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Impaired Postnatal Myelination in a Conditional Knockout
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Cells
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To define the importance of iron storage in oligodendrocyte development and function, the ferritin heavy subunit (Fth) was
specifically deleted in oligodendroglial cells. Blocking Fth synthesis in Sox10 or NG2-positive oligodendrocytes during the first
or the third postnatal week significantly reduces oligodendrocyte iron storage and maturation. The brain of Fth KO animals
presented an important decrease in the expression of myelin proteins and a substantial reduction in the percentage of my-
elinated axons. This hypomyelination was accompanied by a decline in the number of myelinating oligodendrocytes and with
a reduction in proliferating oligodendrocyte progenitor cells (OPCs). Importantly, deleting Fth in Sox10-positive oligodendro-
glial cells after postnatal day 60 has no effect on myelin production and/or oligodendrocyte quantities. We also tested the
capacity of Fth-deficient OPCs to remyelinate the adult brain in the cuprizone model of myelin injury and repair. Fth dele-
tion in NG2-positive OPCs significantly reduces the number of mature oligodendrocytes and myelin production throughout
the remyelination process. Furthermore, the corpus callosum of Fth KO animals presented a significant decrease in the per-
centage of remyelinated axons and a substantial reduction in the average myelin thickness. These results indicate that Fth
synthesis during the first three postnatal weeks is important for an appropriate oligodendrocyte development, and suggest
that Fth iron storage in adult OPCs is also essential for an effective remyelination of the mouse brain.
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Significance Statement

To define the importance of iron storage in oligodendrocyte function, we have deleted the ferritin heavy chain (Fth) specifi-
cally in the oligodendrocyte lineage. Fth ablation in oligodendroglial cells throughout early postnatal development signifi-
cantly reduces oligodendrocyte maturation and myelination. In contrast, deletion of Fth in oligodendroglial cells after
postnatal day 60 has no effect on myelin production and/or oligodendrocyte numbers. We have also tested the consequences
of disrupting Fth iron storage in oligodendrocyte progenitor cells (OPCs) after demyelination. We have found that Fth dele-
tion in NG2-positive OPCs significantly delays the remyelination process in the adult brain. Therefore, Fth iron storage is
essential for early oligodendrocyte development as well as for OPC maturation in the demyelinated adult brain.

Introduction
Oligodendrocyte development, myelin production, and iron ho-
meostasis are closely connected. In the CNS, iron is essential for
myelin synthesis and maintenance (Todorich et al., 2009; Cheli
et al., 2018). Iron is directly required for myelin production as a
cofactor for enzymes involved in cholesterol and lipid synthesis
(Beard et al., 2003), and oligodendrocytes are the cells with the
highest iron levels in the brain, which is linked to their highly
metabolic needs associated with the process of myelination
(LeVine and Macklin, 1990; Connor and Menzies, 1996). Iron
deficiency leads to hypomyelination, both in animal models and
humans, and the neurologic consequences of iron deficiency
during early brain development are permanent. For example,
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rodents subjected to iron deficiency during development exhibit
impaired oligodendrocyte progenitor cell (OPC) proliferation
and differentiation, as well as reduced synthesis of myelin pro-
teins (Rosato-Siri et al., 2010). Iron deficiency also leads to
altered myelin composition characterized by reduced levels of
cholesterol, galactolipids, phospholipids, and myelin proteins
(Badaracco et al., 2008).

Cell iron equilibrium is precisely orchestrated by several pro-
teins, which work coordinately to regulate iron uptake and stor-
age. Ferritin is the main intracellular iron-storage protein and is
crucial for keeping iron in a nontoxic form. Ferritin is a 24-subu-
nit heteropolymer, composed of heavy (Fth) and light (Ftl)
chains, capable of binding .4500 atoms of iron (Arosio et al.,
2009), which can be mobilized for metabolic purposes through
lysosomal turnover (Y. Zhang et al., 2010). The Fth subunit con-
tains ferroxidase activity, which is required for converting fer-
rous iron into ferric iron, which is then deposited inside the
ferritin core (Arosio et al., 2009; Bou-Abdallah, 2010). The
expression of ferritin in the rodent brain is highest at birth and
declines after the peak of myelination (Todorich et al., 2009).
Both Fth and Ftl were found to be significantly upregulated dur-
ing oligodendrocyte maturation in vitro as well as in vivo (Li et
al., 2013; Y. Zhang et al., 2014), and it has been shown that Fth
expression precedes iron accumulation in premyelinating oligo-
dendrocytes of the developing brain (Ortiz et al., 2004;
Schonberg et al., 2012; Li et al., 2013). However, the role of Fth
in oligodendrocyte development and myelination has not been
defined.

In this work, we have found that Fth ablation in oligodendro-
glial cells significantly affects the myelination of the postnatal
brain. Fth KO mice display an important decrease in the num-
bers of mature oligodendrocytes and myelin synthesis. This sug-
gests that oligodendrocytes need to express Fth through early
postnatal development to store adequate quantities of iron to
complete the maturational process. In contrast, our results indi-
cate that oligodendroglial cells do not require to express Fth to
maintain and/or renovate the myelin sheath after postnatal day
60. Additionally, Fth deletion in OPCs significantly delays the
remyelination process, suggesting that OPCs of the adult brain
also need to incorporate and store iron in Fth to properly remye-
linate the CNS.

Materials and Methods
Transgenic mice. All animals used in the present study were housed

in the University at Buffalo Division of Laboratory Animal Medicine vi-
varium, and procedures were approved by University at Buffalo’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 Fth mice
(Darshan et al., 2009) (JAX stock #018063), the Sox10CreERT2 mice
(Matsuoka et al., 2005) (JAX stock #025807), and the NG2CreERT2

transgenic line (Zhu et al., 2011) (JAX stock #008538) were obtained
from The Jackson Laboratory. Experimental animals were generated in
our laboratory by crossing the heterozygous floxed Fth line with the
hemizygous Sox10CreERT2 or NG2CreERT2 transgenic lines. For all the
experiments presented in this work, mice of either sex were used.

Mice treatments. To delete Fth in Sox10- or NG2-positive oligodendro-
cytes, Cre activity was induced starting at postnatal day 2 (P2). P2 Sox10-
FthKO (Fthf/f, Sox10CreERCre/�), NG2-FthKO (Fthf/f, NG2CreERCre/�) and
control (Cre-negative) littermates (Fthf/f, Sox10CreER�/� or NG2CreER�/�)
were intraperitoneally injected once a day for 5 consecutive days with 25mg/
kg tamoxifen (Sigma Millipore), and brain tissue was collected at P15, P30,
and P60. Furthermore, P60 Sox10-FthKO and control littermates were
injected intraperitoneally once a day for 5 consecutive days with 100mg/kg

tamoxifen, and brain tissue was collected at P90. For remyelination studies,
P60 NG2-FthKO (Fthf/f, NG2CreERCre/�) and control (Cre negative) litter-
mates (Fthf/f, NG2CreER�/�) were fed pellet chow containing 0.2% cupri-
zone (CPZ; Teklad-Envigo) for 7weeks and were injected with 100mg/kg
tamoxifen every other day during the last 2 weeks of the CPZ treatment
(Santiago-González et al., 2017). Additionally, a group of control (Fthf/f,
NG2CreER�/�) mice were maintained on a diet of normal pellet chow.

Primary cultures of cortical OPCs. Primary cultures of cortical OPCs
were prepared as described by Cheli et al. (2015). First, cerebral hemi-
spheres from 1-d-old mice were mechanically dissociated and were
plated on poly-D-lysine-coated flasks in DMEM/F12 (1:1 v/v)
(Invitrogen), supplemented with 10% FBS (Invitrogen). After 4 h, the
medium was changed and the cells were grown in DMEM/F12 supple-
mented with insulin (5mg/ml), apo-transferrin (50mg/ml), sodium sele-
nite (30 nM), D-biotin (10 mM), and 10% FBS (Invitrogen). Two-thirds of
the culture media were changed every 3 d. After 14d, OPCs were puri-
fied from the mixed glial culture by a differential shaking and adhesion
procedure and allowed to grow on poly-D-lysine-coated coverslips in
DMEM/F12 supplemented with insulin (5mg/ml), apo-transferrin
(50mg/ml), sodium selenite (30 nM), 0.1% BSA, progesterone (0.06 ng/
ml), and putrescine (16mg/ml) (Sigma Millipore). 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 signifi-
cantly affects pup’s development, litters with ,5 or .10 pups were not
used.

Immunocytochemistry. Cells were stained with antibodies against
several oligodendrocyte stage-specific markers following the protocol
outlined by Cheli et al. (2016). Fluorescent images were obtained using a
spinning disk confocal microscope (Olympus, IX83-DSU). Quantitative
analysis of the results was done 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 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). The primary antibodies used for
immunocytochemistry were as follows: CC1 (mouse; 1:300; Calbiochem),
MBP (mouse; 1:400; Covance), NG2 (rabbit; 1:400; Millipore), Olig1
(mouse; 1:400; Chemi-Con), Olig2 (mouse and rabbit; 1:500; Millipore),
and PLP (rat; 1:1000; AA3-PLP/DM20).

Western blot. Protein samples were extracted using lysis buffer as
described by Santiago-González et al. (2017); 20 mg of proteins was sepa-
rated with NuPAGE Novex 4%-12% Bis-Tris Protein Gels (Invitrogen)
and electroblotted onto PVDF membranes. Membranes were blocked
overnight at 4°C with 5% nonfat milk, 0.1% Tween-20 in PBS. Primary
antibodies were diluted in a blocking solution and membranes incubated
3 h at room temperature with agitation. Protein bands were detected by
chemiluminescence using the ECL kit (GE Healthcare) with HRP-conju-
gated secondary antibodies (GE Healthcare) and scanned with a C-Digit
Bot Scanner (LI-COR). Protein bands were quantified using the Image
Studio Software (LI-COR). The primary antibodies used were as follows:
CNP (1:1000; Neo-Markes), MBP (mouse; 1:1000; Covance), MOG
(mouse; 1:1000; Millipore), PLP (rat; 1:500, AA3-PLP/DM20), and P84
(mouse; 1:10,000; GeneTex).

RT-PCR. Total RNA was isolated using Trizol reagent (Invitrogen).
RNA content was estimated by measuring the absorbance at 260 nm,
and the purity was assessed by assessing the ratio of absorbance: 260/
280 nm. PCR primers were designed based on published sequences
(Darshan et al., 2009). First-strand cDNA was prepared from 1mg of
total RNA using SuperScript III RNase H-reverse transcriptase
(Invitrogen) and 1mg of oligo(dT). The mRNA samples were denatur-
ized at 65°C for 5min. Reverse transcription was performed at 50°C for
55min and was stopped by heating the samples at 85°C for 5min. The
cDNA was amplified by PCR using specific primers and PCR Platinum
Supermix reagent (Invitrogen). PCR conditions were as follows: 94°C for
2min, 40 cycles of 94°C for 30 s, 58°C for 30 s followed by 72°C for
2min. After 40 cycles, samples were incubated at 72°C for 5min. The
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PCR products were visualized on a SYBR Safe-stained agarose gel and
the bands digitized using a Gel Doc EZ System (Bio-Rad).

Colorimetric iron assay. The Quantichrom iron assay kit (BioAssay
Systems) was used to measure total cellular iron. Briefly, 50ml of samples
containing 1� 106 cells was mixed with 200ml Quantichrom working
reagent in a 96-well plate and incubated at room temperature for
40min. The optical density (OD) at 590 nm was measured by a micro-
plate reader. The OD against standard iron concentrations was plotted
by subtracting blank (water) OD from the standard OD values, and the
slope of the data plot then determined using linear regression. The total

protein concentration was estimated using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific).

Immunohistochemistry. All animals were anesthetized with isoflur-
ane and then perfused with 4% of PFA in PBS via the left ventricle. The
brains were postfixed overnight in the same fixative solution at 4°C.
Coronal brain slices of 50mm thick were obtained using a vibratome
(Leica Biosystems, VT1000-S). Free-floating vibratome sections 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 incubated with the
primary antibody overnight at 4°C. Sections were then rinsed in PBS

Figure 1. Fth deletion blocks OPC maturation in vitro. A, Semiquantitative RT-PCR for the Fth mRNA was performed after 3 days of 4-OH-tamoxifen treatment in control and Sox10-FthKO
OPCs. B, Total iron content was examined in control and Sox10-FthKO OPCs using a colorimetric iron assay. C, D, Two days after mitogen withdrawal, control and Sox10-FthKO OPCs were
stained with antibodies against NG2, Olig2/Olig1, CC1, PLP, and MBP, and the percentage of positive cells in each experimental condition was examined by confocal microscopy. Scale bar, 80
mm. E, Morphologic complexity of MBP-positive cells was scored in four categories. F, Semiquantitative RT-PCRs for the transferrin receptor (TfR), the divalent metal transporter 1 (DMT1), the
ferritin heavy and light chains (Fth, Ftl), the glutathione peroxidase (GPX), the superoxide dismutase (SOD), and the heme oxygenase-1 (HO-1) were performed in control and Sox10-FthKO
OPCs 2 d after mitogen withdrawal. GAPDH was used as the internal standard. Data are summarized based on the relative spot intensities and plotted as percent of controls. Comparisons
between experimental groups were made by the unpaired t test. Values are mean6 SEM of four independent experiments. *p, 0.05; **p, 0.01; ***p, 0.001 versus respective controls.
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and incubated with Cy3- or Cy5-conjugated secondary antibodies
(1:400; Jackson ImmunoResearch Laboratories) for 2 h at room temper-
ature followed by a counterstain with the nuclear dye DAPI
(Invitrogen). After washing, the sections were mounted on Superfrost
Plus slides using coverslips and mounting medium (Aquamount;
Thermo Fisher Scientific). 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 cingu-
lum (0.6 mm2), in the motor and cingulate cortex, including M1, M2,
Cg1, and Cg2 (0.6 mm2) (Franklin and Paxinos, 2008, their Fig. 24) and

in the dorsal/caudal striatum, immediately underneath the corpus cal-
losum (0.6 mm2). The integrated fluorescence intensity was calculated as
the product of the area and mean pixel intensity using MetaMorph soft-
ware (Molecular Devices). For all experiments involving quantification
of positive cells and fluorescent intensity in tissue sections, data repre-
sent pooled results from at least six brains per experimental group.
Seven slices per brain (50mm each) were used, and quantification was
performed blind to the genotype of the sample using an unbiased stereo-
logical sampling method. The primary antibodies used in the present
study were against the following: caspase-3 (mouse; 1:200; Cell Signaling

Figure 2. Expression of myelin proteins in the postnatal Sox10-FthKO mouse. A, MBP and PLP immunostaining in the brain of control and Sox10-FthKO mice at P15 and P30. Representative
brain coronal sections are shown. Scale bar, 180 mm. B, MBP and PLP expression was quantified by analyzing the integrated fluorescence intensity in the central corpus callosum (CC), in the
cortex (CX), and in the striatum (ST). Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed. Values are percentage
of control values 6 SEM. **p, 0.01; ***p, 0.001 versus respective controls. Total proteins were collected from the cortex (C) and cerebellum (D) of control and Sox10-FthKO animals at
P15 and P30 to assess the expression of MBP, CNP, and PLP by Western blot. Representative Western blots are shown. P84 was used as the internal standard. Data from four independent
experiments are summarized based on the relative spot intensities and plotted as percent of controls. Values are mean 6 SEM. *p, 0.05; **p, 0.01; ***p, 0.001 versus respective
controls.
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Technology), CC1 (mouse; 1:300; Calbiochem), Ki67 (rabbit; 1:250;
Abcam), Ki67 (mouse; 1:250; BD Biosciences), MBP (mouse; 1:1000;
Covance), Olig2 (mouse and rabbit; 1:500; Millipore), PLP (rat; 1:250,
AA3 - PLP/DM20), and Sox2 (rabbit; 1:200; Millipore).

Black-gold II myelin staining. Black Gold II staining was performed
as described by Cheli et al. (2016). Briefly, PFA-fixed brain sections of
50mm were mounted onto Superfrost Plus slide (Thermo Fisher
Scientific). Coronal brain slices were initially air dried and then rehy-
drated 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
and cortex was assessed by MetaMorph software (Molecular Devices).
The staining intensity in control mice was given the arbitrary value of
100, and the staining intensity in Sox10-FthKO mice was determined as a
percentage of that in control mice. Seven slices per brain (50mm each)
were used, and data represent pooled results from at least six brains per
experimental group.

Perls histochemistry. Enhanced Perls histochemistry was performed
as described previously by Cheli et al. (2018). Briefly, 20mm coronal
brain sections were incubated with 1% H2O2 in methanol for 15min and
then with 2% potassium ferrocyanide, pH 1.0, overnight (Iron Stain Kit,
Sigma Millipore). The reaction was enhanced for 30min with 0.025%
3,39-diaminobenzidine-4Hl, 0.05% H2O2 and 0.005% CoCl2 in 0.1 M PB.

Finally, sections were dehydrated and mounted with Permount. The
number of positive oligodendrocytes and the integrated staining inten-
sity per cell were assessed by MetaMorph software (Molecular Devices)
in the central area of the corpus callosum, between the midline and
below the apex of the cingulum (0.6 mm2) and in the motor and cingu-
late cortex, including M1, M2, Cg1, and Cg2 (0.6 mm2) (Franklin and
Paxinos, 2008, their Fig. 24). Moreover, the integrated staining intensity
in neurons was assessed in the motor cortex (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). Twelve slices per brain
(20mm each) were used, and data represent pooled results from at least
six brains per experimental group.

Electron microscopy. Mouse brains were perfused transcardially with
3% PFA and 1% glutaraldehyde. The body of the corpus callosum at the
anterior-dorsal level of the hippocampus was dissected and resin-embed-
ded. Thin sections were stained with uranyl acetate and lead citrate and
photographed with a FEI Tecnai F20 transmission electron microscope
as previously described (Cheli et al., 2016). For g-ratio 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 percentage of
myelinated axons were determined semiautomatically and blind to the
genotype of the sample using MetaMorph software (Molecular Devices).

Figure 3. Perls and Black Gold staining in the Sox10-FthKO brain. A, Perls staining in representative brain coronal sections collected from control and Sox10-FthKO mice at P30. Arrowheads
in high-magnification insets indicate Perls-positive cells that were selected for the analysis. Scale bar, 90 mm. B, The total number of Perls-positive oligodendrocytes and the average intensity
staining per cell were quantified in the central area of the corpus callosum (CC) and in the cortex (CX) at P15 and P30. C, Black Gold II staining in representative brain coronal sections collected
from control and Sox10-FthKO mice at P15 and P30. Scale bar, 180 mm. D, Black Gold II intensity staining was quantified in the central area of the corpus callosum (CC) and in the cortex (CX)
at P15 and P30. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed. Values are mean6 SEM. ***p, 0.001
versus respective controls.
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For all experimental conditions, data represent pooled results from at
least 4 mice.

Statistical analysis. All datasets were tested for normal distribution
using the Kolmogorov-Smirnov test. Single between-group comparisons
were made by the unpaired t test (Student’s t test), using 95% CI.
Multiple comparisons were investigated by one-way ANOVA followed
by Bonferroni’s multiple comparison test to detect pairwise between-
group differences. For the analysis of g-ratio scatter plots, simple linear
regression with a 95% CI was used. All statistical tests were performed in
GraphPad Prism (GraphPad Software). A fixed value of p, 0.05 for
two-tailed test was the criterion for reliable differences between groups.
Data are presented as mean 6 SEM. To minimize bias, the quantifica-
tion of all the experiments described in this work was performed blinded
to the sample genotype. Based on previous studies and the fact that all
comparisons were made between mice with the same genetic back-
ground, at least 6 animals for each genotype were compared for all the
morphologic and biochemical endpoints.

Results
Conditional deletion of Fth in cortical OPCs
A conditional KO mouse for the ferritin heavy chain (Fth) in the
oligodendrocyte lineage was created by cross-breeding the floxed
mutant Fth mouse (Darshan et al., 2009) with the Sox10CreERT2

transgenic line (Zhu et al., 2011). Sox10CreERT2 transgenic mice
express a tamoxifen-inducible Cre recombinase under the

control of the mouse Sox10 promoter, which postnatally restricts
Cre expression to oligodendroglial cells (Zhu et al., 2011; Cheli et
al., 2016). Initially, OPCs were isolated from the brain cortices
of P1 Fth conditional KO mice (Sox10-FthKO; Fthf/f, Sox10-
CreERCre/�) and control (Cre negative) littermates (Control; Fthf/f,
Sox10-CreER�/�) and were kept in a proliferative state in the pres-
ence of PDGF and bFGF. After 2DIV, OPCs were differentiated
by mitogens withdrawal and T3 addition. The induction of Cre-
mediated recombination was done by adding 4-OH-tamoxifen to
the culture medium during the first 3DIV. RT-PCR experiments
demonstrated high recombination efficiency and reduced Fth
mRNAs levels in FthKO oligodendrocytes (Fig. 1A). FthKO oligo-
dendrocytes displayed a ;50% reduction in total intracellular iron
(Fig. 1B), and in the expression of myelin proteins, such as MBP
and PLP (Fig. 1C,D). Furthermore, the proportion of immature
NG2- and Olig1-positive oligodendrocytes was significantly higher
in Fth-deficient cultures (Fig. 1C,D). Suggesting a delay in oligo-
dendrocyte morphologic maturation, a decrease in the percentage
of cells with medium-high and high morphology, and an increase
in the percentage of cells with low complexity were found in Fth-
deficient cultures (Fig. 1E). Thus, oligodendrocytes lacking Fth
showed a simple morphology, lower levels of intracellular iron, and
less myelin protein expression than controls. Furthermore, we
have examined the expression of several proteins implicated in

Figure 4. Decreased number of mature oligodendrocytes in the Sox10-FthKO mouse. A, Representative coronal sections from control and Sox10-FthKO brains at P15 and P30 immunostained
for Olig2 and CC1. Scale bar, 180 mm. B, The total number of Olig2- and CC1-positive cells, and the percentage of Olig2/CC1 double-positive cells were quantified in the central area of the cor-
pus callosum (CC), in the cortex (CX), and in the striatum (ST) at P15 and P30. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condi-
tion were analyzed. Values are mean6 SEM. **p, 0.01; ***p, 0.001 versus respective controls.
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oligodendrocyte iron absorption and the synthesis of key antioxidant
enzymes by semiquantitative RT-PCR (Fig. 1F). Proteins implicated
in iron uptake, such as the transferrin receptor and the divalent
metal transporter 1, were found to be downregulated in FthKO oligo-
dendrocytes (Fig. 1F). As was expected, the mRNA for Fth was also
significantly reduced in FthKO cells; however, the expression of Ftl
was equal to control levels (Fig. 1F). Importantly, the synthesis of the
glutathione peroxidase, the superoxide dismutase, and the stress-
induced heme oxygenase-1 was increased in Fth-deficient oligoden-
drocytes (Fig. 1F). These results indicate the presence of an iron-
induced oxidative stress in FthKO oligodendrocytes.

The function of Fth in the postnatal myelination of the
mouse brain
To delete Fth in Sox10-positive oligodendroglial cells, Cre activ-
ity was induced starting at P2 by intraperitoneal injection of ta-
moxifen. Sox10-FthKO (Fthf/f, Sox10-CreERCre/�) and control
(Cre negative) littermates (Fthf/f, Sox10-CreER�/�) were injected
once a day for 5 consecutive days with tamoxifen, and brains
were collected at P15 and P30. Postnatal myelination was initially
evaluated by immunohistochemistry for myelin proteins.
Compared with control littermates, the fluorescent signal for
MBP and PLP was reduced in the corpus callosum, cortex, and

striatum of Sox10-FthKO mice (Fig. 2A,B). This substantial
decline in myelin synthesis was more evident at P15 than at P30
(Fig. 2A,B). Additionally, total proteins were collected from the
cortex and cerebellum to assess the expression of myelin proteins
by Western blot (Fig. 2C,D). In agreement with the immunohis-
tochemistry results, the expression levels of MBP, CNP, and PLP
were decreased in Sox10-FthKO brains at P15 and P30 (Fig. 2C,
D). Again, P15 Sox10-FthKO mice showed more significant
reductions than P30 animals (Fig. 2C,D). The myelination of the
Sox10-FthKO CNS was also evaluated using the Black Gold stain-
ing technique. In line with the previous results, the corpus cal-
losum and cortex of Sox10-FthKO mice showed less myelin than
controls (Fig. 3C,D). To measure intracellular iron quantities, the
enhanced Perls histochemistry technique was used. Fewer iron-
positive oligodendrocytes with reduced Perls staining intensity
were found in Sox10-FthKO brains (Fig. 3A,B). Suggesting an oli-
godendrocyte-specific iron deficiency, the average Perls staining
intensity in cortical neuros and in brain areas, such as the globus
pallidus and the substantia nigra, was found to be normal (data
not shown).

To further analyze the effect of Fth deletion in oligodendrocyte
development, the total number of oligodendrocytes (Olig2-posi-
tive cells) and the density of mature myelinating oligodendrocytes

Figure 5. Decreased number of proliferating OPCs in the Sox10-FthKO brain. A, Representative coronal sections from control and Sox10-FthKO brains at P15 immunostained for Olig2, Ki67,
and Sox2. Scale bar, 90 mm. B–D, The total number of Olig2/Sox2, Olig2/Ki67, and Olig2/Caspase-3 double-positive cells was quantified in the cortex (CX), in the striatum (ST), in the central
area of the corpus callosum (CC), and in the subventricular zone (SVZ) at P15 and P30. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimen-
tal condition were analyzed. Values are mean6 SEM. *p, 0.05; **p, 0.01; ***p, 0.001 versus respective controls.
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(CC1-positive cells) were analyzed in the corpus callosum, cortex,
and striatum at P15 and P30 (Fig. 4). A substantial reduction in
the total number of Olig2-positive cells was observed in all
brain areas (Fig. 4A,B). For instance, the corpus callosum of
Sox10-FthKO mice presented an ;60% decline in the number
of Olig2-expressing cells at P15 (Fig. 4B). Higher reductions
were found in the CC1-positive oligodendrocyte population
(Fig. 4A,B). The density of these cells was reduced .80% in all
brain structures at P15, and was diminished 40% in the cortex
and 20% in the striatum at P30 (Fig. 4B). The percentage of
Olig2/CC1 double-positive cells followed the same trend, with
reductions .50% at P15 and declines of ;15%-20% at P30
(Fig. 4B). Furthermore, oligodendrocyte proliferation was esti-
mated using the mitotic marker Ki67 in combination with
Olig2, and the proportion of newly generated OPCs was calcu-
lated mixing Olig2 with the transcription factor Sox2 (Fig. 5).
Sox10-FthKO brains displayed a significant decrease in the per-
centage of Olig2/Ki67 and Olig2/Sox2 double-positive cells at
P15 as well as at P30 (Fig. 5A-C). These changes were evident in
the corpus callosum and the subventricular zone and were

more pronounced at P15 than at P30 (Fig. 5A-C). Finally, the ap-
optotic maker Caspase-3 was combined with Olig2 to evaluate
oligodendrocyte cell death. The number of Olig2/Caspase-3 dou-
ble-positive cells was equal among genotypes, suggesting that Fth
deletion does not induce apoptotic cell death in vivo (Fig. 5D).

The hypomyelination observed in young Sox10-FthKO brains
treated with tamoxifen during the first postnatal week was also
found at P60 (Fig. 6). Although the fluorescent signal for PLP
and MBP was reduced no more than 15%, these changes were
detected in the corpus callosum as well as in the cortex of Sox10-
FthKO mice (Fig. 6A,B,D). Additionally, P60 Sox10-FthKO brains
showed a significant reduction in the total number of Olig2- and
CC1-positive oligodendrocytes in the cortex and striatum (Fig.
6C). To explore the role of Fth in oligodendroglial cells after the
peak of myelination, immunohistochemical and Western blot
experiments for myelin proteins were performed in adult mice.
For this set of experiments, Sox10-FthKO mice were injected with
tamoxifen at P60 and brain tissue was collected at P90.
Compared with control animals, P90 Sox10-FthKO mice dis-
played normal levels of myelin proteins (Fig. 7A,B,D), and

Figure 6. Myelin production and oligodendrocyte maturation in young Sox10-FthKO brains. A, PLP and MBP immunostaining in the brain of control and Sox10-FthKO mice at P60.
Representative brain coronal sections are shown. Scale bar, 180mm. B, PLP and MBP expression was quantified by analyzing the integrated fluorescence intensity in the central corpus callosum
(CC) and in the cortex (CX). C, The total number of Olig2- and CC1-positive cells and the percentage of Olig2/CC1 double-positive cells were quantified in the cortex (CX) and in the striatum
(ST) at P60. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed. Values are percentage of control values 6
SEM. *p, 0.05; **p, 0.01; ***p, 0.001 versus respective controls. D, Total proteins were collected from the cortex and cerebellum at P60 to assess the expression of MBP, CNP, and PLP
by Western blot. Representative Western blots are shown. P84 was used as the internal standard. Data from four independent experiments are summarized based on the relative spot inten-
sities and plotted as percent of controls. Values are mean6 SEM. *p, 0.05; **p, 0.01 versus respective controls.
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normal numbers of CC1-positive oligodendrocytes in all brain
areas (Fig. 7C). However, we detected a reduction in the density
of cortical Olig2-expressing cells (Fig. 7C).

The myelination of the Sox10-FthKO brain was also assessed
by electron microscopy. The degree of myelination was analyzed
by calculating the percentage of myelinated axons and the g-ratio
of myelinated axons in the body of the corpus callosum (Fig. 8).
The Sox10-FthKO animals showed an important reduction in the
percentage of myelinated axons with changes in the mean g-ratio
of myelinated axons at both P15 and P30 (Fig. 8A,C,E). At P30,
the changes in the g-ratio were small; but at P15, the g-ratio of
low-diameter axons was drastically increased (Fig. 8A-C).
Importantly, the average diameter of myelinated axons was aug-
mented in the corpus callosum of Sox10-FthKO mice at P15 (Fig.
8D). In agreement with the immunohistochemical and Western
blot data, P90 brains from Sox10-FthKO animals injected with ta-
moxifen at P60 displayed minor changes in the g-ratio as well as
in the percentage of myelinated axons (Fig. 8A-C,E).

Similar experiments were conducted in a conditional KO
mouse in which Fth was ablated in NG2-positive OPCs. NG2-

FthKO (Fthf/f, NG2-CreERCre/�) mice and control (Cre negative)
littermates (Fthf/f, NG2-CreER�/�) were injected with tamoxifen
during the first postnatal week (P2-P6), and brains were collected
at P15 and P30 for analysis. Initially, MBP and PLP expression
was evaluated in the corpus callosum, cortex, and striatum by
immunohistochemistry. Compared with controls, NG2-FthKO

mice presented a significant decrease in MBP and PLP immuno-
staining in all brain areas analyzed (Fig. 9A,B). Similar to what
we found in Sox10-FthKO mice, NG2-FthKO animals showed a
more prominent reduction in myelin protein expression at P15
than at P30 (Fig. 9A,B). Furthermore, examination of the oligo-
dendrocyte population reveals a substantial decrease in the den-
sity of CC1-expressing cells and a decline in the fraction of
Olig2/CC1-positive cells (Fig. 9C,D).

To define the temporal window in which oligodendrocytes
incorporate and store iron, Sox10-FthKO mice were treated with
tamoxifen during the third postnatal week (P15 to P19) and
brains were then collected for examination at P30 and P60 (Fig.
10). We detected reductions in the expression of myelin proteins
(MBP and PLP), in the density of total oligodendrocytes (Olig2-

Figure 7. Myelin production and oligodendrocyte numbers in adult Sox10-FthKO mice. A, PLP and MBP immunostaining in the brain of control and Sox10-FthKO mice at P90.
Representative brain coronal sections are shown. Scale bar, 180mm. B, PLP and MBP expression was quantified by analyzing the integrated fluorescence intensity in the central corpus callosum
(CC) and in the cortex (CX). C, The total number of Olig2- and CC1-positive cells and the percentage of Olig2/CC1 double-positive cells were quantified in the cortex (CX) and in the striatum
(ST) at P90. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed. Values are percentage of control values 6
SEM. ***p, 0.001 versus respective controls. D, Total proteins were collected from the cortex and cerebellum at P90 to assess the expression of MBP, CNP, and PLP by Western blot.
Representative Western blots are shown. P84 was used as the internal standard. Data from four independent experiments are summarized based on the relative spot intensities and plotted as
percent of controls. Values are mean6 SEM.
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positive cells), and in the number of CC1-expressing cells (Fig.
10A-D). These changes were found in several Sox10-FthKO brain
structures and were larger at P30 than at P60 (Fig. 10A-D). For
example, at P30, the average reduction in MBP immunostaining
in the lateral corpus callosum and in the cortex was higher than
50%, and the decline in the number of Olig2- and CC1-positive
cells in the cortex was larger than 20% (Fig. 10A-D). These
changes were similar in magnitude to the ones found in Sox10-
FthKO animals in which Fth was knocked down in oligodendro-
glial cells at P2. These data suggest that the temporal window in
which oligodendroglial cells uptake and store iron in Fth extends
beyond the third postnatal week.

The role of Fth in the remyelination of the adult brain
To determine how the loss of Fth affects the remyelination
potential of OPCs in the adult brain, we used the CPZ model of

demyelination and remyelination. P60 control (Fthf/f, NG2-
CreER�/�) and NG2-FthKO (Fthf/f, NG2-CreERCre/�) mice were
treated with CPZ for 7weeks to induce demyelination and were
injected with tamoxifen every other day during the last 2 weeks
of the CPZ diet to delete the Fth gene specifically in NG2-posi-
tive OPCs. Brains were then collected for analysis after 7weeks
of CPZ treatment (CPZ) and at 2 or 4weeks of recovery in nor-
mal diet (2W or 4WRec). Additionally, brain tissue was collected
from mice that were not treated with CPZ or tamoxifen
(Untreated). Seven weeks of CPZ treatment induces a severe de-
myelination in the brain of both controls and NG2-FthKO mice
(Fig. 11A,B). Importantly, at this time point, we found a further
decrease of MBP and PLP expression in the cortex of NG2-
FthKO mice (Fig. 11A,B). A significant recovery in MBP and PLP
levels was observed in the corpus callosum and cortex of both ge-
notypes during the remyelination phase of the CPZ model; but

Figure 8. Electron microscopy of the Sox10-FthKO corpus callosum. A, Electron micrographs of axons in the body of the corpus callosum of control and Sox10-FthKO mice at P15, P30, and
P90. Scale bars: Top, 8 mm; Bottom, 2mm. B, Scatter plot of g-ratio values of myelinated axons. C, Mean g-ratio values of myelinated axons for the same experimental conditions. D, Mean axo-
nal diameter of myelinated axons. E, Percentage of myelinated axons. Four animals per experimental group and 150 fibers were analyzed. Values are mean6 SEM. *p, 0.05; ***p, 0.001
versus control.
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suggesting a deficit in remyelination, NG2-FthKO mice showed
significantly less MBP and PLP production than controls after 2
and 4weeks of recovery (Fig. 11A,B). These reductions were also
found in Western blot experiments for myelin proteins (Fig.
11C). We found no differences in the number of Olig2-positive
cells among genotypes in any of the experimental conditions
(Fig. 11B). However, we detected a decrease in the number of
CC1-positive cells at the end of the CPZ treatment and after 2
and 4weeks of recovery in Fth-deficient mice (Fig. 11B).
Remyelination was also evaluated by EM at the body of corpus
callosum by determining the g-ratio and the percent of

myelinated axons. No relevant changes in the average diameter
of myelinated axons were found (Fig. 12A,B). However, the cor-
pus callosum of NG2-FthKO animals presented a significant
increase in the average g-ratio (Fig. 12A,C,E) and a clear reduc-
tion in the percent of myelinated axons at both 7weeks of CPZ
treatment and 2weeks of recovery (Fig. 12A,D).

Discussion
Iron deficiency in late-prenatal and early-postnatal periods can
lead to long-term neurobehavioral deficits in humans, including
impairments in learning and memory (Lozoff, 2007; Radlowski

Figure 9. Myelination and oligodendrocyte numbers in the postnatal NG2-FthKO brain. A, PLP immunostaining in the brain of control and NG2-FthKO mice at P15 and P30. Representative
brain coronal sections are shown. Scale bar, 180 mm. B, MBP and PLP expression was quantified by analyzing the integrated fluorescence intensity in the central corpus callosum (CC), in the
cortex (CX), and in the striatum (ST) at P15 and P30. C, Representative coronal sections from control and NG2-FthKO brains at P15 immunostained for Olig2 and CC1. Scale bar, 180 mm. D, The
total number of CC1-positive cells and the percentage of Olig2/CC1 double-positive cells were quantified in the central area of the corpus callosum (CC), in the cortex (CX), and in the striatum
(ST) at P15 and P30. Comparisons between experimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed. Values are percentage of control values
6 SEM. **p, 0.01; ***p, 0.001 versus respective controls.
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and Johnson, 2013). The neurocognitive problems of iron defi-
ciency during this critical perinatal time frame are difficult to
remedy, persisting into adulthood. Thus, understanding how the
different cell types of the CNS incorporate and manage iron
through maturity is critical to develop new means to amend cog-
nitive disfunctions in individuals who experienced early iron
deficiency. Until now, our knowledge regarding brain iron me-
tabolism was generated from animal models of dietary iron
restriction, or mutants and full KO animals for iron proteins. In
contrast, the conditional KOmice described in this work allowed
us to study the consequences of iron deficit specifically in the oli-
godendrocyte lineage without the interference of broad brain
iron deficiency.

The importance of iron storage in oligodendrocyte
development and myelination
Oligodendrocytes require iron as a cofactor for several enzymes
involved in the proliferation and differentiation of OPCs, and in
the production of cholesterol and phospholipids, which are
essential myelin components (Stephenson et al., 2014). OPCs as

well as mature myelinating oligodendrocytes are the highest
iron-rich cells in the brain (Connor and Menzies, 1996). It was
recently established that the average intracellular iron concentra-
tion in cortical oligodendrocytes (3.05 mM) doubles the iron con-
tent of astrocytes and microglia cells and quintuples the average
in neurons (Reinert et al., 2019). Assuming a load of 2400 atoms
of iron per ferritin molecule (P. Zhang et al., 2005), rat oligoden-
drocytes contain ;690 ferritin molecules per mm3 versus 130 in
cortical neurons (Reinert et al., 2019). In this work, we have
found that Fth ablation during early brain development in
Sox10- or NG2-positive oligodendroglial cells significantly delays
the myelination of several brain structures. The corpus callosum
of FthKO animals presented a significant decrease in the thickness
of myelin sheaths and in the percentage of myelinated axons.
Sox10-FthKO brains displayed a widespread decline in the num-
ber of iron-positive oligodendrocytes as well as a substantial
decrease in the average Perls staining intensity per cell. Although
a requirement of iron for myelin production is generally
accepted, it is not clear whether iron deficiency leads to global
brain hypomyelination by affecting oligodendrocyte numbers or

Figure 10. Myelin synthesis and oligodendrocyte quantities in young Sox10-FthKO mice. A, PLP immunostaining in the brain of control and Sox10-FthKO mice at P30 and P60.
Representative brain coronal sections are shown. Scale bar, 180 mm. B, PLP and MBP expression was quantified by analyzing the integrated fluorescence intensity in the lateral (CCL) and cen-
tral corpus callosum (CCC), in the cortex (CX) and in the striatum (ST). C, Representative coronal sections from control and Sox10-FthKO brains at P30 immunostained for Olig2 and CC1. Scale
bar, 180 mm. D, The total number of Olig2- and CC1-positive cells and the percentage of Olig2/CC1 double-positive cells were quantified in the cortex at P30 and P60. Comparisons between ex-
perimental groups were made by the unpaired t test. Six brains per experimental condition were analyzed. Values are percentage of control values6 SEM. **p, 0.01; ***p, 0.001 versus
respective controls.
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their differentiation state or both (Todorich et al., 2009). We
have found a reduction in the population of oligodendrocytes as
well as in the numbers of proliferating OPCs across the brain of
FthKO animals. This suggests that Fth iron storage is important for
OPC proliferation and that a decline in OPC quantities could be
responsible for the hypomyelination observed in young FthKO ani-
mals. However, the proportion of mature oligodendrocytes was
reduced in all brain areas of the Sox10 and NG2-FthKO mice, sug-
gesting that the rate of OPC differentiation is also affected in the
absence of Fth.

As a result of its ability to sequester iron rapidly, Fth is con-
sidered an antioxidant protein (Balla et al., 2007) because iron

removed quickly by this protein is not available for inducing oxi-
dative damage. For example, increased cytoplasmic iron levels
and ROS formation were found in Fth KO fibroblasts, which sig-
nificantly reduce the viability of these cells in vitro (Darshan et
al., 2009). Fth appears to have a similar protective role in oligo-
dendrocyte physiology. For instance, Fth synthesis increased in
oligodendrocytes following exposure to hypoxic conditions or
TNFa (Qi and Dawson, 1994; Sanyal and Szuchet, 1995). Thus,
the vulnerability of oligodendroglial cells to oxidative damage
and the expression of Fth are connected. In the absence of Fth,
oligodendrocytes may experience an increase in free cytoplasmic
iron, ROS formation, and oxidative stress. We found no changes

Figure 11. Remyelination in the adult NG2-FthKO brain. A, Representative coronal sections from control and NG2-FthKO brains immunostained for PLP and MBP. Tissue was collected from
untreated, control, and NG2-FthKO mice at the end of the CPZ treatment and after 2 weeks of recovery (2W Rec). Scale bar, 180 mm. B, MBP and PLP fluorescent intensity, and total numbers
of Olig2- and CC1-positive cells were quantified in the cortex (CX) of untreated, control, and NG2-FthKO mice at the end of the CPZ treatment and after 2 and 4 weeks of recovery (2W or 4W
Rec). Fluorescent intensity data are presented as percent of untreated mice. Values are mean 6 SEM of at least six independent experiments. ###p, 0.001 versus untreated. **p, 0.01;
***p, 0.001 versus control. C, Representative Western blots for MBP, MOG, and PLP made with brain tissue comprised of the corpus callosum and cortex. p84 was used as the internal stand-
ard. Data from four independent experiments are summarized based on the relative spot intensities and plotted as percent of untreated mice. Values are mean6 SEM. #p, 0.05; ##p, 0.01;
###p, 0.001 versus untreated. *p, 0.05; ***p, 0.001 versus control.
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in caspase-3 expression between controls and FthKO oligodendro-
cytes; therefore, losing Fth does not induce oligodendrocyte apopto-
tic cell death in our mouse model. However, several antioxidant
enzymes, such as the glutathione peroxidase, the superoxide dismu-
tase, and the stress-induced heme oxygenase-1, were upregulated in
cultured FthKO oligodendrocytes. Thus, we cannot entirely exclude
the possibility that FthKO oligodendrocytes do not proliferate or

mature normally because of excessive ROS formation and oxida-
tive stress. It has been recently established that Fth secreted by
myelinating oligodendrocytes protects axons against iron-medi-
ated injury in the adult brain (Mukherjee et al., 2020). Although
the Fth secretory pathway is not completely understood, these
results suggest that Fth production in mature oligodendrocytes is
central for an effective brain antioxidant system.

Figure 12. Electron microscopy of the remyelinating NG2-FthKO corpus callosum. A, Electron micrographs of axons in the body of the corpus callosum of untreated, control, and NG2-FthKO
mice at the end of CPZ treatment and after 2 weeks of recovery (2W Rec). Scale bars: Top, 8 mm; Bottom, 2mm. B, Mean axonal diameter of myelinated axons of untreated, control, and NG2-
FthKO mice at the end of the CPZ treatment and after 2 weeks of recovery (2W Rec). C, Mean g-ratio values of myelinated axons for the same experimental conditions. D, Percentage of myelin-
ated axons. E, Scatter plot of g-ratio values. Four animals per experimental group and 150 fibers were analyzed. Values are mean 6 SEM. ###p, 0.001 versus untreated. *p, 0.05;
**p, 0.01; ***p, 0.001 versus control.
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In rodents, myelination starts in the first postnatal week,
peaks around P30, and is almost complete by P60 (Bercury and
Macklin, 2015). The speed of myelin production correlates very
well with changes in iron concentrations in several brain regions
(Todorich et al., 2009). For example, Tarohda et al. (2004) found
rising iron concentrations during early postnatal development
from P1 to P40, reaching adult levels by P70. These data suggest
that, during the first 2 postnatal months, oligodendroglial cells
need to develop all the necessary iron-related mechanisms and
regulatory circuits to safely incorporate and accumulate elevated
amounts of iron. To define the temporal window in which oligo-
dendroglial cells incorporate and store iron, we have deleted Fth
in Sox10-positive cells at three specific developmental time
points: P2, P15, and P60. Sox10-FthKO mice treated with tamoxi-
fen at the beginning of the first postnatal week (P2), or at the ini-
tiation of the third postnatal week (P15), presented a substantial
reduction in myelin production and in the density of total and
mature oligodendrocytes. In contrast, the ablation of Fth in
Sox10-positive cells after P60 has no effect on myelination and/
or oligodendrocyte numbers. These results indicate that, after the
completion of the myelination process, new synthesis of Fth is
no longer needed for proper oligodendrocyte maturation and/or
myelin synthesis. However, since the Sox10 promoter is very
active in all oligodendrocyte developmental stages, our experi-
ments do not directly identify the maturational step in which
these effects occur.

OPC iron storage in demyelination and remyelination
Iron is required in many enzymes that influence the metabolism,
proliferation, and differentiation of the oligodendrocyte lineage.
Therefore, OPC iron deficiency would likely negatively affect the
remyelination process (Stephenson et al., 2014). We have found
a significant reduction in the remyelination potential of FthKO

OPCs. NG2-FthKO mice showed a substantial decline in the
number of mature oligodendrocytes and myelin synthesis during
the remyelination phase of the CPZ model. Furthermore, thinner
myelin sheets and less remyelinated axons were detected in the
NG2-FthKO corpus callosum after 2 and 4weeks of recovery.
Similar results were found at the end of the CPZ treatment. After
7weeks of CPZ intoxication, NG2-FthKO brains presented fewer
mature oligodendrocytes and less myelin than controls. These
results indicate that NG2-positive OPCs in the adult brain need
to synthesize new Fth to normally mature and efficiently remye-
linate the CNS. At the same time, these data reveal that adult
OPCs need to incorporate and store iron in Fth through the pro-
gression of the remyelination process. Therefore, iron availability
in the demyelinated brain parenchyma might be a key factor for
an efficient remyelination.

Brain iron metabolism has been shown to be disrupted in
demyelinated diseases. Abnormal iron deposits were found in
both gray and white matter structures in MS patients and animal
models of MS (Rouault, 2013). Iron deposits were found to be
associated with reactive astrocytes and microglial cells (Ward et
al., 2014), and were detected during the active stage of the disease
as well as during the recovery phase (Ward et al., 2014).
Activated astrocytes and microglia may acquire high levels of
iron by phagocytosing myelin and oligodendrocyte debris (Singh
and Zamboni, 2009; Williams et al., 2011, 2012). However, the
mechanism by which astrocytes and microglial cells release iron
back to the brain parenchyma — and if this iron is, to some
extent, available to OPCs during remyelination — is completely
unknown. Interestingly, high levels of apo-transferrin in the
brain of demyelinated rats significantly promote remyelination

and OPC differentiation (Adamo et al., 2006). In the same line,
Schulz et al. (2012) found that OPC differentiation and remyeli-
nation were impaired in a mouse model of focal chemical demy-
elination, when ferroportin, a transmembrane iron exporter, was
deleted specifically in astrocytes. Jointly, these data and our
results highlight the importance of iron availability in the demye-
linated mouse brain and suggest that iron levels and/or iron
redistribution during demyelination can significantly influence
the effectiveness of the remyelination process.
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