of brain tissue immunostained for CC1 and Olig2 collected from
cuprizone-treated animals (CPZ) and control and NG2-DMT1 KO mice at 2 weeks of recovery (2W Rec). Scale bar, 180 �m. B, C, The number of CC1-, Olig2-, and Olig2/Ki67-positive cells, and the
percentage of Olig2/CC1 double-positive cells was quantified in the central area of the corpus callosum (CC), in the cortex (CX), and in the striatum (ST). Exact p values from left to right: CC1:�0.0001;
�0.0001; �0.0001; �0.0001; �0.0001; �0.0001; Olig2: �0.0001; 0.0040; �0.0001; �0.0001; �0.0001; �0.0001; Olig2/CC1: �0.0001; 0.0332; �0.0001; 0.0049; �0.0001; �0.0001;
Olig2/Ki67: 0.0049; 0.4664; 0.0022; 0.0210; �0.0001; 0.0056. Comparisons between experimental groups were made by one-way ANOVA followed by Bonferroni’s multiple-comparison test. Six
brains per experimental condition were analyzed, and values are expressed as the mean 	 SEM. ###p � 0.001 vs untreated; *p � 0.05, **p � 0.01, ***p � 0.001 vs control.
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DMT1 was also found in the nucleus of PC12 cells (Garrick et al.,
2003), sympathetic neurons and human medulloblastoma cells in
vitro as well as in situ (Roth et al., 2000). The function of DMT1 in
the cell nucleus is currently unknown; perhaps DMT1 sequesters
iron in the nucleus or carries iron there. In doing so, it may signal
an aspect of iron status or it may serve as a signal of iron status
itself in OPCs.

In contrast to the Belgrade rat (Burdo et al., 1999, 2001) or
classical animal models of dietary iron restriction, which display
the broad brain iron deficiency resulting from impaired uptake of
iron from the gut or traversing the blood– brain barrier, the NG2-

DMT1 KO and Sox10-DMT1 KO mice exhibit iron deficiency only
in OLs. Perl’s histochemistry performed on NG2-DMT1 KO mice
revealed a substantial reduction in the number of iron-positive
OLs without changes in the average iron staining of cortical neu-
rons or in the normal brain iron distribution. Therefore, these
DMT1 KO mice are the first models of OL iron deficiency. For the
first time, we were able to study iron deficiency in OLs without
the interference of systemic hypoferremia and the associated ane-
mia. Thus, all changes in the development and myelination of
OLs presented in this work can be entirely attributed to iron
deficiency in the OL lineage. Nevertheless, we cannot exclude the

Figure 11. Electron microscopy of the NG2-DMT1 KO corpus callosum during remyelination. A, C, Electron micrographs of axons in the corpus callosum of untreated animals (untreated), mice
treated with cuprizone for 7 weeks (CPZ) and control and NG2-DMT1 KO mice at 2 weeks of recovery (2W Rec). Scale bar: (in C) top, 8 �m, bottom, 2 �m. B, D, Scatter plot of g-ratio values. The lines
represent the regression equation with 95% confidence intervals. Untreated: r 2, 0.2500; slope, 0.1841; 1/slope, 5.431; F, 257.4; CPZ: r 2, 0.2024; slope, 0.1942; 1/slope, 5.151; F, 146.9; Control: r 2,
0.2971; slope, 0.1627; 1/slope, 6.145; F, 274.7; NG2-DMT1 KO: r 2, 0.1878; slope, 0.1338; 1/slope, 7.476; F, 142.5. E, Mean g-ratio values. Exact p values from left to right: �0.0001; 0.0001. F,
Percentage of myelinated axons. Exact p values from left to right: �0.0001; �0.0001. G, Mean axonal diameter of myelinated axons. Exact p values from left to right: 0.0672; 0.8373. Comparisons
between experimental groups were made by one-way ANOVA followed by Bonferroni’s multiple-comparison test. Values are expressed as the mean 	 SEM. Four animals per experimental group
and 150 fibers per animal were analyzed. ###p � 0.001 vs untreated; ***p � 0.001 vs control.

9156 • J. Neurosci., October 24, 2018 • 38(43):9142–9159 Cheli, Santiago González et al. • DMT1 and Oligodendrocyte Maturation



possibility that DMT1 modulates OPC development and myeli-
nation by facilitating the incorporation of divalent metals other
than iron. DMT1 can potentially transport other divalent cations,
including magnesium, cadmium, zinc, cobalt, nickel, and copper
(Gunshin et al., 1997). Brain myelin contains magnesium, zinc,
and copper, and it is speculated that such metals play a role in
membrane as cofactors of enzymes and possibly also in myelin
structure. For instance, zinc appears to stabilize the myelin sheath
by binding MBP in the presence of phosphate and this results in
MBP aggregation (Riccio et al., 1995; Tsang et al., 1997). Baran et
al. (2010) have recently shown that copper and zinc induce MBP
compaction in vitro, suggestive of a tertiary conformation that
may reflect its arrangement in mature myelin. Perhaps, DMT1 is
required to uptake and concentrate divalent metals in young my-
elin sheaths to stimulate myelin compaction and stabilization.

A role for DMT1 in the remyelination of the adult brain
Remyelination requires the recruitment of OPCs to demyelinated
lesions followed by their maturation into myelin-forming OLs.
Iron is required in a variety of enzymes that influence myelin
formation, including those that regulate metabolism, prolifera-
tion, and differentiation of OPCs, and the deposition of myelin
membranes. Iron deficiency is associated with impairments in
OL well being and remyelination (Stephenson et al., 2014). It has
been shown that iron-deficient OLs and reduced iron availability
lead to declines in OPC maturation and remyelination following
injury (Schonberg and McTigue, 2009, Schulz et al., 2012). Ad-
ditionally, several studies have shown global alterations in iron
levels in the brains of patients with multiple sclerosis (MS). A
significant decrease of iron in OLs and in the normal-appearing
white matter was found in the brain of humans with chronic MS
(Hametner et al., 2013). In active MS lesions, iron is released from
dying OLs, resulting in extracellular accumulation of iron and
uptake into microglia and macrophages (Williams et al., 2012).
Furthermore, cellular degeneration in MS lesions leads to waves
of iron liberation, which may propagate neurodegeneration to-
gether with inflammatory oxidative bursts.

We tested the role of DMT1 in demyelination and remyelina-
tion using the cuprizone model of myelin injury and repair (Arm-
strong et al., 2002, 2006; Paez et al., 2012). Our data suggest that
after demyelination, DMT1 is critical for newly generated OPCs
to incorporate iron and efficiently remyelinate demyelinated ax-
ons. We have found that DMT1-deficient OPCs mature slower
than control cells and are less effective in remyelinating several
structures of the adult brain including the corpus callosum and
cortex. After 2 weeks of recovery, the control group showed a
significant increase in the percentage of myelinated axons
(�10%), without changes in the average g-ratio. These data re-
flect the normal remyelination process in which newly remyeli-
nated axons are usually surrounded by thinner myelin. In
contrast, DMT1 KO mice presented a marginal increase in the
percentage of myelinated axons (�3%) with an important en-
largement in the average g-ratio at 2 weeks of recovery. These
findings reveal the inability of DMT1 KO OPC to efficiently remy-
elinate demyelinated axons and as a result more myelin is prob-
ably lost due to axonal damage.

The involvement of DMT1 in anemia, iron overload disorders,
and neurodegenerative diseases makes their pharmacological mod-
ulation a promising therapeutic strategy. Pharmacological modu-
lators for DMT1 are actively being developed (Buckett and
Wessling-Resnick, 2009; Montalbetti et al., 2015; Seo et al., 2016).
We believe that after demyelination, DMT1 is critical for newly
generated OPCs to reuptake iron liberated from expiring OLs;

thus, the activation of DMT1 in OPCs during the remyelination
process may promote recovery. A small molecule capable of
crossing the blood– brain barrier and specifically activating
DMT1 in OPCs will be ideal. Further studies regarding cellular
location, protein structure, and specific OL DMT1 isoforms will
be necessary to achieve this objective. In summary, we have es-
tablished that DMT1 is essential for normal OPC development
and for iron uptake during the first steps of OPC maturation.
Since iron accumulation by OLs is indispensable for myelination,
understanding the iron incorporation mechanism as well as the
molecules involved is critical to design new therapeutic ap-
proaches to intervene in diseases in which the myelin sheath is
damaged or lost.
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