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Abstract

Oligodendrocytes (OLs) of the central nervous system require iron for proteolipid bio-
synthesis during the myelination process. Although most heme is found complexed to
hemoglobin in red blood cells, surprisingly, we found that Sic48a1, encoding the heme
transporter Hrgl, is expressed at higher levels in OLs than any other cell type in
rodent and humans. We confirmed in situ that Hrg1 is expressed in OLs but not their
precursors (OPCs) and found that Hrgl proteins in CNS white matter co-localized
within myelin sheaths. In older Hrg1 null mutant mice we observed reduced expres-
sion of myelin associated glycoprotein (Mag) and ultrastructural myelin defects remi-
niscent of Mag-null animals, suggesting myelin adhesion deficiency. Further, we
confirmed reduced myelin iron levels in Hrg1 null animals in vivo, and show that OLs
in vitro can directly import both the fluorescent heme analogue ZnMP and heme
itself, which rescued iron deficiency induced inhibition of OL differentiation in a
heme-oxidase-dependent manner. Together these findings indicate OL Hrg1 encodes

a functional heme transporter required for myelin integrity.
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1 | INTRODUCTION

Myelin, the insulating sheath that surrounds neuronal axons, is pro-
duced by oligodendrocytes (OLs) in the central nervous system (CNS).
It is an evolutionary innovation, which first appears in vertebrates
above jawless fishes, enabling more rapid transmission of nerve
impulses at reduced axon diameter (Stadelmann et al., 2019), both
critical to house a larger number of neurons and hence greater brain
complexity (Freeman and Rowitch, 2013). However, to produce mye-
lin segments for perhaps hundreds of axons, oligodendrocyte precur-
sors (OPCs) undergo a ~6500-fold increase in cell surface area during
differentiation and myelination (Chrast et al., 2011), and as such
requirements for iron-dependent biosynthetic processes are very
high. This explains in part the observation that iron deficiency during
development significantly impairs CNS myelination (Yu et al., 1986;
Badaracco et al., 2010; Isasi et al., 2022) and neurocognitive abilities
in animal models and humans (Lozoff et al., 2006; Todorich
et al,, 2009).

Cellular iron acquisition can occur by several mechanisms. Indeed,
the elemental iron transporter Dmtl (Slc11a2) and the transferrin
receptor (Tfrc) are essential for OPC maturation into mature OLs
(Connor et al., 1990; Taylor and Morgan, 1990; Todorich et al., 2009;
Cheli et al., 2018; Moller et al., 2019; Cheli et al., 2023). Dmt1 trans-
ports iron from the extracellular environment across the plasma mem-
brane but also from the lumen of endosomes and lysosomes after Tfrc
mediated internalization of iron (Cheli et al., 2018, 2023). Deletion of
the Tfrc receptor in OPCs impairs myelination but Tfrc ablation in
mature OLs after myelination is established has no effect (Cheli
et al., 2023). Heme is a major carrier for iron provision in the body,
and an essential co-factor for oxygen transport in hemoglobin, elec-
tron transport in mitochondria and enzymatic activities of peroxidases
and monooxygenases (Chambers et al., 2021). Hrgl, encoded by
Slc48al, is an ancient evolutionarily conserved heme transporter
required for survival in heme auxotrophs and iron recycling during
erythrophagocytosis in vertebrates (Rajagopal et al., 2008; Zhang
et al., 2018; White et al. 2013). For example, Haemonchus contortus
(aka Barber's pole worm) lack the ability to synthesize heme and
acquire it via the gut, which can be demonstrated by the uptake of
the fluorescent heme analogue ZnMP after ingestion but dependent
upon the presence of Hrgl (Yuan et al., 2012; Yang et al., 2023).

While the brain tissues are not regarded as containing particularly
high levels of heme, high levels of iron have been reported in OLs and
their myelin sheaths (Connor et al, 1990; Meguro et al., 2007;
Todorich et al., 2009; Badaracco et al., 2010; Moller et al., 2019). We
therefore investigated iron metabolism by single-cell transcriptomics
and found, surprisingly, that Hrg1 is expressed at its highest levels in
mature myelinating OLs across all tissues including hematopoietic lin-

eages. We confirmed Hrgl expression in situ in OLs and that Hrgl

proteins are contained within myelin sheaths. Loss of Hrgl function
in vivo resulted in significant and heterogeneous forms of dysmyelina-
tion at the ultrastructural level, associated with lower levels of myelin
associated glycoprotein (Mag). Finally, we found that heme could
directly rescue OPC differentiation into OLs in the setting of iron
depletion. Our findings indicate heme import comprises an accessory
pathway for iron acquisition and plays an essential role in mainte-
nance of myelin integrity in adult mice.

2 | METHODS

21 | Resources
A detailed list of key resources used in this study are given in
Table S1.

2.2 | Animals

Mice in all studies were of mixed gender. All animal protocols were
approved by the Institutional Animal Care and Use Committee at the
University of Maryland, College Park (IACUC Animal Study Protocol
R-NOV-18-61). Animals were housed under standard 12-hour light/
dark cycle conditions and were fed ad libitum. Hrg1 mutant mice have
been generated as described previously (Pek et al., 2019). Rats were
housed at the University of Cambridge, under standard laboratory
conditions on a 12-h light/dark cycle with constant access to food
and water and studies were conducted under the Animals (Scientific
Procedures) Act 1986 Amendment Regulations 2012 following ethical
review by the University of Cambridge Animal Welfare and Ethical
Review Body.

2.3 | Tissue processing and immunofluorescence

Unless otherwise stated all chemicals were sourced from Sigma-
Aldrich UK (Merck, UK). Mice were sacrificed by cardiac perfusion
using Dulbecco's phosphate-buffered saline (DPBS) (Thermo Fisher
Scientific, USA) under anesthesia (10% ketamine, 8% xylazine mix)
and perfused with 4% w/v paraformaldehyde (PFA) in DPBS for fixa-
tion. Specimens were placed in 50 mL centrifuge tubes and shipped to
the University of Cambridge for analysis. Mouse specimens shipped
from University of Maryland were dissected and brains removed.
Brains were further fixed overnight in 4% PFA and cryoprotected in
20% (w/v) sucrose for 48 h. Tissue was embedded in blocks of OCT
matrix (Fisher Scientific, UK), cryogenically frozen and cryosectioned

(16 um thick) using a Leica CM3050S cryostat (Leica Microsystems,
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UK) onto Superfrost Plus microscope slides (Fisher Scientific, UK), air
dried and frozen immediately at —80°C until use. Frozen tissue sec-
tions were allowed to equilibrate to room temperature (RT) before
being dried in an oven at 65°C for 30 min. Sections were then
hydrated in PBS pH 7.4 at RT (room temperature) for 5 min. Antigen
retrieval (AR) was performed using citrate buffer pH 6.0 from a 10X
stock, for 10 min at 80°C using a water bath. However, AR was
avoided for Hrgl immunostaining. Sections were incubated in either
10% (v/v) normal donkey serum in PBS with 0.02% (v/v) Triton
X-100 or 3% (w/v) BSA with 0.003% (v/v) Triton X-100 for 1 h at
RT on a hula-mixer (Thermo Fisher Scientific, UK). Sections were
encircled with a wax Pap pen (Abcam, UK) and incubated in primary
antibodies at the following dilutions (Mbp, 1:100; Mog, 1:200;
Sox10, 1:100; rabbit anti-Hrgl from Rosemary O'Connor University
College Cork, 1:100; rabbit anti-Hrgl from Igbal Hamza University
of Maryland, 1:200, NF-H, 1:500; Mag, 1:100; Plp1, 1:500; Aspa,
1:100) overnight at 2-8°C. Sections were washed for 1 x 15 min
and 3 x 5min in PBS and incubated with compatible secondary
Alexa Fluor antibodies (Thermo Fisher Scientific, UK) 1:500 dilution
for 1 h at RT with Hoechst 33342 (1:5000 dilution) and washed for
1 x 15 min and 3 x 5 min in PBS. Excess PBS was removed and
slides were mounted in ProLong Gold Antifade (Thermo Fisher Sci-
entific, UK), cover-slipped (thickness = 1.5) (Fisher Scientific, UK)
and allowed to dry. Slides were imaged using a Zeiss Apotome 2 or
Nikon 90i for epifluorescent imaging. For confocal imaging either an
Operetta CLS (PerkinElmer, UK) with 40X water immersion objec-
tive or a Leica SP5 (Leica Microsystems, UK) with 63X oil immersion
objective. For stimulated emission depletion (STED) microscopy,
standard immunostaining protocols were used with the exception of
10% (v/v) normal goat serum in replacement of donkey serum, incu-
bation of primary antibodies for 18 h, omission of Hoechst and incu-
bating with STED compatible secondary antibodies (Table S1)
(Abberior Instruments GmBH, DE) for 2 h at RT and doubling of the
washing steps at all stages. STED imaging was conducted using a
Zeiss Axioscope with STEDYcon (Abberior Instruments GmBH, DE)
using a 100X oil immersion objective.

2.4 | Single molecules fluorescent in situ
hybridization (smFISH)

Mouse smFISH was performed using the RNAScope LS Multiplex
Assay (Biotechne, UK) as
et al., 2020). RNAScope probes are hybridized to mouse tissue

previously described (Bayraktar
on microscope slides followed by immunofluorescence for NeuN
and nuclei staining with DAPI (0.2 ug/mL) using an automated
Leica Bond RX (Leica Microsystems, UK). Tissue slides were
mounted in ProLong Gold Antifade (Thermo Fisher Scientific,
UK), cover-slipped (thickness = 1.5H) (Paul Marienfeld GmbH &
Co. KG, DE). Tissue sections were imaged on an automated spin-
ning disk confocal microscope Operetta CLS (PerkinElmer, UK)
using 5X and 20X air objectives as well as a 40X water immer-

sion objective.

2.5 | Transmission electron microscopy

Tissue samples for electron microscopy were prepared according to
Karlsson and Schultz (1965). Mice were transcardially perfused with
4% PFA, 0.25% glutaraldehyde and 0.5% NaCl in phosphate buffer
pH 7.4 and remained in fixative for a further 3 days. Specimens were
placed in 50 mL centrifuge tubes and shipped to Cambridge for fur-
ther processing. Optic nerves were carefully dissected and fixed
further by immersing them in a solution containing 1% aqueous
osmium tetroxide and 1.5% potassium ferricyanide overnight at 4 °C.
After thorough washing in deionized water (dH,O), the samples were
en-bloc-stained in a 3% aqueous uranyl acetate solution (Agar Scien-
tific, UK) for 24 h at 4°C. Subsequently, the samples underwent dehy-
dration through an ethanol series, followed by infiltration with a 1:1
mixture of propylene oxide and resin. Blocks of fresh resin were then
polymerized at 60°C for 48 h. Ultrathin sections, approximately
60 nm in thickness, were cut from the resin blocks using an EM UC7
ultramicrotome (Leica Microsystems, UK) and placed on copper grids
coated with carbon and formvar (Agar Scientific, UK). The grids were
post-stained with uranyl acetate and lead citrate before being imaged
with a HT7800 transmission electron microscope (Hitachi High Tech-

nologies, UK) operating at 100 kV.

2.6 | Non-heme iron staining

Tissue non-heme iron was stained as previously described (Schirmer
et al., 2019) with minor modifications based on work by Meguro et al.
(2007). Sections of fixed wild type and Hrgl mutants were studied in
parallel. Frozen tissue sections were allowed to warm to RT and dried
for 15 min in a laminar-flow hood. Endogenous peroxidase activity
was quenched by immersion in a solution of 0.3% H,O, (v/v) in meth-
anol for 20 min and washed three times in dH,O. Sections were then
placed in a fresh solution of 1% (w/v) potassium ferricyanide, 0.1%
Triton-X 100 (v/v), 5% (w/v) polyvinylpyrrolidone (PVP) with 1% (v/v)
HCl overnight on a HulaMixer (Thermo Fisher Scientific, UK), followed
by three washes in dH,O. Sections bathed in 0.01 M NaNj;, 0.3%
H,0, and methanol for 60 min on a HulaMixer, followed by three
washes in PBS. Iron staining was intensified using DAB (10% v/v)
solution from Pierce DAB substrate kit (Thermo Fisher) in PBS with
0.005% H,0, (v/v) until optimal intensity in control tissues was
reached between 30 and 90 min. Negative controls were included in
all test by omitting potassium ferricyanide resulting in no Prussian

blue and DAB precipitation.

2.7 | Image analysis

Unless otherwise stated all images were processed and analyzed using
Fiji v 2.9.0. For 3D rendering the Fiji plugin Volume J1.8 was used
with raytrace rendering algorithm, classifier threshold and deviation of
192 and 1 respectively with trilinear interpolation. All images acquired

on the Operetta CLS were analyzed using Harmony software (Perkin
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Elmer, UK) or OMERO.web 5.22.1 (University of Dundee, UK). For
smFISH experiments, single cells were segmented as described
(Bayraktar et al., 2020) using either Ermn (OLs), Pdgfra (OPCs) or Syt1
(neurons) NeuN (neurons) as cell type markers, and the number of
Hrg1l mRNA spots was calculated per single cell. All images acquired
on Operetta CLS were analyzed using Harmony (PerkinElmer, UK).
Fluorescent intensity and DAB staining intensities were measured
using either Fiji v 2.9.0 or OMERO.web 5.22.1 (University of Dundee,
UK). Transmission electron microscopy images were processed using
HT7800 TEM operating software v.01.21 (Hitachi High Technologies,
UK) and analyzed using Fiji v 2.9.0 software and MyelTracer (Kaiser
etal, 2021).

2.8 | Muyelin fractionation

Myelin fractions were prepared as previously described (Schirmer
et al, 2019). Unless specified, all buffers were prepared in DEPC-
treated water, and procedures were conducted at 2-8 °C. Adult Wis-
tar rats (3 months old) were terminally anesthetized and intracardially
perfused with saline and heparin (5 IU/mL), brains rapidly dissected,
and olfactory bulbs removed. The remaining brain was kept on ice,
homogenized in 12 mL of 0.32 M sucrose (DEPC-treated water) with
HALT protease inhibitor cocktail (Thermo Fisher Scientific, UK). After
homogenization, 1.5 mL of the homogenate was retained, and 6 mL
was loaded on top of 6 mL of 0.85 M sucrose (DEPC-treated water)
with HALT protease inhibitors. Centrifugation at 75,000 g for 35 min
at 4 °C (Beckman SW4O0Ti rotor) yielded the pellet (P1) and the
0.85 M-0.32 M sucrose interface, collected as total myelin (T.M.).
Thirty percent of the T.M. fraction was retained, and the remainder
was resuspended in water and centrifuged at 75,000 g for 15 min at
4°C. The resulting pellet underwent two rounds of osmotic shock,
resuspended in 6 mL of 0.32 M sucrose, and overlaid on a bed of
0.85 M sucrose. Centrifugation at 75,000 g for 35 min at 4°C col-
lected the compact myelin (C.M.) fraction from the 0.32 M to 0.85 M
sucrose interface. The C.M. fraction was washed, centrifuged, and
resuspended in tris-buffered saline (TBS) pH 7.4 to a final volume of
400 pL. All fractions were homogenized with 10 strokes using a glass
dounce, and protein content was determined using a fluorescent
Qubit protein assay (Thermo Fisher Scientific, UK) on a Spectromax
microplate reader (Molecular Devices, UK) at 470 nm excitation and

580 nm emission.

29 | Western blotting

Mouse brain tissue from Hrgl mutants and littermate controls were
homogenized using glass dounce in 10 volumes of PBS with 0.32 M
sucrose and HALT protease inhibitors. Samples were centrifuged at
300 g for 5 min at 4°C to remove unhomogenized debris and the
supernatants retained and homogenized further using 10 strokes with
a glass dounce. Protein concentrations were determined using Pierce
BCA Protein assay kit (Thermo Fisher Scientific, UK) and Qubit

protein assay as described above. A total of 15 ug protein from mouse
brain lysates or myelin fractions were separated on either 4%-12%
Bis-Tris NUPAGE gels (Thermo Fisher Scientific, UK) or Novex 10%-
20% Tris-Tricine gels (Thermo Fisher Scientific, UK) according to the
manufacturer's instructions after heat induced denaturation. Voltages
of 90 V for 15 min followed by 120 V were applied, until the dye front
reach the end of the gel. Proteins were transferred to PVDF mem-
branes (Immobilon-FL 0.45 u, Merck UK) using Bolt Transfer buffer
(Thermo Fisher Scientific, UK) at 15V for 90 min at 2-8°C. Mem-
branes were blocked for 1 h in blocking buffer consisting 50% (v/v)
Intercept Blocking Buffer (LI-COR Biosciences, UK) in TBS with 0.1%
(v/v) Tween-20 (Merck, UK) (TBS-T). Primary antibodies were diluted
in blocking buffer and incubated overnight at 2-8°C with mixing.
Membranes were washed 1 x 15 min and 3 x 5 min in TBS-T and
incubated with respective Li-COR secondary antibodies (1:5000) for
1 h at RT. Membranes were washed again 1 x 15 and 3 x 5 min in
TBS-T. Proteins were detected using a Li-COR Odyssey (LI-COR
Biosciences, UK) and analyzed using ImageStudio v5.2.5 (LI-COR
Biosciences, UK). For protein staining, freshly run Tris-Tricine gels
were treated with Pierce Silver Stain Kit (Thermo Fisher Scientific,
UK) according to manufactures instructions and imaged using a

flatbed scanner.

210 | Cholesterol assay

Lipids were purified from myelin fractions using Folch method (Folch
et al., 1957). A total of 50 ug protein was brought to 50 pL volume
with TBS in microfuge tube. To this 300 pL of chloroform:methanol
(2:1) was added and vigorously mixed for 10 min at RT. A total of
75 pL dH,0O was added, vortexed to mix, followed by centrifugation
at 2000 g for 5 min. The aqueous phase was removed and organic
phase was kept. The microfuge tubes were placed in a vacuum centri-
fuge (Eppendorf, UK) for 5 h and evaporated to dryness. A total of
25 pL methanol was added to dissolve lipids and vortexed to mix.
Amplex-Red cholesterol assay (Thermo Fisher Scientific, UK) was per-
formed according to manufacturer's instructions. Briefly, 5 uL of puri-
fied lipids was diluted in 50 pL of reaction buffer in a black walled
fluorescent microwell plate (Fisher Scientific,c UK) and 50 pL of
Amplex-Red working reagent with HRP, cholesterol esterase, choles-
terol oxidase, and Amplex-Red was added, mixed thoroughly and incu-
bated at 37°C for 30 min. Reaction was measured with 550 nm
excitation and 590 nm emission on a Spectromax microplate reader
(Molecular Devices, UK) and analyzed against a cholesterol standard

curve.

211 | Primary rat oligodendrocytes

The following steps were modified from (Neumann et al., 2019).
Euthanized and decapitated Wistar rat neonates of post-natal days 4-
7 (P4-P7) were purchased from Charles River Laboratories, UK and
shipped same day at 2-8°C in Hibernate-A medium (Thermo Fisher
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Scientific, UK). Brains were harvested into Hibernate-A (Thermo
Fisher Scientific, UK), subsequently, olfactory bulbs were removed,
and the brains were mechanically minced into small pieces (approx.
1 mm?) using a sterile scalpel. Tissue pieces were resuspended in
HBSS (Thermo Fisher Scientific, UK) and pelleted at 100 g for 3 min
at RT. The resulting tissue pellet was then resuspended in dissociation
medium consisting of 34 U/mL papain (Worthington Labs, via Lorne
UK) and 20 pg/mL DNase-1 in Hibernate A for 30 min at 37°C on a
horizontal shaker (50 r.p.m.). Brain homogenate was collected by cen-
trifugation for 5 min at 300 g at RT and resuspended in a neutralizing
solution comprising 1X B27 (Thermo Fisher Scientific, UK), 2 mM
sodium pyruvate in Hibernate A. Tissues were then triturated sequen-
tially using a 10-ml pipet, 5 mL pipet, and a sterile fire-polished Pas-
teur pipet to generate a single-cell suspension. The resulting cell
suspension was filtered through a 70 um cell strainer (Greiner, UK)
into a Percoll solution (Cytiva, UK) to achieve a final Percoll concen-
tration of 22.5%. The mixture was subsequently centrifuged at 800 g
for 20 min with no break in centrifugation deceleration. The superna-
tant was carefully removed, and the cell pellet was washed once with
HBSS. To eliminate red blood cells from the cell suspension, the cells
were resuspended in 1 mL of Red Blood Lysis Buffer (Merck, UK) for
1 min, followed by washing with a large volume of HBSS. The cell sus-
pension was then resuspended in 500 uL of washing buffer
(WB) consisting of 2 mM EDTA, 2 mM sodium pyruvate, 0.5% bovine
serum albumin (BSA) in PBS pH 7.4 supplemented with 25 pg/mL
insulin (Merck, UK). Subsequently, 1 uL of mouse monoclonal anti-
body against A2B5 (Merck, UK) was added to the suspension and the
cells were incubated for 30 min at 2-8°C with gentle shaking. Follow-
ing incubation, cells were washed with WB, harvested by centrifuga-
tion (300 g, 5 min, RT), resuspended in 80 uL of WB supplemented
with 25 pg/mL insulin and 20 uL of rat anti-mouse IgM antibody
(Miltenyi Biotec, UK), and incubated for 15 min at 4°C. After incuba-
tion, the cells were washed with 8 mL of WB, resuspended in 2 mL of
WB supplemented with insulin, and loaded into a MACS LS column
(Miltenyi Biotec, UK). A2B5 positive cells were isolated in a MACS
Multistrand (Miltenyi Biotec, UK) according to the manufacturer's
instructions and resuspended in OPC media (Base media: DMEM/F12
(Thermo Fisher Scientific, 11039-021), 2 mM Sodium pyruvate,
60 pg/mL N-acetyl Cysteine, 25 pg/mL Insulin, and 1X SATO (SATO
100X: 1.61 mg/mL putrecine, 4 pg/mL sodium selenite, 60 pg/mL
Progesterone, 33 mg/mL BSA, 5 mg/mL Apo-Transferrin in DMEM/
F12) with 20 ng/mL PDGF-aa (Peprotech, 100-13A) -+ 20 ng/mL
bFGF (Peprotech, 100-18B) for 2-6 days in a humidified incubator at
37°C, 5% CO,, 90% N,, or 5% O, for low oxygen and at 37°C, 5%
CO, and ambient oxygen for high oxygen experiments. At the desired
confluency (day 2 or 3), the media was changed to OL media (Base
media + 40 ng/mL T3) to induce differentiation into OLs. Drug treat-
ments were done using OL media supplemented with 100 uM Defer-
oxamine (DFO) (Merck, UK), 1 uM Hemin (Merck, UK) or 5 uM SnPP
(Santa Cruz Biotechnology, USA). Cells were washed twice with PBS
and fixed for 15 min in 4% PFA or mRNAs were collected in
Tri-Reagent solution (Thermofisher Scientific, UK). Immunostaining

was performed as per tissue sections with blocking, primary antibody

incubation, washing steps and secondary antibody incubation and
imaged using a Leica DMI6000 (Leica Microsystems, UK) to acquire

wide-field images.

2.12 | Primary mouse mixed glia

Cultures were prepared based on methods established elsewhere with
modifications (Jia et al., 2018). Euthanized and decapitated C57
mouse pups of post-natal days 1-2 (P1-P2) were purchased from
Charles River Laboratories, UK, and shipped same day at 2-8°C in
DMEM/F12 (Thermo Fisher Scientific, UK). Upon arrival, in a sterile
laminar-flow hood, CNS cortical hemispheres were rapidly dissected,
cross chopped in cold Hibernate and debris removed through a Percoll
gradient as for OPC cultures. Cells were suspended in base media
with the inclusion of HB-EGF at 5ng/mL and plated onto poly-
d-lysine coated surfaces, 6 cortices per 75 cm?. Complete media was
replaced after 1.5 h to remove debris and un-associated cells. Half of
the media was changed twice up to the fourth day in vitro. HB-EGF
was removed and replaced with 40 ng/mL T3 in base media to pro-
mote OPC differentiation into mature OLs and retain astrocyte and
microglia cells. Complete media was changed every other day for a
further 10 days.

213 | ZnMP uptake assay

Primary rat oligodendrocytes and primary mouse mixed glia were trea-
ted with Zn(ll) Mesoporphyrin IX (ZnMP) (Santa Cruz Biotechnology,
USA) using methods previously described with minor modifications
(Rajagopal et al., 2008; O'Callaghan et al., 2010). Rat oligodendrocytes
and mouse mixed glia at days 6 and 14, respectively, were washed
with uptake medium made of 25 mM HEPES in HBSS supplemented
with 2.5 uM BSA. A 10 mM ZnMP stock was added to uptake
medium to a final of 5 uM and added to cells for 30 min. Cells were
placed on ice and washed three times with ice cold uptake medium,
followed by washing with PBS before fixing with 4% PFA dissolved in
PBS for 10 min. Cells were stained with or without antibodies and the
autofluorescence of ZnMP detected using an Operetta CLS or Leica
SP5 confocal microscopes as above. For quadruple staining
experiments excitation (ex.) and emission (em) filter sets for DAPI
(ex. 355-385nm, em 430-500 nm), Alexa-488 (460-490 nm,
em. 500-550 nm), Texas Red (ex. 530-560 nm, em 570-650 nm) and
Alexa-647 (ex. 615-645 nm, em 655-760 nm) filter sets on the

Operetta CLS were chosen.

2.14 | Quantitative real-time PCR

Cells were washed with ice cold PBS and lysed with Tri-Reagent solu-
tion (Thermo Fisher Scientific, UK). RNA was purified using Direct-zol
RNA MicroPrep (Cambridge Bioscience, UK) and cDNA generated
using SuperScript 3 first-Strand cDNA Kit (Thermo Fisher Scientific,
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UK) according to manufacturer's instructions. Quantitative real-time
PCR (gRT-PCR) analyses were performed with a QuantStudio 12 K
Flex Real time PCR system (Applied biosystems) using PowerUp SyBr
Green Master Mix (Applied biosystems, A25741) according to manu-
facturer's instruction. Gene expression levels were normalized to
B-actin gene expression and analyzed using GraphPad Prism 9 soft-
ware (GraphPad Software/Dotmatics, USA).

2.15 | MTT and cell viability assays

Cell viability assays were performed on primary OPC and OL cultures
using the manufacturers recommendations. For MTT assay (Abcam,
UK), OPCs, and OL cultures were grown in flat bottom 96 well plates
(Greiner, UK) at 5% O,, and treated with increasing concentrations
hemin for 24 h. The media was removed from each well and 100 uL
of MTT reagent in cell culture media 50% (v/v) was added and cells
placed back in the incubator for 1-2 h. 150 uL of MTT solvent was
added and mixed well and conversion of MTT to formazan was mea-
sured using a SPECTROstar Nano (BMG Labtech, UK) measuring
absorbance at 590 nm. Data were analyzed with MARS software
(BMG Labtech, UK) and Graphpad Prism 9 (GraphPad Software/
Dotmatics, USA).

For Live/Dead Assay (Thermo Fisher Scientific, UK), cells were
treated with 20 uM Hemin from a 10 mM stock dissolved in 40 mM
NaOH, or 87 uM Ferric citrate (20 uM Fe®*) for 24 h. Calcein AM and
ethidium homodimer (Et. H.) were dissolved to concentrations of
1 uM and 0.5 uM, respectively, in cell culture media. Complete media
was replaced with assay mixture (Calcein AM and Et. H.) and cells
incubated for 20 min. Cells were then washed three times with PBS,
fixed with 4% PFA for 10 min and counterstained with Hoechst
33342 (1:5000) for 1 h in PBS. Cells were imaged using an Operetta
CLS (PerkinElmer, UK) and analyzed using Harmony software
(PerkinElmer, UK).

216 | Bioinformatics

Publicly available single-cell RNAseq data sets for mouse CNS (Zeisel
et al., 2018), mouse CNS development (Rosenberg et al., 2018), and
human (Karlsson et al., 2021) was used as well as the Human Protein
Atlas (https://www.proteinatlas.org/ENSG00000211584-SLC48A1/
single+cell+type). Single-cell sequence analysis was done using
Scanpy (version 1.8.1) to generate the matrix plot. Specifically, for the
investigation of iron binding pathways, we calculated the mean
expression of all genes within the designated gene list. To ensure con-
sistency and comparability across samples, gene expression values
were normalized to 1”6 and subsequently logged. For the visualization
of cellular heterogeneity, UMAP plots were generated using Scanpy
as well. Dimension reduction focused on the top 2048 high variable
genes identified by scanpy with “seurat-v3” algorithm and using the
DESC algorithm (version 2.1.1) for further processing. Trajectory anal-
ysis was carried out using the PAGA pipeline developed by (Wolf

et al,, 2019), following a standardized procedure. This comprehensive
methodological approach allowed us to unravel the intricacies of
single-cell gene expression patterns and provided insights into the

dynamic processes associated with iron binding pathways.

217 | Statistical analyses

Numbers of experiments are indicated on bar graphs as individual data
points, data shown as mean + standard error of the mean (S.E.M.), and
assumed to follow normal distribution. All data were analyzed using
GraphPad Prism version 9.0.0 for Mac (GraphPad Software/Dot-
matics, USA). ECso values were calculated using a non-linear regres-
sion and constraining F = 50. P values from Student's two tailed
unequal variance t-tests (Welch's correction) and p values <.05 were

considered significant.

218 | |lllustrations
All art work was created using Adobe lllustrator CC 21.1.0 (Adobe
Systems, USA) or BioRender (www.biorender.com) under the terms of

an academic license.

3 | RESULTS
3.1 | Hrgl expression is enriched in mature
myelinating OLs

Heme and iron are essential for life, but present a biological paradox
as excessive levels of iron or heme are toxic to cells (Rouault, 2013;
Chambers et al., 2021). Significant efforts have addressed iron cycling
in the CNS, however in comparison, heme metabolism is poorly
understood. Iron and heme binding genes constitute about 2% of the
genome (Andreini et al., 2018). To gain insight into OL iron metabo-
lism, we analyzed iron pathway expression data from previous studies
(Pek et al., 2019) and mouse single-cell mRNA sequencing (scRNA
seq) CNS datasets. Gene ontology analysis for GO:0005506 (iron ion
binding) and GO:0020037 (heme binding) indicated OL cells had the
highest expression levels of iron (Figure 1a) and heme (Figure 1b)
binding genes amongst CNS cells. OLs were enriched in the iron stor-
age and carrier genes Ftl1, Fth1 and Trf (Figure 1a). Interestingly, OLs
were singular in their expression of the heme binding genes fatty acid
hydrolase 2 (Fa2h) and the heme transporter Hrgl (Slc48a1)
(Figure 1b); while also expressing Hmox2 encoding a constitutively
active enzyme that liberates iron from heme (Pek et al., 2019). Using a
custom list of iron/ heme metabolic genes previously assembled (Pek
et al.,, 2019), no other iron/ heme associated genes were identified
(Figure S1a).

We focused on Hrg1 expression as it encodes a heme transporter.
The Human Protein Atlas (www.proteinatlas.org) contains a meta-
analysis of 31 different datasets using the 10X Genomics platform,


https://www.proteinatlas.org/ENSG00000211584-SLC48A1/single+cell+type
https://www.proteinatlas.org/ENSG00000211584-SLC48A1/single+cell+type
http://www.biorender.com
http://www.proteinatlas.org
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FIGURE 1 Hrgl (Slc48a1) expression is enriched in mature myelinating oligodendrocytes. (a and b) Heat map displaying the expression of all
iron and heme binding genes (columns) across six central nervous system (CNS) cell types (rows), identified through gene ontology terms
GO:0005506 (iron ion binding) and GO:0020037 (heme binding genes). The top 13 highest expressed transcripts are highlighted. Expression
levels were normalized and shown in log scale. See also Figure S1. (c) Single-cell RNAseq expression profile of human HRG1 across human cells
obtained from the Human Protein Atlas (www.proteinatlas.org/ENSG00000211584-SLC48A1/single+cell+type). (d) Uniform Manifold
Approximation and Projection (UMAP) depicting the single RNA sequencing from mouse and human CNS cell types for Hrg1/HRG1 (mouse/
human orthologues) alongside mature oligodendrocyte markers Mbp/MBP and Plp1/PLP1. (e) Pseudo-timeline illustrating the expression dynamics
of selected transcripts from SPLiT-Seq (Rosenberg et al., 2018) data of oligodendroglial lineage cells from P2 and P11 CNS, highlighting the
differentiation of oligodendrocyte precursor cells (OPC) into mature oligodendrocytes (OLs). Heme and iron metabolic transcripts are included for

comparison.

without pre-enrichment of cell types and containing more than 4000
cells and 20 million reads in each study. In this unbiased dataset, we
surprisingly observed that OLs expressed the highest levels of Hrgl
(Slc48a1) across all human cell types including hematopoietic lineages
(Figure 1c). Hrg1 is also enriched in myelinating OLs from the Brain-
RNA-Seq (www.brainrnaseq.org) (Zhang et al, 2014, 2016)
(Figure S1b). Interestingly, astrocytes express high levels of Hrgl in
humans compared to mice suggesting evolutionary divergence
(Figure 1c,d and S1b). Other known heme transporters such as Flvcri

(Mfsd7b), Flver2 (Mfsd7c), and Slco2b1 showed minimal expression in
oligodendroglial lineage cells (Figure S1b) and low levels across neu-
rons and oligodendroglia (Figure S1b). Mouse (Zeisel et al., 2018) and
human (Karlsson et al., 2021) scRNA seq datasets indicated Hrgl
expression was highest in Mbp™ and Plp1" mature myelinating OLs in
adult CNS (Figure 1d). We analyzed single-cell mRNA datasets from
post-natal day (P)2 and P11 mouse brain and spinal cord SPLiT-SEQ
(Split Pool Ligation-based transcriptome sequencing) (Rosenberg
et al., 2018) during OPC differentiation into mature myelinating OLs


http://www.brainrnaseq.org
http://www.proteinatlas.org/ENSG00000211584-SLC48A1/single+cell+type
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(Figure 1e). Established markers for OPCs (Pdgfra and Cspg4) and
mature OLs (Mbp, Plp1, Ermn, and Mog) (Zeisel et al., 2018) as well as
intermediate differentiation (Enppé [Xiao et al., 2016] and Bcas1 [Fard
et al., 2017; Chavali et al., 2020]) in pre-OLs provided references for
pseudo-timelines (Figure 1e). Against these, expression of iron trans-
porters transferrin receptor (Tfrc) and Dmt1 (Slc11a2) mapped to early
and late differentiating OPCs, respectively (Figure 1e), whereas iron
sequestering (Fth1, Ft/1 and Trf) and heme metabolic genes (Hrg1 and
Hmox2) all showed maximal expression in mature myelinating OLs
(Figure 1e). These findings suggested that in addition to iron import
via transferrin receptor, mature OLs might also utilize the Hrgl heme
transporter to meet its iron quota.

Using single molecule fluorescent in situ hybridization
(smFISH) in adult mice with the neuronal gene Synaptotagmini
(Syt1) as a reference marker for gray matter (Figure 2b,c) we con-
firmed Hrg1 transcripts in white matter tracts such as the corpus
callosum (CC), striatum (Str.), and anterior commissure (AC) as
well as the choroid plexus (CP), a blood cerebrospinal fluid
barrier which produces cerebrospinal fluid. We quantified the
co-localization of Hrg1 with OPCs (Pdgfra), mature OLs (Ermn), and
the neuron marker (NeuN) (Figure 2d,e). While nearly all mature
Ermn™ OLs expressed Hrgl, its presence in NeuN™ neurons or
Pdgfra™ OPCs was minimal (Figure 2e,f).

Limited single-cell RNA sequencing datasets span various devel-
opmental stages and regions, prompting us to analyze Hrgl mRNA
expression using smFISH across cerebral cortex (Ctx.), CC, pons, and
cerebellum (Cb.) (Figure 2g,h and Figure S1c). Myelination is present
at post-natal day 7 (P7) in key autonomic and locomotor regions of
the pons and cerebellum, while broader CNS myelination increases at
P14 and continues into adulthood (Bonetto et al., 2021). As such, we
detected Ermn*t cells at P7 only in the pons and cerebellum
(Figure Sic). Hrg1 was highly expressed at P14 in OLs, peaking at P14,
a critical time for myelination and CNS iron uptake (Taylor and

Morgan, 1990), and declined with age across all brain regions

examined (Figure 2g,h and Figure S1c). The percentage of Ermn™ OLs
expressing Hrgl remained high, with 96.96% cells at P56 and 75.20%
at 1 year of age (Figure 2h). This persistence in OLs prompted further

analysis.

3.2 |
sheath

Hrg1 proteins are localized within the myelin

We next asked if Hrgl proteins are present in myelin purified from
brain lysates by sucrose density gradient centrifugation with osmotic
stress (Erwig et al., 2019; Jahn et al., 2020). Adult rat brains, due to
their larger size compared to mice, underwent homogenization fol-
lowed by gradient centrifugation. This process yielded several distinct
fractions: the initial brain homogenate (Hom.) collected before centri-
fugation, the total myelin (T.M.) layer found as the first buoyant layer
at the interface of the sucrose fractions, the dense myelin-reduced
and mitochondria-enriched fraction (P1) as the first pellet, and finally,
the compact myelin fraction (C.M.) obtained after two rounds of
osmotic stress and additional sucrose gradient centrifugation (see
Figure 3a, Figure S2a). Fractions were examined for total protein by
silver staining showing enrichment of low molecular weight proteins
(Figure S2b). The majority of cholesterol in the CNS is found in myelin
(Saher et al., 2005) which is also highest in myelin fractions in our
study (Figure S2c).

We examined myelin (Mbp, Cnp, and Mog), neuronal (NF-H-
200, Caspr and synaptophysin) and mitochondrial (Mitochondria
antibody, Cycs and Tomm-20) proteins by western blotting. As
shown (Figure 3c,d), compact myelin proteins Mbp and Mog were
highest in the C.M. fraction. The enzyme 2',3'-Cyclic-nucleotide
3’-phosphodiesterase (Cnp), a non-compact myelin protein local-
ized in myelinic cytoplasm channels (Snaidero et al., 2017), was
enriched in the T.M. compared to C.M. fractions along with neuro-

nal proteins of NF-H-200 and Caspr (Figure 3c,d); the synaptic

FIGURE 2 Hrgl is expressed in mature oligodendrocytes in vivo. (a) Schematic depicting the region from the adult (P90) mouse central
nervous system (CNS) that was selected for single-molecule fluorescence in situ hybridization (smFISH). (b) Representative stitched confocal
image of an adult (P90) mouse coronal brain section, stained for neuronal Syt1 and Hrg1 transcripts, with four regions being selected for neuronal
Syt1 and Hrg1 transcripts. Scale bar of 1 millimeter is shown. (c) Magnified views of selected regions from (b) showcasing white matter tracts, that
is, corpus callosum (1.) and anterior commissure (4.), as well as cerebrospinal fluid-generating cells of the choroid plexus (2.), and striatum (3.).
Scale bars of 100 u are shown. (d) Representative stitched confocal image of an adult (P90) mouse coronal brain section displaying NeuN
neuronal protein and Ermn mature oligodendrocyte marker mRNA for gray (cerebral cortex, Ctx.) and white matter corpus callosum (CC) regions,
respectively. Scale bars of 1 millimeter,100 p are shown. (e) High magnification image of the CC illustrating Hrg1, Ermn, Pdgfra mRNA, NeuN
protein, and DNA stained with DAPI. Scale bar of 20 p is shown. (f) Violin plot and pie charts of Hrg1 mRNA expression detected by smFISH in
CC and cortical regions (Ctx.) of adult mouse (P90) in neurons (NeuN™), oligodendrocytes (Ermn™), and oligodendrocyte precursor cells (OPCs)
(Pdgra™). (g) Representative high magnification images of Hrgl mRNA expression in oligodendrocytes (Ermn™) during mouse CNS development at
post-natal day 7 (P7), P14, P56, and 1 year old in the pons. Pons was selected as oligodendrocytes are present in the same field of view at all
developmental time points. No Ermn positive oligodendrocytes were detected in Ctx. and CC at P7. Refer to Figure S1c. Scale bars of 20 u are
shown. (h) Expression analysis of Hrgl mRNA in oligodendrocytes (Ermn™) by smFISH across pons, cerebellum white matter, CC, and Ctx. at
indicated time points. Left panel represent Hrg1 mRNA spot quantification in (Ermn™) cells with =7 Ermn spots and right panel represents the
percentage of Ermn™ cells with >7 Hrg1 mRNA spots. Violin plots are represented as all data points and scatter plots the average of three
biological replicates + standard error of the mean. All unpaired t-tests performed with Welch's correction, values deemed significant as p < .05(*),
<.005(**), and <.0005(***), and ns as non-significant. Pie charts depict cells with a threshold of >3 Hrg1 spots per cell. Fluorescent images are

pseudo-colored for aid of the reader.
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from C.M. and

T.M. fractions as expected. Previously we detected Syp mRNA in

protein synaptophysin (Syp) was absent
myelin preparations (Schirmer et al., 2019), which is consistent
with Syp mRNA anterograde transport (Alvarez et al., 2000). Neu-
rofilament was absent in cortical gray matter myelin sheaths
(Figure S2d), distinguishing C.M. as rich in compact myelin pro-
teins, while T.M. includes compact myelin, myelinic channel Cnp,
and associated axonal components such as Caspr, NF-H-200, and
mitochondria (Figure 3c,d), likely originating from axons.

Compact myelin accommodates small proteins, while myelinic
channels house organelles and larger proteins for axonal support and
local myelin maintenance (Stadelmann et al., 2019). We validated the
specificity of the Hrgl antibodies by comparative western blotting on
whole CNS of Hrgl knock out mice (Pek et al., 2019) at P30. As
shown (Figure 3e-g), Hrgl immunoreactivity was specific for control
littermates versus Hrg1~/~ animals and immunofluorescence staining
showed no immunoreactivity for Hrgl in the CC or CP of mutants.
Hrgl is part of the heme catabolism machinery (Figure 3b) (Rajagopal
et al,, 2008; Zhang et al., 2018; Pek et al., 2019; Simmons et al., 2020;
Yang et al., 2023; White et al. 2013). We detected Hrgl in myelin
fractions of T.M. and C.M., but the enzyme heme oxygenase
2 (Hmox2) which is responsible for the degradation of heme, and the
iron storage protein Fth1, were present in T.M. but not C.M. fractions
(Figure 3c,d), implying their presence in myelinic channels or axonal
compartments that associate with the myelin sheath. These results
show that heme transport, heme catabolism and iron storage proteins

are all found in myelin.

3.3 | Hrgl proteins co-locate with Mbp within
myelin sheath

To examine the distribution of Hrgl within myelin, we used rat cere-
bellum owing to its distinct demarcation of both gray and white mat-
ter regions, as well as the presence of myelin tracts running both
longitudinally in cerebellar lobes and transversely in corticospinal
tracts (Figure 4a,b). Immunofluorescence analysis revealed that Hrgl
protein distribution in the cell soma of cells co-staining with the tran-

scription factor Sox10, a pan oligodendroglial marker, within white

matter tracts (Sock and Wegner, 2021) (Figure 4c, S2f). Additionally, a
subset of the Purkinje neurons also expressed Hrgl (Figure S2g inset,
arrowheads).

Comparative examination of Hrgl alongside the compact myelin
membrane marker Mbp confirmed their co-localization (Figure S2g),
substantiating the presence of Hrgl in the myelin. We proceeded to
explore the subcellular distribution of Hrgl and Mbp proteins using
high-resolution confocal microscopy and 3D image rendering in the
cerebellar white matter lobes for longitudinal myelin sheaths and cor-
tico spinal tracts for cross sections of myelin. As depicted
(Figure 4d-f, Movies S1 and S2), Hrgl was observed to co-localize
with Mbp within the myelin sheath. The pattern of distribution of
Mbp at this resolution shows an interesting helical arrangement
(Figure S2d) with a calculated screw angle of 137° (Figure S2e), as
determined through STED microscopy. It is important to note that
Hrgl is known to be a part of the endocytosis machinery of plasma
membranes, endosomes, and lysosomes (Rajagopal et al, 2008;
O'Callaghan et al., 2010), and its punctate pattern of distribution in
myelin is consistent with membrane and vesicular localization.

3.4 | Zinc mesoporphyrin uptake indicates OLs
possesses a functional heme transporter

To address the functional aspect of Hrgl and heme directly in OLs we
used in vitro assays. Pharmacological activation and inhibition of heme
metabolism can be achieved with heme analogues (Figure 5a). OPCs
were isolated from rats CNS which has been historically easier than
from mice (McCarthy and de Vellis, 1980; Stockley et al., 2017), and
recent advancements using magnetic activated cell sorting (MACS)
allows improved acute isolation using the A2B5 epitope found on
OPCs from juvenile brains (Neumann et al., 2019). Differentiation of
OPCs to OLs can be achieved by mitogen removal and exposure to T3
(Stockley et al., 2017; Neumann et al., 2019). We used purified rat
OPCs and drove them to differentiate by growth factor withdrawal
and thyroid hormone (T3) supplementation (Figure 5b) and treated
with the fluorescent heme analogue zinc mesoporphyrin (ZnMP)
(Figure 5c) which has been validated in worms, zebrafish, and human
cells (Rajagopal et al, 2008; O'Callaghan et al., 2010; Yuan

FIGURE 3 Hrgl proteins are localized in central nervous system (CNS) myelin. (a) Schematic illustrating CNS compartments generated during
the fractionation of brain homogenate (Hom.) into total myelin (T.M.), compact myelin (C.M.), and the first pellet (P1). (b) Proposed schematic of
heme catabolism and iron storage relevant to this study. (c) Representative western blots of CNS fractions during myelin enrichment for myelin
proteins, neuronal proteins, heme catabolism proteins as shown in (B), and mitochondrial proteins. Western blot fluorescent images are pseudo-
colored for aid of the reader. (d) Densitometry analysis of westerns in (c), normalized to their respective levels in Hom. fractions. Note the
enrichment of Mbp in (C.M.), Caspr and Cnp in (T.M.), and depleted levels of neuronal proteins neurofilament-heavy (NF-H) and synaptophysin
(Syp.), and mitochondrial proteins (Cycs, Tomm20, and mitochondrial antigen) in myelin fractions. Hrg1 is detected in all fractions, but Hmox2 and
Fth1 are absent from (C.M.) Biological replicates are presented as single points on each histogram. All blots were repeated at least two times.

(e) Validation of Hrgl antibody for western blotting in mouse brain lysates from P30 wild type (WT) and Hrg1 mutants (KO), analyzed by
densitometry with normalization to B-actin levels. Western blot fluorescent images are depicted in gray scale and biological replicates are
presented as single points on each histogram. All blots were repeated at least two times. (f and g) Validation of Hrg1 antibody for
immunofluorescence staining in mouse brain sections from P90 WT and Hrg1 mutants in the CC (f) and choroid plexus (g). Scale bars of 50 and
100 p are shown. Histograms error bars are + standard error of the mean. and all unpaired t-tests performed with Welch's correction, values
deemed significant as p < .05(*), <.005(**), and <.0005(***), and ns as non-significant. See also Figure S2a-c.
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FIGURE 5 Hrglis a functional heme importer in oligodendrocytes. (a) Schematic of heme and heme analogues hemin (oxidized heme), zinc
mesoporphyrin (ZnMP), and tin protoporphyrin (SnPP). Heme and hemin are stimulants while ZnMP and SnPP are inhibitors of heme oxygenases
(Hmox1/2). (b) Schematic of method for oligodendrocyte precursor cells (OPC) differentiation, treatment with ZnMP and detection of ZnMP
autofluorescence. (c) Representative maximum projection of confocal image of single Mbp (magenta) positive oligodendrocyte from rat primary
cultures with or without ZnMP treatment (hot orange). Scales bars of 50 u are shown. Note the distribution of ZnMP throughout the cytoplasm
and processes and its absence from untreated cells. (d) Schematic of method for mixed glial differentiation, treatment with ZnMP, and detection
of ZnMP autofluorescence. (e) Unbiased quantification of cells with ZnMP fluorescence in primary mixed glial cultures from (f). Note the higher
percentage of Mbp positive oligodendrocytes (magenta histogram) containing ZnMP versus professional phagocytic microglia (green histogram).
(f) Representative maximum projection of confocal image of mouse primary mixed glial cultures treated with ZnMP. Note the distribution of
ZnMP (hot orange) in Mbp positive oligodendrocytes (magenta/arrowheads) and Ibal positive microglia (green/arrows). Scales bars of 50 u are
shown. See also Figure S3a.

FIGURE 4 Hrgl proteins co-locate with Mbp within myelin sheath. (a and b) Graphical representations of mouse brain cerebellum
immunofluorescence. Two main regions are analyzed for longitudinal myelin (Lobes) and cross sections of myelin in the cortico spinal tract.

(c) Representative epifluorescent images of Hrgl and Sox10 immunofluorescence in cerebellar Lobe white matter (see Figure S2f,g). Scale bar of
10 w is shown. (d) Representative orthogonal confocal image slice of myelin sheaths at high magnification from the cortico spinal tract (cross-
sectional). Scale bar of 2 u is shown. (e) Representative orthogonal confocal image slice of myelin sheaths at high magnification from the
cerebellar lobe (longitudinal). Scale bar of 2 p is shown. (f) Maximum intensity projection confocal image (left panels) used for 3D reconstruction
using the Volume J 1.8 plugin in Fiji of myelin cross-section (top panel) and longitudinal (bottom panel) (see Movies S1 and S2). Scale bar of 1 pis
shown.
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et al.,, 2012; Pek et al., 2019; Wang et al., 2022; Yang et al., 2023). As
shown (Figure 5c), ZnMP autofluorescence is found at highest levels
in the cell soma but also throughout the cell processes of Mbp™ OLs
and the autofluorescence is absent with the omission of ZnMP treat-
ment. To address if ZnMP uptake is specific to OLs, we used mouse
mixed glial cultures, which contain microglia, astrocytes, OPCs, and
OLs (Stockley et al., 2017; Jia et al., 2018); of note, such cultures are
derived from post-natal mice cortices and grown in serum free condi-
tions with no heme supplementation; after 4 days T3 is added to drive
OPC differentiation into OLs, which are allowed to mature for a fur-
ther 10 days (Figure 5d). This analysis showed rapid and robust uptake
of fluorescent ZnMP 15-mins post-treatment in 98.17% + 0.89% of
Mbp* OLs (arrow heads) compared to 66.91% + 4.38% of Ibal™
phagocytic microglia, and no other cells were ZnMP™ (Figure 5e,f,
Figure S3a). These findings indicated that OLs possess a functional

heme transporter.

3.5 | Hemin (oxidized heme) rescues OPC
differentiation in the setting of iron deprivation in a
Hmox-dependent manner

Hemin is the oxidized chlorinated form of heme (Figure 5a), and just
as for heme, iron can only be liberated upon its degradation by heme
oxygenase enzymes (Hmox1, 1Hmox2; Figures 3b and 7a). Heme is a
well-known driver of oxidative stress (Thorburne and Juurlink, 1996;
Pek et al., 2019; Baldacchino et al., 2022; Dutt et al., 2022) and OPCs
are one of the most vulnerable cells to reactive oxygen species
in vitro (Thorburne and Juurlink, 1996; Stockley et al., 2017), a finding
we confirmed (Figure S4b,c). We calculated ECso of hemin toxicity
over a 24-h period at 5% O, to be 37 and 123 uM for OPCs and OLs,
respectively (Figure S3b,c), and decided to use concentrations of
hemin at 1 uM. To determine a role for heme we removed iron with
the chelator deferoxamine (DFO) (Hershko et al., 2001; Nobuta
et al, 2019) and treated cells with the heme analogue tin-
protoporphyrin (SnPP) a potent transition state inhibitor of Hmox1/2
preventing heme catabolism (Wong et al., 2011) (Figure 6a). As shown
(Figure 6b,c), DFO treatment blocked differentiation of OPCs into
mature Mbp™ OLs, consistent with effects of iron deprivation in vivo
(Lozoff et al., 2006; Isasi et al., 2022). However, addition of low dose
hemin rescued the attenuated differentiation as judged by Mbp immu-
nolabeling and upregulation of myelin transcripts Mbp, Mag, and Plp1
(Figure 6b-d) in DFO treated cultures. Furthermore, while SnPP and
hemin have modest effects on the differentiation of OPCs into Mbp™
OLs in iron-containing conditions, we found that SnPP blocked the
ability of hemin to rescue the effects of DFO treatment. We also
observed transferrin receptor (Tfrc) expression is stimulated by iron
depletion and attenuated by hemin supplementation (Figure 6d). In
addition, increased expression of Hmox1 by qPCR (Figure 6d) and the
responsiveness of Tfrc and Hmox1 together support successful iron
depletion and heme supplementation in our experiments. Collectively,
these findings indicate heme transport in oligodendroglial cells can

functionally rescue iron deprivation and that catabolic breakdown of

heme by Hmox1/2 is metabolically useful to OPCs during differentia-
tion (Figure 6e).

3.6 | Reduced iron levels in situ in Hrg1
mutant mice

We investigated if Hrgl is involved in iron homeostasis in OLs
in vivo. The breakdown of heme via heme oxygenase (Hmox1/2 sys-
tem) is shown in Figure 7a, releasing biliverdin, carbon monoxide
(CO) and iron as by products. Iron can be detected using
section Turnbull stain technique, as described by (Meguro
et al., 2007) through the formation and precipitation of Prussian blue
crystals from localized iron, which catalyze the polymerization and
precipitation of diaminobenzidine (DAB) (Figure 7b). Hrg1 deficient
mice compared to controls showed reduced staining of non-heme
iron throughout white matter tracts while the number of iron-
positive cells in the CC were similar (Figure 7c,d). Inductively coupled
plasma mass spectrometry (ICP-MS) analysis of iron of whole brains
from Hrgl=/~ mice are significantly lower than controls (Pek
et al., 2019). ICP-MS detects total iron as both heme and non-heme
iron, while Turnbull stain technique is specific to non-heme iron
(Meguro et al., 2007). These findings indicated an essential role for
Hrgl in maintaining normal levels of iron in white matter and sug-
gested Hrgl could provide an alternative pathway for iron import in

OLs through heme and its catabolism releasing iron.

3.7 | Aging Hrgl mutant mice show progressive
reduction in mag expression

Iron is an essential nutrient for myelin formation, so we next
assessed myelin levels in young adult mice of post-natal day (P90)
when developmental myelination is complete and reduced iron in
myelin is present. Morphological evaluations of the brain, CC, and
cortical thickness (Figure S4a-c), indicated no gross differences in
Hrg1 mutant mice compared to their littermates at P90. We mea-
sured myelin levels and distribution by immunofluorescent
(IF) staining for Mbp and found no difference at P90 in wild types
compared to knockouts (Figure 7e). Myelin associated glycoprotein
(Mag) is a minor, but significant component of myelin required for
myelin attachment to neuronal axons (Li et al., 1994; Djannatian
et al., 2019). A preferential loss of Mag occurs in hypoxic demye-
linating lesions in multiple sclerosis (MS) CNS before loss of other
myelin proteins such as MBP, PLP, and MOG (Aboul-Enein
et al., 2003), and compact myelin proteins such as Mbp and Plp are
preserved in Mag knock out mice (Li et al., 1994). We therefore
investigated levels of Mag at P90 by IF and found a minor decrease
that did not achieve significance (Figure 7e). Western blots of
whole brains also showed a trend in to a decrease in myelin pro-
teins but did not attain significance (Figure S5a). However, in ani-
mals older than 8 months of age (>P240) we found a significant

reduction in the levels of Mag in Hrgl mutants in the CC
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FIGURE 6 Heme is an auxiliary source of iron for oligodendrocyte precursor cells (OPC) differentiation. (a) Schematic of method for primary
OPC differentiation into mature oligodendrocytes. Differentiation is initiated by growth factor (PDGF and FGF) withdrawal and supplementation
with thyroid hormone T3. Black bars represent drugs used in the treatments with deferoxamine (DFO) to chelate iron, oxidized heme (hemin) as a
heme surrogate and SnPP as a specific heme oxygenase inhibitor. Treated cells were analyzed by immunofluorescence or gPCR. (b) Unbiased
quantification of images from (c) analyzed for the percentage of Mbp™ cells and normalized to the number of Olig2™" cells. (c) Representative
epifluorescent images from cells treated with drugs stained for pan oligodendroglial marker Olig2 (magenta) and mature oligodendrocytes with Mbp
(green). Quantifications depicted in (b). Scales bar1 of 100 p are shown. Note that iron depletion with DFO blocks OPC differentiation, which is
rescued by hemin treatment but requires the activity of heme oxygenases blocked by SnPP. (d) quantitative real-time PCR (qRT-PCR) analysis of
OPCs and oligodendrocytes treated with vehicle (Veh.), DFO, Hemin, and DFO with hemin. Genes significantly responsive to iron depletion are
shown as blue p-values and genes responsive to hemin during iron depletion are shown as red p-values. Note that iron depletion halts
oligodendrocyte gene transcription (Mbp, Plp1, and Mag), which is rescued by hemin treatment, and conversely iron depletion elevates Tfrc while
hemin attenuates Tfrc expression. Hmox1 is also increased by hemin treatment. Biological replicates are presented as single points on each histogram
and error bars are + standard error of the mean All unpaired t-tests performed with Welch's correction, values deemed significant as p < .05(*), <.005
(**), and <.0005(***), and ns as non-significant and fluorescent images are pseudo-colored for aid of the reader. See also Figure S4.
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(Figure 7f); in contrast, Plp1, Mbp, and Mog levels were not signifi-
cantly different (Figure 7f and Figure S4d,e).

At P90, we quantified the numbers of mature OLs using Aspa
immunofluorescence in the CC, hippocampus, and cortical regions
(Figure S4f-h) and found higher numbers of OLs. We confirmed these
findings in the cerebral cortex using smFISH for Emrn™ OLs
(Figure S4i), while numbers of Pdgfra® OPCs were unchanged
(Figure S4i). Hrg1 mRNA levels were present but significantly lower in
mutants (Figure S4i). We detected a statistically significant reduction
in NeuN™ neurons (Figure S4i) implying a possible level of neurode-
generation. While these findings indicated a grossly normal pheno-
type, the later observation of reduced levels of Mag, which is
essential for myelin adhesion (Trapp, 1990; Li et al., 1994; Voineskos
et al., 2008; Djannatian et al., 2019), prompted ultrastructural analysis

in Hrg1-mull mice.

3.8 | Hrg1 function is required to maintain myelin
ultrastructural integrity

The optic nerve (ON) comprises large diameter axons which are nearly all
myelinated, is thus suitable to assess myelin integrity at the ultrastructural
level, and has been used previously in analysis of Mag~/~ mice (Li
et al,, 1994; Stahon et al., 2016; Djannatian et al., 2019). Conversely, the
CC has myelinated and unmyelinated axons of heterogenous axonal
diameter (Blakemore and Franklin, 2008). We observed near complete
myelination of axons in both wild type and Hrgl mutants (99.71%
+0.21% and 96.8% + 2.66%, respectively) (Figure 8a), assessing myelin
thickness by g-ratio (the ratio of the radius from the center of the axon to
the inner myelin layer divided by the radius from the axon center to the
outer myelin layer, Figure 8b). While we did not detect any changes in
myelin thickness by g-ratio measurements (Figure 8c), the periaxonal
space and inner tongue of myelin was significantly larger in Hrg1 deficient
mice. To quantify this, we measured the radius from the axon center to
the perimeter of the axon and the from the axon center to the inner mye-

lin sheath and termed the ratio of these as the “p-ratio” for periaxonal

space thickness. Hrgl deficient mice had significantly reduced p-ratios
indicating a difference not in the thickness of myelin but an increase in
the space between the axon and the myelin sheath.

As shown in Figure 8c-e, we observed three types of abnormal
myelin in Hrgl-mutant optic nerves, namely, (1) “double myelin”
where a myelin sheath is found wrapped around another myelinated
axon, (2) “disrupted myelin” also known as concentric lamellar bodies
(Uranova et al., 2011) as the myelin layers with no axon, and (3) “out
folded myelin” as distended myelin sheaths wrapping around an axon.
These abnormal normal myelin types were significantly increased in
Hrg1 deficient animals and were reminiscent of findings in Mag knock
out animals (Li et al, 1994; Djannatian et al., 2019), when myelin
adhesion is lost from axons. Axonal mitochondria numbers remained
similar in Hrgl mutants compared to controls, but their areas were
reduced, indicating potential mitochondrial stress or issues with mito-
chondrial fission or fusion in the absence of Hrgl. These observations
indicate significant and heterogeneous myelin ultrastructural defects
in aged Hrg1 mutant mice as depicted in Figure 8e.

4 | DISCUSSION
41 | Slc48a1l encodes heme transporter Hrgl that
is expressed in oligodendrocyte myelin

In this study, we report for the first time that heme transporter Hrgl,
encoded by Scl48a1, is a functional CNS myelin protein. While many
heme metabolic genes are known to be expressed in the oligoden-
droglial lineage, consistent with the high levels of iron needed during
differentiation, a surprise was our observation that Hrg1 levels in OLs
surpassed that of all other mammalian cells including hematopoietic
precursors in the human protein atlas dataset. Using data from single-
cell RNA sequencing data, in situ hybridization, immunofluorescence,
and cellular fractionation we show Hrg1l is expressed in mature myeli-
nating OLs in vivo and within the myelin sheath. Indeed, these expres-

sion data indicated Hrgl as the sole heme transporter in mammalian

FIGURE 7 Aging Hrgl mutant mice show progressive reduction in Mag expression. (a) Structural schematic of heme degradation to iron,
carbon monoxide (CO), and biliverdin by heme oxygenases. (b) Schematic of section Turnbull iron staining. Tissue iron in sections (1) is

(2) oxidized to Prussian blue crystals by potassium ferricyanide and acts as a redox catalyst to polymerize diaminobenzidine (DAB) in the presence
of H,0,. (c) Enhanced section Turnbull's staining for non-heme iron in the central nervous system of Hrgl deficient mice (KO) and wild type

(WT) littermates at P90 (3 months old). Note the localization of brown DAB reaction indicative of iron in white matter tracts. Scales bars of 1 mm
and 200 p are shown. (d) Quantification of iron staining intensity in Hrgl KO compared to controls is lower. At higher magnifications, this was
quantified for the corpus callosum (CC) as mean DAB intensities and the number of cells with DAB staining. (e) Representative stitched confocal
images from mouse coronal sections stained for Mag (Magenta) and Mbp (Green) in Hrg1 deficient mice (KO) and WT littermates at P90

(3 months old) and quantified for Mag levels in CC with scale bars of 1 mm and 100 p. Higher magnifications of insets are shown to the right.
Scale bar of 20 u is shown. (f) Representative stitched confocal images from mouse coronal sections stained for Mag (Magenta) and Mbp (Green)
in Hrg1 deficient mice (KO) and WT littermates at >P240 (>8 months old) and quantified for Mag levels in the CC with scale bars of 1 mm and
100 p. Higher magnifications of insets are shown to the right. Scale bar of 20 u is shown. (g) Representative stitched confocal images from mouse
coronal sections stained for Mag (Magenta) and Ermn (Green) mRNA by smFISH in Hrg1 deficient mice (KO) and WT littermates at >P240

(>8 months old) and quantified for Mag spots per Ermn™ cells in the CC with scale bars of 1 mm and 20 p. Violin plots are represented as all data
points and scatter plots the average of three biological replicates + standard error of the mean. All unpaired t-tests performed with Welch's
correction, values deemed significant as p < .05(*), <.005(**), and <.0005(***), and ns as non-significant. Pie charts depict cells with a threshold of
>3 Hrg1 spots per cell. Fluorescent images are pseudo-colored for aid of the reader.
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FIGURE 8 Hrgl function is required to maintain myelin ultrastructural integrity. (a) Electron photomicrographs of optic nerves from Hrgl
deficient mice (KO) and wild type (WT) littermates at P90, highlighting myelin types in pink. Scale bar of 5 u is shown. (b) Schematic
representation of g-ratio and p-ratio measurements, accompanied by scatter plots and averaged values. (c) Higher magnification of myelin types
with pseudo-coloring for myelin (green), axon (blue), periaxonal space and tongue (PT) (yellow), and mitochondria (Mito.) (circled in red). Scale bar
of 1 pis shown. (d) Morphometric analysis from ultrastructural examination reveals an increase in abnormal myelin, including double myelin,
disrupted myelin, and outfolded myelin. Data presented as mean + standard error of the mean. of three biological replicates. (e) Schematic
outlining the proposed hypothesis for the loss of axonal adhesion due to reduced Mag levels in Hrgl deficient myelin. Biological replicates are
presented as single points on each histogram and error bars are * standard error of the mean. All unpaired t-tests performed with Welch's
correction, values deemed significant as p < .05(*), <.005(**), and <.0005(***), and ns as non-significant.

OLs. High resolution confocal microscopy and STED imaging reveal an
interesting helical arrangement of Mbp around axons with punctate
patterns of Hrgl, raising questions regarding the organization of Hrgl
with other structural proteins in myelin. Future work will attempt a
detailed study of the myelin ultrastructure with immuno-electron
microscopy by 3D serial block face scanning electron microscopy and
energy dispersive x-ray spectroscopy to reveal the protein and iron

arrangement in myelin.

4.2 | Evidence that heme transport functions as an
accessory source of oligodendrocyte iron

The role of Hrgl as a heme transporter is undisputed as corroborated
by data across diverse model organisms such as worms (Rajagopal
et al., 2008; Yang et al., 2023), zebrafish (Zhang et al., 2018), drosoph-
ila (Wang et al., 2022), mice (Pek et al., 2019; Simmons et al., 2020),
and human cells (O'Callaghan et al., 2010; Yuan et al., 2012). Several
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of our findings indicate direct heme transport in OLs. First, we used
the classical assay of ZnMP and found that only OLs and microglia
were ZnMP positive. It should be noted that microglia are professional
CNS resident phagocytes but also express a potential heme trans-
porter Slco2b1 (Unlu et al., 2022). Despite this only 66% of microglia
were positive for ZnMP uptake but nearly all mature OLs were posi-
tive for ZnMP in mixed glial cultures. No other known heme trans-
porters in OLs are known. Second, we show that low dose oxidized
heme (hemin) can rescue OPC differentiation in the presence of DFO
(iron chelation), indicating that heme can function as an accessory
source of iron. This effect, moreover, was inhibited by SnPP, which
blocks activity of Hmox1/2 to liberate iron from heme. Lastly, we
found reduced iron levels in white matter tracts of Hrgl mutant mice
consistent with a loss of heme transport and metabolism in myelin
sheaths in vivo. The later expression of Hrgl in the OL lineage and
during aging suggests that it can be recruited as an accessory source
of iron. Indeed, while later deletion of the Tfrc receptor in OPCs
impairs myelination, ablation in mature OLs after myelination is estab-
lished has no effect (Cheli et al., 2023). Heme is toxic to all cells, espe-
cially OPCs, which have a low threshold for oxidative stress
(Thorburne and Juurlink, 1996; Stockley et al., 2017), may explain why
heme import is exclusive to OLs.

The presence of porphyrins in myelin was shown nearly 80 years
ago (Kltver, 1944), suggesting heme metabolism in CNS myelin and
served as the basis for developing the myelin specific histochemical
stain Luxol Fast Blue (Kluver and Barrera, 1953). What is the source
of heme in nonpathological states? The myelin sheath and axon are
metabolically coupled, myelin lipids are a source of beta-oxidation for
axons (Asadollahi et al., 2024), myelin can export lactate (Flinfschilling
et al,, 2012; Lee et al., 2012) and Fth1 mRNA to axons (Mukherjee
et al., 2020) for respiration and anti-oxidant support respectively,
whilst axons release neurotransmitters to myelin nodes (Micu
et al, 2017). The localization of Hrgl in compact and non-compact
myelin, and the altered periaxonal space in Hrg1~’~ optic nerves sug-
gests the possibility of an axonal source. An intriguing hypothesis
would be that axonal heme (e.g., derived from mitochondrial cyto-
chrome) is removed locally by Hrgl channels in myelin, providing iron
for OLs. Together, these findings indicate that Hrgl comprises an
accessory pathway, essential for iron import via heme in the oligoden-

droglial lineage.

4.3 | Hrgl function is required for myelin integrity
as well as regulation of Mag

Our findings indicate that iron is critical for OPC differentiation and
expression of myelin transcripts Mbp, Plp1, and Mag in vitro. The expres-
sion of Hrgl coincides with maximal myelination in the CNS at P14 in
myelinating OLs, but remaining high in OLs even when myelination is
complete. This is consistent with roles for Tfrc iron in OPCs import during
development but not in mature adult OLs (Cheli et al., 2023), implying a
potential iron switch during OPC differentiation from non-heme iron

(transferrin bound iron) to heme iron. We detected an age associated

decline in Mag protein by immunofluorescent staining and Mag mRNA by
smFISH, but not for other myelin proteins. Mag is a critical component of
myelin, required for myelin adhesion to neuronal axons (Bartsch
et al.,, 1989; Trapp, 1990). Mag, a glycosylated protein of 100 kDa mass,
is larger than conventional myelin proteins (typically <35 kDa) that spans
the myelin sheath and the axon within the periaxonal space (Trapp, 1990;
Li et al., 1994; Djannatian et al., 2019). At the ultrastructural level, loss of
Mag causes enlargement of the periaxonal space due to loss of Mag bind-
ing to axonal gangliosides, and the formation of outfolded myelin and
double myelin (Li et al, 1994; Djannatian et al., 2019). These unusual
myelin structures are thought to be a result of myelin sheaths from adja-
cent myelin nodes growing over each other during development
(Djannatian et al., 2019). Interestingly, we detected identical ultrastruc-
tural alterations in adult Hrg1 mutants; namely, double myelin, outfolded
myelin, and enlarged periaxonal spaces, as observed in Mag knockouts.
Also, we found reduced levels of Mag in older Hrg1 deficient mice versus
other myelin proteins Mbp, Plp1, and Mog. Prior studies have shown loss
of Mag in acute demyelinated lesions in MS before loss of other myelin
proteins such as Plp and Mog (Aboul-Enein et al., 2003). In these lesions,
hypoxia is believed to be a driver of CNS damage, which can lead to dys-
functional axonal mitochondria. Loss of Hrgl does not cause anemia
when placed on normal iron diets as their hematocrit levels are
unchanged (Pek et al., 2019; Simmons et al., 2020). Given the decline in
OL Hrgl expression from P14 to 1 year old animals it is interesting that
myelin disturbances in Hrgl mutant mice do not manifest earlier. We did
observe increased OLs and decreased neuronal numbers in the cerebral
cortex of P90 Hrgl deficient mice. Heme is toxic to all cells (Chambers
et al., 2021), and hemin is toxic to OPCs as well as OLs (Figure S3b,c). We
hypothesize that a breakdown in heme transport from axon to myelin
through loss of Hrgl causes neuronal loss and concomitant oligodendro-
cyte survival. We lack sufficient evidence to conclusively prove this and
suggest fate mapping by EdU treatment of Hrgl deficient mice at differ-
ent developmental time points combined with the use of conditional dele-
tion of Hrgl to address this.

Axonal mitochondria, the primary energy source for active neu-
rons, are vulnerable to oxidative damage (Bergaglio et al., 2021). Mito-
chondrial dysfunction may disrupt axo-glial communication and
metabolic coupling, especially as myelin support axonal energy
through lipid and lactate (Fiinfschilling et al., 2012; Lee et al., 2012;
Asadollahi et al., 2024). Although we have not identified the link
between Hrgl function and Mag levels, our findings support a model
in which chronic late deprivation of iron availability in Hrg1~/~ mice
alter Mag levels in mature myelin, thereby altering adhesion and inter-
action with axonal ligands. Future work should address Hrg1 function
in experimental models of demyelination, especially in context of iron

deficiency, and the impact on remyelination and Mag regulation.
44 | Might Hrgl have pathological roles in
neurological conditions?

Myelin dysfunction is a driver of pathological hallmarks of Alzheimer's

disease (Depp et al., 2023). Dysregulated iron levels are associated
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with many neurodegenerative disorders (Rouault, 2013; Ward
et al., 2014; Méller et al., 2019), and iron has a pleiotropic role in OLs,
where it is essential for myelin development, but also toxic at high
doses (Healy et al., 2018; Nobuta et al, 2019; Baldacchino
et al., 2022). OLs have the highest levels of iron in the CNS (Connor
et al., 1990; Meguro et al., 2007; Todorich et al., 2009; Badaracco
et al., 2010) and prior studies show demyelinated lesions in MS are
depleted in iron, except at the lesion rim where iron storage genes
are elevated (Schirmer et al., 2019), a finding associated with disease
progression (Absinta et al., 2019). In the rare genetic disorder,
Pelizaeus-Merzbacher disease (PMD) (Nobuta et al., 2019; Elitt
et al.,, 2020), we observed that PLP1 mutations lead to a state of fer-
roptosis in OLs, which could be attenuated by iron chelation (Nobuta
et al., 2019). Administration of iron chelators to Hrgl null mice is of
interest, however, low iron diets exacerbate morbidity in Hrgl knock-
out (KO) models due to severe impairment in erythrophagocytosis
and iron recycling (Pek et al., 2019). It is anticipated that iron chelators
may pose similar challenges in Hrg1 null mice. This type of experiment
draws attention to the need to develop conditional deletion of Hrgl
in OLs to elucidate the role of iron and heme metabolism in myelin,
which is beyond the scope of this study.

Intracerebral hemorrhage often damages the myelin rich basal
ganglia (Jiang et al., 2019), and it has been shown that chronic infusion
of heme oxygenase inhibitors attenuates myelin damage (Gu
et al., 2016). These considerations support future work to determine
whether Hrgl might predispose the OL to heme accumulation and
iron toxicity in genetic and injury conditions of haemorrhagic stroke

or serum leakage associated with neuro-inflammatory lesions.
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