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Iron Metabolism in the Peripheral Nervous System: The Role
of DMT]1, Ferritin, and Transferrin Receptor in Schwann Cell
Maturation and Myelination

Diara A. Santiago Gonzalez,* “Veronica T. Cheli,* Rensheng Wan, and “Pablo M. Paez
Hunter James Kelly Research Institute, Department of Pharmacology and Toxicology, Jacobs School of Medicine and Biomedical Sciences, State University
of New York, University at Buffalo, Buffalo, New York 14203

Iron is an essential cofactor for many cellular enzymes involved in myelin synthesis, and iron homeostasis unbalance is a central
component of peripheral neuropathies. However, iron absorption and management in the PNS are poorly understood. To study iron
metabolism in Schwann cells (SCs), we have created 3 inducible conditional KO mice in which three essential proteins implicated in iron
uptake and storage, the divalent metal transporter 1 (DMT1), the ferritin heavy chain (Fth), and the transferrin receptor 1 (Tfrl), were
postnatally ablated specifically in SCs. Deleting DMT1, Fth, or Tfr1 in vitro significantly reduce SC proliferation, maturation, and the
myelination of DRG axons. This was accompanied by an important reduction in iron incorporation and storage. When these proteins
were KO in vivo during the first postnatal week, the sciatic nerve of all 3 conditional KO animals displayed a significant reduction in the
synthesis of myelin proteins and in the percentage of myelinated axons. Knocking out Fth produced the most severe phenotype, followed
by DMT1 and, last, Tfr1. Importantly, DMT1 as well as Fth KO mice showed substantial motor coordination deficits. In contrast, deleting
these proteins in mature myelinating SCs results in milder phenotypes characterized by small reductions in the percentage of myelinated
axons and minor changes in the g-ratio of myelinated axons. These results indicate that DMT1, Fth, and Tfr1 are critical proteins for early
postnatal iron uptake and storage in SCs and, as a consequence, for the normal myelination of the PNS.
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To determine the function of the divalent metal transporter 1, the transferrin receptor 1, and the ferritin heavy chain in Schwann
cell (SC) maturation and myelination, we created 3 conditional KO mice in which these proteins were postnatally deleted in
Sox10-positive SCs. We have established that these proteins are necessary for normal SCiron incorporation and storage, and, as a
consequence, for an effective myelination of the PNS. Since iron is indispensable for SC maturation, understanding iron metab-
olism in SCs is an essential prerequisite for developing therapies for demyelinating diseases in the PNS. j

ignificance Statement

Introduction
In the CNS, iron is essential for myelin synthesis and mainte-
nance (Todorich et al., 2009; Cheli et al., 2018). Iron is directly
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required for myelin production as a cofactor for enzymes in-
volved in cholesterol and lipid synthesis (Lange and Que, 1998;
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). The
PNS has also an elevated iron requirement (Levi and Taveggia,
2014), and Schwann cell (SC) development has been associated
with iron uptake (Salis et al., 2002, 2012). Moreover, iron defi-
ciency is involved in the pathogenesis of several peripheral neu-
ropathies (Kabakus et al., 2002; Salas et al., 2010), and some
neurodegenerative diseases characterized with brain iron accu-
mulation show phenotypic alterations in the PNS (Levi and Tav-
eggia, 2014). Nevertheless, the physiological role of iron in the
PNS and particularly in SC maturation and myelination is poorly
understood.
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Several proteins have been shown to play a role in maintaining
cell iron homeostasis by regulating iron uptake and storage.
Transferrin receptor 1 (Tfrl) mediates cellular iron uptake
through receptor-mediated endocytosis and is highly expressed
by neurons and oligodendrocytes in the CNS (Connor and Fine,
1986; Giometto et al., 1990). Tfr1 is also present in the PNS, and
it has been implicated in SC iron uptake after nerve injury (Raiv-
ichetal., 1991). The iron incorporated by the Tfr1 is transported
from endosomes into the cytosol by the divalent metal trans-
porter 1 (DMT1) (Flemingetal., 1998). DMT1 is a proton-driven
metal transporter primarily responsible for iron transport from
endosomes as well as for diet iron uptake in the gut (Gruenheid et
al., 1995; Veuthey and Wessling-Resnick, 2014). DMT1 is ex-
pressed by neurons (Skjorringe et al., 2015), astrocytes (Erikson
and Aschner, 2006; Song et al., 2007), and oligodendrocytes in the
brain (Burdo etal., 2001, Chelietal., 2018); and by SCs in the PNS
(Vivot et al., 2013).

Ferritin is the major iron storage protein; it is a heteropolymer
composed of 24 subunits of heavy (Fth) and light (Ftl) types,
which can store up to 4500 atoms of iron (Harrison et al., 1967).
The Fth subunit contains ferroxidase activity, which is required
for converting soluble ferrous into ferric iron, which is then de-
posited inside the ferritin core (Levi et al., 1988; Harrison and
Arosio, 1996). In the CNS, the highest ferritin expression levels
are in oligodendrocytes, which express equal amounts of both Fth
and Ftl subunits (Connor, 1994). Microglia cells express ferritin
enriched in Ftl subunits, whereas ferritin in neurons is mainly
composed of Fth subunits (Connor, 1994). Despite the extensive
literature regarding ferritin in the CNS (Friedman et al., 2011),
very little is known on this protein in the PNS.

Much effort has been paid to understand the molecular mech-
anism involved in CNS iron homeostasis. This has been stimu-
lated by the evidence that abnormal iron homeostasis can result
in CNS pathological conditions. Excessive iron levels have been
associated with neurodegenerative diseases (Zecca et al., 2004;
Molina-Holgado et al., 2007), whereas iron deficiency during
early development has been linked to hypomyelination and cog-
nitive impairment (Georgieff, 2008). However, very little has
been done to explore iron metabolism in SC development and
myelination. Thus, to gain a mechanistic understanding on iron
homeostasis in the PNS, we have studied three animal models
lacking proteins relevant for iron metabolism specifically in SCs.
Our data suggest that SCs use Tfrl and DMT1 to uptake iron
during the postnatal development of the PNS. Furthermore, SCs
need to synthesize Fth during the first postnatal week to store
adequate amounts of iron to accomplish the full myelination
process. In summary, we have established that DMT1, Fth, and
Tfrl are critical proteins for early postnatal iron uptake and stor-
age in SCs and, as a consequence, for the normal myelination of
the PNS.

Materials and Methods

Transgenic mice. All animals used in the present study were housed in the
University at Buffalo Division of Laboratory Animal Medicine vivarium,
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 Insti-
tutes of Health. The heterozygous floxed DMT1 mice (Jackson Mice
017789), the heterozygous floxed Fth mice (Jackson Mice 018063), the
heterozygous floxed Tfrl mice (Jackson Mice 028177), and the Sox10-
iCreER 12 transgenic line (Jackson Mice 027651) were obtained from The
Jackson Laboratory. Experimental animals were generated in our labo-
ratory by crossing the heterozygous floxed lines with hemizygous Sox10-
iCreER " transgenic mice. For all the experiments presented in this work,
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mice of either sex were used. Transgenic mice were genotyped by PCR.
The genomic DNA was isolated, and PCRs were performed using the
Terra PCR Direct Polymerase Mix (Takara). The following primers were
used for detection of floxed alleles: DMT1: 5'-ATGGGCGAGTTAGA
GGCTTT-3' (sense) and 5 -CCTGCATGTCAGAACCAATG-3" (anti-
sense); Fth: 5'-CCATCAACCGCCAGATCAAC-3' (sense) and 5'-CG
CCATACTCCAGGAGGAAC-3' (antisense); Tfrl: 5'-TTCAGTTCCCA
GTGACCACA-3" (sense) and 5'-TCCTTTCTGTGCCCAGTTCT-3’
(antisense); and Sox10-CreER ™% 5'-TTGCGATGGGAGAGTCTGAC-
3’ (sense) and 5'-AGGTACAGGAGGTAGTCCCT-3' (antisense).

Mice treatments. A tamoxifen stock solution (2.5 mg/ml) was prepared
by dissolving and sonicating tamoxifen in autoclaved vegetable oil. To
delete DMT1, Fth, or Tfrl in Sox10-positive SCs, P2 DMT1 KO
(DMT1 "t Sox10Cre©™ ), FthX® (Fth”, Sox10Cre™’ ™), T X®
(Tfr17f, Sox10Cre©™’ ™), and control (Cre-negative) littermates
(DMT1 " Fth 7, or Tfr17f, Sox10Cre ™/ ™) were injected intraperitone-
ally once a day for 5 consecutive days with 25 mg/kg of tamoxifen, and
sciatic nerves were collected at P15 and P30. Additionally, P60 DMT1 KO,
Fth®©, or Tfr*© and control littermates were injected once a day for 5
consecutive days with 100 mg/kg of tamoxifen (20 mg/ml stock solu-
tion), and sciatic nerves were collected at P90.

DRG explant cultures. DRGs were extracted from the spinal cord of
mouse embryos at embryonic day 13.5. Twenty DRGs were collected per
embryo in 1 ml of Leibovitz’s-15 medium (L-15) (Invitrogen), centri-
fuged at 700 rpm for 5 min, and resuspended in 500 ul of 0.25% trypsin
solution without EDTA (Invitrogen). DRGs were then incubated for 45
min at 37°C, after which 500 wl of L-15 medium containing 10% FBS
(Invitrogen) was added to each tube. After 10 min centrifugation at 1000
rpm, the cell pellet was triturated and resuspended in C-medium: MEM
(Invitrogen) supplemented with D-glucose (4 g/L), FBS (10%), L-glu-
tamine (2 mm), NGF (50 ng/ml), and gentamycin; 150 ul of cell suspen-
sion was transferred to the center of a coverslip (15 mm) coated with
collagen. The cells were then incubated at 37°C with 5% CO, overnight.
The following day, the culture medium was replaced for Neurobasal
(Invitrogen) supplemented with B27 (Invitrogen), p-glucose (4 g/L),
L-glutamine (2 mm), NGF (50 ng/ml), and gentamycin. After 2 d, the cells
were transferred to C-medium, which was replaced every other day. Cre
activity and recombination were induced by treating the cells with 4-OH
tamoxifen for 4 consecutive days starting at day 4 after plating. To pro-
mote SC maturation and myelination, cultures were treated with ascor-
bic acid (50 ug/ml) starting at day 7 after plating.

Immunocytochemistry. Cells were rinsed with PBS and fixed with
methanol for 10 min at room temperature. The cells were then perme-
abilized with 0.1% Triton X-100 in PBS for 10 min at room temperature
and processed for immunocytochemistry following the protocol as out-
lined by Cheli et al. (2015). Essentially, fixed cells were incubated in a
blocking solution (0.1% Triton X-100, 1.5% BSA, 5% goat serum) fol-
lowed by an overnight incubation at 4°C with the primary antibody. Cells
were next incubated with the appropriate secondary antibodies (1:400;
Jackson ImmunoResearch Laboratories). Nuclei were stained with the
fluorescent dye DAPI (Invitrogen) and mounted onto slides with Aqua-
mount (Lerner Laboratories). Fluorescent images were obtained using a
spinning disc confocal microscope (Olympus, IX83-DSU). The staining
intensity as well as the number of positive cells were assessed in 30 ran-
domly selected fields per coverslip, which resulted in counts of >2000
cells. Cell counting was performed semiautomatically and blinded to the
genotype of the sample by MetaMorph software (Molecular Devices).
The integrated fluorescence intensity was calculated as the product of the
area and mean pixel intensity using MetaMorph software (Molecular
Devices). Myelin internodes were quantified using an automated routine
for Image] Fijil,2 version 1.52n. Briefly, fluorescent images were loaded
in Image], filtered using a Gaussian blur filter to reduce background
noise; and myelin internodes were selected using thresholding. Objects
<40 wm? or with circulatory >0.3 were excluded from the analysis since
they often represented nonspecific staining. Overlapping internodes,
which could not be correctly individualized, were also excluded. For all
experiments involving quantification of positive cells, MBP and proteo-
lipid protein (PLP) fluorescent intensity, and myelin internodes in DRG
explant cultures, data represent pooled results from at least 4 cultures per
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Schwann cell myelination in DRG explant cultures. Four days after plating, DRG explant cultures were treated with 40H-tamoxifen for 4 consecutive days to induce (re activity and then

with ascorbic acid starting at day 7 to promote SC maturation. The cells were then fixed after 10 or 14 DIV. The expression of MBP and PLP, the neurofilament (NF) staining intensity, and the number
of MBP-positive internodes were examined by immunocytochemistry in control and DMT1%° (4,8), Fth ¥ (€,0), and Tfr“® (E,F) DRG explant cultures at 10 and 14 DIV. Scale bar, 60 wm. Fluorescent
intensity data are presented as percentage of controls at 10 DIV. Data are mean == SEM of at least 4 independent cultures. **p << 0.01; ***p << 0.001; versus respective controls.

experimental group. The primary antibodies used for immunocyto-
chemistry were against the following: caspase-3 (rabbit; 1:2000; Cell Sig-
naling Technology), Ki67 (mouse; 1:500; BD Biosciences), MBP (mouse;
1:1000; Covance), neurofilament (chicken; 1:2000; Biolegend), PLP (rat;
1:500; AA3-PLP/DM20), and Sox10 (rabbit; 1:1600; Cell Signaling
Technology).

Immunohistochemistry. Mouse sciatic nerves were dissected and placed
on a tube containing 4% PFA in PBS for overnight fixation. Longitudinal
slices of 10 wm thickness were obtained using a Clinical Cryostat (Leica
Microsystems, CM1950) and mounted on Superfrost Plus slides
(Thermo Fisher Scientific). Sections were then incubated in a blocking
solution (2% Triton X-100, 1.5% BSA, 5% goat serum) for 2 h at room
temperature and then incubated with the primary antibody overnight at
4°C. Sections were next rinsed in PBS and incubated with the appropriate
secondary antibodies (1:400; Jackson ImmunoResearch Laboratories)
for 2 h at room temperature. Sections were stained with the fluorescent
dye DAPI (Invitrogen) and were covered with Aquamount (Lerner Lab-
oratories) after rinsing and drying. The primary antibodies used for
immunohistochemistry were against the following: Ki67 (rat; 1:500; In-
vitrogen), Krox20 (rabbit; 1:500, provided by Dr. Dies Meijer, University
of Edinburgh), MBP (mouse; 1:1000; Covance), PO (chicken; 1:3000;
Aves), and Sox10 (rabbit; 1:1500; Cell Signaling Technology). The inte-
grated fluorescence intensity for MBP and PO was calculated as the prod-
uct of the area and mean pixel intensity using MetaMorph software
(Molecular Devices). For all experiments involving quantification of
positive cells and fluorescent intensity in tissue sections, data represent
pooled results from at least 6 sciatic nerves per experimental group. Ten
slices per sciatic nerve were used, and quantification was performed blind
to the genotype of the sample using a stereological sampling method.

Western blot. Protein samples were extracted from DRG explant cul-
tures and sciatic nerves using a lysis buffer containing 50 mm Tris-HCI,
pH 8.0,0.5% (w/v) sodium deoxycholate, 150 mm NaCl, 1% (w/v) Triton
X-100, 0.1% (w/v) SDS, 1 mm PMSF, 1 mMm NaF, 1 mMm sodium or-
thovanadate, 1 mm AEBSF, 10 ug/ml aprotinin, 10 pug/ml leupeptin, and
10 pg/ml pepstatin. Quantification of total proteins was done by using a
BCA assay. Twenty micrograms of proteins were separated with Nu-
PAGE Novex 4%-12% Bis-Tris Protein Gels (Invitrogen) and electro-
blotted onto PDVF membranes. Membranes were blocked for 2 h, and
then primary antibodies were added overnight at 4°C with 5% nonfat
milk, 0.2% Tween 20 in PBS. Protein bands were detected by chemilu-
minescence using the ECL kit (GE Healthcare) with HRP-conjugated
secondary antibodies (GE Healthcare) and scanned with a C-Digit Bot
Scanner (LI-COR). Protein bands were quantified using the Image Stu-
dio Software (LI-COR). The primary antibodies used were against the
following: 2',3"-cyclic-nucleotide 3’-phosphodiesterase (CNP) (mouse;
1:3000; Neo-Markers), DMT1 (rabbit; 1:1000; Abcam), Fth (rabbit;
1:1000; Abcam), MBP (mouse; 1:1000; Covance), PLP (rat; 1:1000; AA3-
PLP/DM20), PO (chicken; 1:3000; Aves), p84 (mouse; 1:10,000; Gene-
tex), Soxl10 (rabbit; 1:3000; Cell Signaling Technology), and Tfrl
(mouse; 1:1000; Thermo Fisher Scientific).

Colorimetric iron assay. The Quantichrom iron assay kit (BioAssay
Systems) was used to measure total iron in DRG explant cultures as well
as in sciatic nerve homogenates. Briefly, 50 ul of proteins samples was
mixed with 200 wl Quantichrom working reagent in a 96-well plate and
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 was plotted by subtracting blank (water) OD from
the standard OD values, and the slope of the data plot was then deter-
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Schwann cell maturation in DRG explant cultures. The total number of Sox10-positive cells, the percentage of Sox10/Ki67 double-positive cells, and the number of DRG neurons were

quantified in control and DMT1%° (4,B), Fth ¥ (C,D), and Tfr*° (E,F) DRG explant cultures at 10 and 14 DIV. Scale bar, 60 m. Data are mean = SEM of at least 4 independent cultures. *p < 0.05;

**p < 0.01; ***p < 0.0071; versus respective controls.

mined using liner regression fitting. The total protein concentration was
estimated using the Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific). Data represent pooled results from 4 DRG explant cultures and 4
sciatic nerves per genotype.

Perl’s histochemistry. Enhanced Per!’s histochemistry was performed as
described previously by Cheli et al. (2018). Briefly, teased nerve fibers
from mouse sciatic nerve were incubated with 1% H,O, 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 HI, 0.05% H,O,, and 0.005%
CoCl, in 0.1 M PB. Finally, nerve fibers were dehydrated and mounted
with Permount. The integrated staining intensity per fiber was assessed
by MetaMorph software (Molecular Devices). Fifty fibers per sciatic
nerve were analyzed, and data represent pooled results from at least 4
sciatic nerves per genotype.

EM. Mouse sciatic nerves were dissected and place on a tube contain-
ing 2% glutaraldehyde for fixation. The nerves were then embedded in
resin. Thin sections were stained with uranyl acetate and lead citrate and
photographed with a Tecnai F20 transmission electron microscope
(FEI). For g-ratio measurements, at least 200 fibers per sciatic nerve were
analyzed. The percentage of myelinated axons was determined in the
entire sciatic nerve, which resulted in counts of >1000 axons. The g-ratio
and the percentage of myelinated axons were determined semiautomat-
ically and blinded to the genotype of the sample using MetaMorph soft-
ware (Molecular Devices). Additionally, in each analyzed sciatic nerve,
100 randomly selected Remak bundles were classified according to Feltri

etal. (2016). Atleast 6 sciatic nerves from individual mice were processed
per experimental group.

Rotarod. Coordinated motor activity was measured by a rotarod ap-
paratus following the standard procedure of EMPReSS (European
Mouse Phenotyping Resource of Standardized Screens; https://www.
mousephenotype.org/impress/ProcedureInfo?action=list&procID=168).
Mice were put on arod rotating at 5 rpm. The speed of rotation was gradually
increased up to 40 rpm in a 5 min interval, and the time until mice fall to the
floor was measured. The latency to fall was also recorded on a rod rotating at
20 rpm for a maximum time of 10 min. Each mouse was tested three times
with 20 min between each trial. No less than 9 animals were tested in each
experimental group.

Statistical analysis. All datasets were tested for normal distribution
using the Kolmogorov—Smirnov test. Single between-group compari-
sons were made by the unpaired # test (Student’s ¢ test), using a CI of 95%.
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 CI of 95% was used. All statistical tests were performed
in 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 * SEM. To minimize bias, the quantification of all the
experiments described in this work was performed blinded to the sample
genotype. Based on previous studies, power calculations, and the fact that
all comparisons were made between mice with the same genetic back-
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Figure3.

Western blot analysis of myelin and iron metabolism proteins in DRG explant cultures. Representative Western blots for PO, CNP, PLP, and Sox10 made with total proteins purified from

controls, DMT1*? (4), Fth*© (€), and Tfr1 % (D) DRG explant cultures at 14 DIV. B, Representative Western blots for DMT1, Fth, and Tfr1 made with total proteins purified from controls, DMT1%°,
Fth*?, and Tfr1“C DRG explant cultures at 14 DIV. p84 was used as the internal standard, and data from 4 independent experiments are summarized based on the relative spot intensities and plotted
as percentage of controls. E, Total iron content was examined in control and KO DRG explant cultures at 14 DIV using a colorimetriciron assay. Data are mean == SEM. *p << 0.05; **p << 0.01;***p <

0.001; versus respective controls.

ground, at least 6 animals for each genotype were compared for all the
morphological and biochemical endpoints.

Results

DMT]1, Fth, and Tfr1 are crucial for iron uptake and normal
SC maturation in vitro

To determine whether DMT1, Fth, and Tfr1 are required for SC
development and myelination, 3 conditional KO mice were gen-
erated by cross breeding the corresponding floxed mutant mouse
with the Sox10-iCreER ™ transgenic line. The Sox10-iCreER ™
transgenic mouse expresses a tamoxifen-inducible Cre recom-
binase under the control of the mouse Sox10 promoter, which
limits Cre expression to SCs in the PNS (McKenzie et al.,
2014). Initially, we knocked out the expression of these pro-
teins in myelinating DRG explant cultures. DRGs were iso-
lated at embryonic day 13.5 from DMT1 conditional KO mice
(DMT1%°) (DMT1% Sox10Cre“™ ~), Fth conditional KO
mice (Fth¥®) (Fth"f, Sox10Cre“™ 7), Tfrl conditional KO
mice (Tfr¥®) (Tfr1"f, Sox10Cre“™ ), and corresponding
control (Cre-negative) littermates (DMT1 7t Fth ", or Tfr1"f,
Sox10Cre ' 7). DRG explants were treated with 4OH-
tamoxifen for 4 consecutive days to induce Cre activity in Sox10-
positive SCs, and myelination was promoted by treating the
cultures with ascorbic acid starting at day 7 after plating. The cells
were then fixed after 10 or 14 days in vitro (DIV), and the expres-
sion of myelin proteins as well as the maturation of SCs were
analyzed by immunocytochemistry. Compared with controls,
DMT1X€ cultures showed reduced quantities of MBP expression
as well as fewer MBP-positive internodes at both 10 and 14 DIV
(Fig. 1A, B). Likewise, the density of PLP-positive fibers was sig-
nificantly reduced in DMT1%° cultures (Fig. 1A, B). Similar re-
sults were found in Fth*© and Tfr*° DRG explants (Fig. 1C-F).
Deleting Fth or the Tfr1 in SCs significantly attenuates the myeli-

nation of DRG axons, particularly after 14 DIV (Fig. 1C—F). The
largest decline in myelin protein synthesis was found in Fth*©
cultures, in which the fluorescent intensity for MBP and PLP,
and the density of MBP-positive internodes, were reduced
more than fourfold the control level at 14 DIV (Fig. 1C,D).
The lower levels of MBP and PLP in KO cultures could not be
explained by a diminished number of axons and/or DRG neu-
ros because the neurofilament staining as well as the density of
DRG nuclei were found to be uniform across genotypes (Figs.
1B,D,F, 2B,D,F).

Next, we conducted a series of immunocytochemical experi-
ments to study SC proliferation, maturation, and survival in vitro.
We found that the density of Sox10-positive cells was consider-
ably lower in the DMT1%° culture at both 10 and 14 DIV (Fig.
2A,B). These changes were more pronounced in Fth° cultures
in which the number of Sox10-positive cells dropped ~50% rel-
ative to control levels at 10 DIV (Fig. 2C,D). Tfr KO cultures also
exhibited a reduction in Sox10-expressing cells, which was simi-
lar in magnitude to what was found in DMT1*° explants (Fig.
2E,F). Then, we evaluated SC proliferation using the cell cycle
marker Ki67 in combination with Sox10. Suggesting a reduction
in the rate of SC proliferation, DMT1X© cultures exhibited a
substantial decrease in the number of Sox10/Ki67 double-
positive cells at 10 and 14 DIV (Fig. 2 A, B). With the sole excep-
tion of Fth*© cultures at 14 DIV (Fig. 2C,D), similar reductions
in SC proliferation were found in Fth*© and Tfr*° DRG explants
(Fig. 2C-F). Additionally, the proportion of Sox10/caspase-3
double-positive cells was quantified to measure apoptotic cell
death. Approximately 4% of the total population of Sox10-
expressing cells were at the same time positive for the apoptotic
marker caspase-3 at both 10 and 14 DIV. However, no significant
differences among genotypes were detected (data not shown).



Santiago Gonzdlez, Cheli et al. @ Iron and Schwann Cell Maturation

J. Neurosci., December 11,2019 - 39(50):9940 9953 « 9945

0.80 C 10,

[ Control M Control EIDMT1

I pmT1KC
= 8 .
0.75 [ s ¥
Hkk = )
pef g okxx L
o *%% L2 6 3 2
B g xxx & Z
S 0.70 — & £ ¥
S T 4 3 3
c
§ 4
X
<

(=]
&
N
W
4

=

0.60

0_—
P15 P30 P90 P15 P30 P90

20 O Control [ Control
u Ko I pmT1K©
_ DMT1 1004
S 2 =
o 15 *% o =
2 x =
5 ©
c
5 B 90/ *kk
210 g
= = % % %
[ [
> >
S £
e -
g s g ®
< =

7ol il 1l | |
P15 P30 P90

0
P15 P30 P90

107 P90
0.8
S
-]
z
S 0.6
0.4 - Control 0.4 - Control 0.44 - Control
<= DMT1%® < DMT1%® < DMT1*C
4 2 4 6 4 2 4 6 4 2 4 6 8

Axonal Diameter (um)

Figure 4.

Axonal Diameter (um)

EM of the DMT1*? sciatic nerve. A, Electron micrographs of axons in the sciatic nerve of control and DMT

Axonal Diameter (um)

1% mice at different postnatal time points. Scale bar, 6 um. B, Mean g-ratio
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0.001; versus respective controls.

Protein samples were collected from DRG explants at 14 DIV
to study the expression of myelin proteins and SC markers by
Western blot (Fig. 3). In agreement with the immunocytochem-
ical results presented above, all 3 conditional KO mice showed
important reductions in the synthesis of myelin protein zero
(P0), CNP, and PLP (Fig. 3A,C,D). Furthermore, the transcrip-
tion factor Sox10 was notably downregulated in every KO culture
(Fig. 3A,C,D). Crerecombination efficacy for each specific floxed
gene was evaluated in DRG explants by Western blot (Fig. 3B).
Demonstrating high recombination efficiency, the expression of
DMT]1, Fth, and Tfrl was decreased ~50% in every KO culture
(Fig. 3B). Importantly, knocking down DMT1 induces a signifi-
cant downregulation of Fth expression in SC, which was accom-
panied with a small but significant reduction in the levels of Tfr1
(Fig. 3B). In contrast, deleting Fth induces an important upregu-
lation of DMT1 and a minor reduction in Tfrl expression (Fig.
3B). On the other hand, Tfrl knockdown provokes some reduc-
tion in DMT1 synthesis but no changes in Fth expression. Finally,

Figure 3E shows the effect of DMT1, Fth, and Tfrl deletion in
DRG explant iron content. After 14 d in culture, all 3 conditional
KO cultures showed a significant reduction in iron accumula-
tion, which correlates with the Western blots results presented
above. Together, these in vitro data demonstrate that deleting
DMT1, Fth, or Tfrl induces a substantial iron deficiency in SCs.
More importantly, this lack of iron incorporation and/or storage
negatively affects SC proliferation, maturation, and consequently
the myelination of DRG axons.

DMT1, Fth, and Tfr1 are necessary for normal SC maturation

and myelination in vivo

To delete DMT1, Fth, and Tfr1 in Sox10-positive SCs, Cre activity
was induced starting at P2 by intraperitoneal injection of tam-
oxifen. DMT1X® (DMT1", Sox10Cre“™ ™), FthX® (Fth",
Sox10Cre“™ ™), TfrXC (Tfr1"f, Sox10Cre“™ ™), and control
(Cre-negative) littermates (DMT1 7 Fth™ or Tfr1™, Sox10Cre /")
were injected once a day for 5 consecutive days with tamoxifen,
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and sciatic nerves were collected at P15 and P30. Initially, we used
EM to evaluate the ultrastructure of axon and myelin integrity in
DMT1 X sciatic nerves. The degree of myelination was analyzed
by calculating the axon diameter, myelin thickness, and mean
g-ratio of myelinated axons as described previously (Cheli et al.,
2018) (Fig. 4). A significant reduction in the percentage of my-
elinated axons and a substantial increase in the mean g-ratio of
myelinated axons were found in the sciatic nerves of DMT1X°
animals at P15 as well as at P30 (Fig. 4A, B,E). In addition, the
scatter plot of g-ratio values revealed that hypomyelination af-
fected axons of all sizes (Fig. 4F). In the same line, a significant
reduction in the axonal diameter of myelinated axons was found
in the sciatic nerve of DMT1X° mice at these time points (Fig.
4C). Furthermore, the area covered by bundles of unmyelinated
axons in P15 DMT1X® nerves was higher than the one found in
controls (Fig. 4D). To explore the role of DMT1 in myelinating
SCs, EM experiments were performed in adult mice. Since the
Sox10 promoter is highly active in myelinating SCs, DMT1%°
and control animals were injected with tamoxifen at P60 and

sciatic nerves were collected for analysis at P90. Suggesting that
DMT1 is relevant for the function of mature SCs, the mean
g-ratio of myelinated axons was significantly increased in P90
DMT1X€ nerves (Fig. 4A, B,F). On the other hand, the percent-
age of myelinated axons, the axonal diameter of myelinated ax-
ons, and the area covered by bundles in P90 DMT1X sciatic
nerves were equivalent to controls (Fig. 4C-E).

Similar experiments were conducted in Fth®° mice injected
with tamoxifen during the first postnatal week. At P15 and P30,
these animals displayed an important increase in the mean g-ratio
of myelinated axons as well as a significant reduction in the per-
centage of myelinated axons (Fig. 5A,B,E). Changes in g-ratios
were equal among axons of all sizes and were accompanied by an
expansion of the area covered by bundles of unmyelinated axons
(Fig. 5A,D,F). In agreement with what we found in DMT1¥°
mice, Fth¥© sciatic nerves also showed a decrease in the average
diameter of myelinated axons at P15 and P30 (Fig. 5C). Parallel
experiments were performed in P90 sciatic nerves from Fth*©
mice injected with tamoxifen at P60. Knocking out Fth in adult
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myelinating SCs does not result in a significant modification of
the mean g-ratio or in the area covered by bundles of unmyeli-
nated axons (Fig. 5A,B,D). P90 Fth*° mice only displayed a
minor reduction in the percentage of myelinated axon, which was
mostly concentrated in the axon of small caliber (Fig. 5E, F). Last,
the deletion of the Tfr1 in SCs during the initiation of the myeli-
nation process as well as after P60 only produces minor reduc-
tions in the percentage of myelinated axon with no significant
changes in the main g-ratio of myelinated axons (Fig. 6 A,B,E).
However, similar to what we found in DMT1X° and Fth*®
nerves, the area covered by bundles of unmyelinated axons was
expanded in this conditional KO at P15 and P30 (Fig. 6D). The
morphology of these bundles of unmyelinated axons was further
evaluated using the classification defined by Feltri et al. (2016)
(Fig. 7A). Suggesting an abnormal radial sorting process, all con-
ditional KO mice at P15 displayed a significant increase in the
percentage of late bundles in combination with a sharp reduction
in the proportion of normal bundles (Fig. 7B—D). We have iden-
tified very few bundles lacking SCs or polyaxonal bundles; how-

ever, we found a remarkable increase in the number of early
bundles in the Fth*® mouse (Fig. 7C).

Next, we performed a series of immunohistochemical exper-
iments in P15 sciatic nerves to evaluate myelin proteins expres-
sion as well as SC proliferation, maturation, and survival in vivo
(Fig. 8). In line with the EM data, the staining intensity for MBP
and PO was reduced ~40% in all conditional KO mice (Fig.
8A,B). The density of Sox10-positive cells in the KO lines was
equal to control levels; however, the percentage of Krox20- and
Ki67-positive cells was augmented relative to control nerves (Fig.
8A,B). Importantly, no changes were detected in the number of
apoptotic (caspase-3-positive) cells across genotypes (data not
shown). Furthermore, total proteins were collected from sciatic
nerves to evaluate the expression of myelin proteins by Western
blot (Fig. 9). In agreement with the above described results, the
expression levels of MBP, CNP, and PLP were significantly lower
in the sciatic nerves of tamoxifen-treated DMT1*° mice at both
P15 and P30 (Fig. 9A, B). Importantly, these changes were more
prominent in P30 samples where the decrease in the expression of
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myelin proteins was >50% (Fig. 9B). No changes in the expres-
sion of myelin proteins were detected in P90 sciatic nerves iso-
lated from DMT1 X animals injected with tamoxifen at P60 (Fig.
9C). The expression of myelin proteins in Fth*© nerves was also
critically affected at P15 and P30; at both time points, Fth condi-
tional KO animals displayed <50% of normal myelin protein
quantities (Fig. 9D, E). Similar to DMT1%° mice, P90 Fth*©
nerves presented usual levels of myelin protein production (Fig.
9F). The hypomyelination of the Tfr1* sciatic nerves was the
less severe of the 3 conditional KO animals. These animals showed
an average 25% decline in MBP, CNP, and PLP expression at P15
and P30 with no detectable changes at P90 (Fig. 9G-I).
Additionally, total protein samples from P15 sciatic nerves
were used to study the expression of DMT1, Fth, and Tfr1 in the
3 conditional KO lines (Fig. 10). The reduction of >50% in the
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synthesis of the corresponding protein product of each condi-
tional KO line demonstrates that the in vivo recombination effi-
ciency was elevated (Fig. 10A—C). In agreement with the results
from DRG explant cultures, the deletion of DMT1 attenuates the
expression of the Tfrl; and vice versa, the ablation of the Tfrl in
SCs downregulates the synthesis of DMT1 in vivo (Fig. 104, C).
In contrast, Fth®© nerves presented no significant changes in the
levels of DMT1 or Tfrl (Fig. 10B). Recombination efficiency was
also evaluated in P90 sciatic nerves from animals treated with
tamoxifen at P60 (Fig. 10D). These Western blots demonstrate
that the expression of the three targeted proteins was consistently
reduced in the adult PNS (Fig. 10D). Confirming the involvement of
DMT1, Fth, and Tfrl in SC iron incorporation and storage, the
ablation of these proteins during the first postnatal week significantly
reduced sciatic nerve iron content (Fig. 10E). These colorimetric
iron measurements in sciatic nerve homogenates were corroborated
using Perl’s histochemistry. Compared with controls, teased fibers
from KO sciatic nerves displayed a significant reduction in the aver-
age Perl’s staining intensity (Fig. 10F, G).

Finally, motor coordination was measured across genotypes
using the rotarod test. At P30, the latency to fall off the rotarod
was significantly different between DMT1%°, Fth*©, and their
corresponding control littermates (Fig. 11A, B). In both proto-
cols, DMT1%€ and Fth *° mice exhibited an important reduction
in the latency to fall off the rotarod (Fig. 11 A, B). Interestingly,
these changes were not observed in P90 DMT1%° and Fth*°
animals that were treated with tamoxifen at P60 (Fig. 11 A, B). On
the other hand, no significant differences were observed between
controls and Tfr1*° mice (Fig. 11C). Our data showed that
Tfr1*° mice performed equal to control animals at both P30 as
well as P90 (Fig. 11C).

Discussion

DMT1 is crucial for iron uptake and normal SC maturation
DMT1 is indispensable for dietary-iron absorption in the intes-
tine but also constitutes a crucial component of the transferrin
cycle by mediating ferrous iron transport across the endosomal
membrane (Gunshin et al., 2005). In the sciatic nerve, SCs show
elevated levels of DMT1 in the plasma membrane as well as in the
nucleus (Vivot et al., 2013), and higher DMT1 quantities were
found in SCs near demyelinated lesions (Vivot et al., 2015). We
have recently established that DMT1 is essential for proper oligoden-
drocyte maturation and is required for an efficient remyelination of
the adult brain (Cheli et al., 2018). In this work, we have shown that
the sciatic nerve of juvenile DMT1"° mice exhibited an important
decrease in the percentage of myelinated axons with a concomitant
rise in the average g-ratio of myelinated axons. These KO mice also
showed an important delay in the normal radial sorting process, with
decreased numbers of normal bundles and high quantities of late
bundles, and presented motor coordination deficits. Interestingly,
the average myelin thickness was also reduced in the adult sciatic
nerve in which DMT1 was deleted in mature (P60) myelinating SCs,
suggesting that DMT1 activity is also relevant for myelin mainte-
nance and/or turnover in the adult PNS.

SCslacking DMT1 were deficient in iron and were less able to
produce myelin in vitro. The hypomyelination of DRG neurons
in DMT1X€ culture was likely a consequence of decreased rates of
SC proliferation, since the density of Sox10-positive cells was
severely reduced in these cultures. However, DMT1X° SCs pro-
liferate more in vivo and express high levels of Krox20, a tran-
scription factor present in premyelinating SCs (Topilko et al.,
1994). Importantly, the density of Sox10-positive cells as well as
SC survival in the sciatic nerve of DMT1%° mice were normal.
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Schwann cell myelination and maturation in the sciatic nerve of conditional KO mice. A, The expression of MBP and PO and the number of Sox10, Krox20-positive, and Ki67-positive cells

were examined by immunohistochemistry in control, DMT1*?, Fth ¥, and Tfr ¥ sciatic nerves at P15. Scale bar, 60 um. B, Fluorescent intensity data for MBP and PO are presented as percentage of
controls and the number of Sox10, Krox20-positive, and Ki67-positive cells as percentage of total (DAPI-positive) cells. Data are mean == SEM of at least 6 independent experiments. *p << 0.05;

*¥p <0.01; ***p < 0.001; versus respective controls.

Thus, these results indicate that DMT1 ablation in cultured em-
bryonic SCs mainly affects cell proliferation, but later in develop-
ment, DMT1 deletion in postnatal SCs mostly disturbs cell
maturation and myelin production.

Interestingly, the deletion of DMT1 attenuates the expression
of the Tfr1 and vice versa, the ablation of the Tfr1 in SCs down-
regulates the synthesis of DMT1. Since DMT1 is essential for
endosomal iron exit (for review, see Garrick et al., 2003), it is
possible that DMT1 contributes to the transferrin cycle by accel-
erating endosomal iron exit in SCs. However, most cells are ca-
pable also of non—transferrin-bound iron uptake through DMT1
(Garrick et al., 2003); thus, this could be a second way by which
iron is incorporated into SCs. Determining which one of these
two mechanisms is the most active in SCs and how these two
possible alternatives of iron assimilation changes during SC mat-
uration need to be elucidated in future experiments. Addition-
ally, we cannot exclude the possibility that DMT1 modulates SC
development and myelination by facilitating the incorporation of
divalent metals other than iron, such as magnesium, cadmium,
zing, cobalt, nickel, and copper (Gunshin et al., 1997). The PNS
contain high quantities of magnesium, zinc, and copper, and it is

speculated that such metals play a role in membrane as cofactors
of enzymes and probably in myelin structure (Bourre et al., 1987;
Panetal., 2011).

The role of ferritin in the development of SCs

We have found that Fth®© SCs displayed an important decrease
in iron incorporation and showed a significant deficit in myelin
protein expression in vitro as well as in vivo. Sciatic nerves from
developing Fth *© animals showed an increase in the mean g-ratio
of myelinated axons as well as a reduction in the percentage of
myelinated axons. This deficit in myelination was accompanied
by increased numbers of Krox20- and Ki67-positive SCs and with
changes in the distribution of normal, late, and early Remak bun-
dles. Together, these results suggest a delay in SC maturation and
a significant radial sorting defect in the sciatic nerve of Fth*©
mice. Like DMT1X° animals, young Fth*° mice presented mo-
tor coordination problems. In contrast, Fth deletion in mature
myelinating SCs does not produce deficits in motor coordination
or in the mean g-ratio of myelinated axons. When Fth was deleted
in mature SCs, only a small reduction in the percentage of my-
elinated axons was detected. Roskams and Connor (1994)
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Western blot analysis of myelin protein expressionin the sciatic nerve of the 3 conditional KO mice. Representative Western blots for MBP, CNP, and PLP made with total proteins purified

from the sciatic nerves of controls, DMT1*° (4-C), Fth*® (D-F), and Tfr1*® (G—1) at P15, P30, and P90. p84 was used as the internal standard, and data from 4 independent experiments are
summarized based on the relative spot intensities and plotted as percentage of control samples. Data are mean = SEM. *p << 0.05; **p << 0.01; ***p << 0.001; versus control.

showed that the expression of ferritin in the rodent brain is high-
est at birth and declines to minimum levels after the third post-
natal week. Similarly, Fth immunostaining is prominent in SCs
during the early development of the PNS (Morral et al., 2010).
Therefore, our data suggest that SCs need to make new Fth during
the first postnatal week to store adequate quantities of iron for the
complete maturation process. Decreasing the ability of SCs to
store iron during this narrow time window reduces the capacity
of these cells to mature and impair myelin synthesis.

The absence of Fth in SCs slightly diminishes the expression of
the Tfr1 but significantly upregulates the production of DMT1 in
vitro. However, these changes were not found in the intact sciatic
nerve; and in both situations, SCs experience an important re-
duction in the amount of intracellular iron. Normal and/or aug-
mented levels of DMT1 and Tfrl indicate that iron uptake is
probably not affected in Fth° SCs. However, the Fth subunit is
essential for iron incorporation into the ferritin core; therefore,
iron storage might be significantly compromised in Fth-deficient
SCs. Free iron can induce the production of free radicals and
cause severe cell oxidative stress. Fth exhibits ferroxidase activity,
which is essential for its antioxidant properties (Pham et al,,
2004). Fibroblasts deficient in Fth showed a significant surge in
cell death induced by increased free cytoplasmic iron levels and
ROS formation (Darshan et al., 2009). SCs are particularly sus-
ceptible to oxidative damage (Park et al., 2019), and nerve dam-
age due to oxidative stress and mitochondrial dysfunction is a key
pathogenic mechanism involved in peripheral neuropathies

(Areti et al., 2014). Thus, without proper Fth levels, SCs may
experience an increase in free cytoplasmic iron, ROS formation,
and oxidative stress.

Losing Fth does not induce SC apoptotic cell death; however,
Fth deletion in embryonic DRG explants negatively affects SC
proliferation. In contrast, SC division in the postnatal Fth*© sci-
atic nerve was found to be augmented. These opposite changes in
the rate of cell division suggest that early Fth ablation is detrimen-
tal for SC proliferation; however, in the postnatal PNS, the ab-
sence of Fth does not prevent SCs expansion but significantly
impairs SC maturation and myelin production. Still, how these
two opposed effects are induced by Fth ablation, as well as any
involvement of ROS formation and oxidative stress, remains to
be investigated.

The function of Tfr1 on PNS iron homeostasis

We have previously demonstrated that transferrin and Tfrl are
associated with oligodendrocyte differentiation and myelination
(Paez et al., 2002, 2004, 2005, 2006). Immunohistochemical and
immunoblot analysis in the PNS demonstrated cytoplasmic ac-
cumulation of transferrin in SCs of the myelinated sciatic nerve,
but not in the unmyelinated cervical sympathetic trunk (Lin et
al., 1990). Following sciatic nerve injury, the expression of Tfrl
was significantly upregulated in SCs, and these changes were as-
sociated with a substantial increase in iron uptake restricted to
the lesion site (Raivich et al., 1991). In this work, we have found
that Tfr1 ablation significantly disrupts SC maturation, iron in-
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Figure 10.

Evaluation of proteins involved in iron metabolism and iron content in conditional KO mouse sciatic nerves. Representative Western blots for DMT1, Fth, and Tfr1 made with

total proteins purified from the sciatic nerves of controls, DMT1*° (4), Fth ¥ (B), and Tfr1 %% (€) at P15. D, Representative Western blots for DMT1, Fth, and Tfr1 made with total proteins
purified from controls, DMT1*C, Fth*?, and Tfr1 % sciatic nerves at P90. p84 was used as the internal standard, and data from 4 independent experiments are summarized based on the
relative spot intensities and plotted as percentage of controls. E, Total iron content was examined in sciatic nerve homogenates from controls, DMT1*°, Fth*°, and Tfr1*° at P15 using
a colorimetric iron assay. F, Perl’s staining in representative teased sciatic nerve fibers collected from controls, DMT1?, Fth*?, and Tfr1% at P30. G, The average Perl’s intensity
staining per fiber was quantified in all genotypes at P15 and P30. Data are mean = SEM of at least 4 independent experiments. *p << 0.05; **p << 0.01; ***p < 0.001; versus

control.

corporation, and the myelination of DRG neurons in vitro. Like-
wise, knocking out Tfrl in SCs during early development
diminishes iron uptake and reduces the percentage of myelinated
axons in sciatic nerves. Tfr1 *° mice also presented high levels of
late bundles and reduced quantities of normal bundles in combi-
nation with an expanded population of proliferating SCs. How-
ever, compared with DMT1"° and Fth®© animals, these changes
were mild and do not significantly alter the motor coordination
of Tfr1X° mice. This less severe in vivo phenotype suggests that,
in the complete sciatic nerve, iron incorporation through the
transferrin cycle in SCs can be partially compensated by alterna-
tive routes of iron uptake. DMT1 is capable of non—transferrin-
bound iron absorption (Garrick et al., 2003); thus, this could be
an alternative way by which iron is assimilated into SCs during
early development.

Several noncanonical functions of Tfrl have been defined.
In the liver, Tfrl interacts with Fth and modulates the expres-
sion of hepcidin, an iron-regulatory hormone (Schmidt et al.,
2008). Tfrl interaction with gambogic and stearic acids inhi-

bits its internalization and activates the JNK and ERK signal-
ing pathways (Kasibhatla et al., 2005; Senyilmaz et al., 2015).
Tfrl also interacts with Src, and phosphorylation of Tfrl by
Src decreases apoptosis and promotes cell survival (Jian et al.,
2011). Furthermore, Tfrl was implicated in the homeostatic
maintenance of the intestinal epithelium, acting through a
function that is independent of its role on iron incorporation
(Chen etal., 2015). Together, these studies suggest that loss of
Tfrl might result in alteration in intracellular signaling cas-
cades independent of its role in iron metabolism. The partic-
ipation of these signaling pathways in SC maturation, and
whether these intracellular cascades are modulated by Tfrl in
SCs, needs to be defined in future studies.

In conclusion, we have demonstrated the involvement of
DMT], Fth, and Tfrl on SC iron metabolism. Clearly, iron is indis-
pensable for SC maturation and for the myelination of the PNS; and
understanding iron metabolism in SCs is an essential prerequisite for
developing therapies for demyelinating diseases in the PNS.
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Figure 11.  Motor coordination in young and adult conditional KO animals. Controls,

DMT1% (4), Fth *° (B), and Tfr1*© (€) mice were evaluated in the rotarod test. The latency to
fall off the rotarod was measured in P30 and P90 mice using two different protocols. In the first
protocol, the speed of rotation was gradually increased from 5 to 40 rpm in a 5 min interval
(5—40rpm). In the second protocol, the latency to fall was recorded on a rod rotating at 20 rpm
foramaximum time of 10 min (20 rpm). At least 9 mice were tested in each experimental group.
Data are mean. **p << 0.01; ***p < 0.001; versus respective controls.
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