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Abstract

Iron delivery to the developing brain is essential for energy and metabolic support needed for
processes such as myelination and neuronal development. Iron deficiency, especially in the
developing brain, can result in a number of long-term neurological deficits that persist into
adulthood. There is considerable debate that excess access to iron during development may result
in iron overload in the brain and subsequently predispose individuals to age-related
neurodegenerative diseases. There is a significant gap in knowledge regarding how the brain
acquires iron during development and how biological variables such as development, genetics and
sex impact brain iron status. In this study, we used a mouse model expressing a mutant form of the
iron homeostatic regulator protein HFE, (Hfe H63D), the most common gene variant in
Caucasians, to determine impact of the mutation on brain iron uptake. Iron uptake was assessed by
using 59Fe bound to either transferrin or H-ferritin as the iron carrier proteins. We demonstrate that
at postnatal day 22, mutant mice brains take up greater amounts of iron compared to wildtype.
Moreover, we introduce H-ferritin as a key protein in brain iron transport during development and
identify a sex and genotype effect demonstrating female mutant mice take up more iron by
transferrin while male mutant mice take up more iron from H-ferritin at PND22. Furthermore, we
begin to elucidate the mechanism for uptake using immunohistochemistry to profile the regional
distribution and temporal expression of transferrin receptor and Tim-2, the latter is the receptor for
H-ferritin. These data demonstrate that sex and genotype have significant effects on iron uptake
and that regional receptor expression may play a large role in the uptake patterns during
development.

Graphical Abstract

Iron delivery to the developing brain is a critical process that is needed for essential metabolic
support in processes such as myelination. Iron deficiency can result in a number of long-term
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neurological deficits that persist into adulthood. In this study we examine sex and genotype as
variables that impact iron uptake in the developing brain. Our data show critical differences in iron
uptake by males and females of a mutant mouse model during development. We also begin to
profile the receptors of transferrin and H-ferritin during development. These data may have
significant implications in the treatment of iron deficiency.
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Introduction:

Iron is a crucial micronutrient to the brain and is required for such fundamental processes as
DNA synthesis, myelination, and cellular metabolism (MacKenzie et a/. 2008; Black 2003).
The developing brain not only requires a substantial amount of iron but it also must be
delivered in a timely manner to establish time sensitive connections within the brain. In two
studies of adult neuronal connectivity, Algarin and colleagues demonstrated altered brain
connectivity patterns in former iron deficient anemia individuals, suggesting long-lasting
effects in adult brain function as a result of iron deficiency in adolescence (Algarin et al.
2003; Algarin et al. 2017). Iron deficiency during development often results in long-term
measurable phenotypes such as poor cognitive function, motor deficits, increased hearing
impairment, and other neurological disorders (Connor et al. 2011; Connor et al. 2003;
Dunham et al. 2017). Decreased iron levels may also lead to depressed energy production
and metabolism (Zimmermann and Hurrell 2007). Elevated levels of iron can cause
increased oxidative stress through Fenton Chemistry. Thus, understanding the regulation of
iron uptake into the brain and the dysregulation that may occur with disease is critical to
healthy brain function. Studies of iron uptake into the brain have mainly focused on the adult
brain; iron uptake into the developing brain is a heretofore underexplored area of study that
may hold important therapeutic strategies for iron supplementation and intervention to treat
brain iron deficiency.
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A common genetic mutation that results in iron accumulation in numerous tissues including
in the brain is the H63D mutation of the human iron homeostatic regulator protein (HFE)
which is now under investigation in a number of neurodegenerative conditions as a disease
modifier (Liu ef a/ 2011; Nandar ef a/. 2013; Nandar et al. 2014). The H63D variant of the
HFE gene is the most common genetic variation in Caucasians and appears in 1 in 200
people (Girouard et al. 2002). Wild-type HFE functions by limiting transferrin (Tf)
interaction with transferrin receptor 1 (TfR1) at the cell membrane, while the mutant H63D
form fails to limit Tf binding to TfR1 (Nandar and Connor 2011). The lack of interaction
between the HFE mutant protein and TfR1 results in increased uptake of transferrin-bound
iron into the cell. Previous studies by our laboratory have demonstrated the presence of HFE
at the blood-brain barrier (BBB) (Duck and Connor 2016), demonstrating a role for HFE in
regulating iron uptake both into the brain as well as the endothelial cells that comprise the
BBB. Although the existing clinical and biological paradigm is that individuals with
hemochromatosis are protected from brain iron overload by the BBB, recent MRI studies
have found they contain higher brain iron loads (Nandar and Connor 2011). We have
recently demonstrated that adult H67D (mouse homolog to human H63D) mutant mice have
increased total brain iron at three months of age, but no difference in rate of brain iron
uptake (Duck et al. 2018). These key findings are suggestive evidence for a critical set point
in the adult brain that limits or at least highly regulates the rate of iron uptake into the brain.
To build upon this previous study, we aim to examine iron uptake in the developing brain.
The H67D mouse is an exciting model to interrogate the mechanisms and regulation of iron
uptake into the brain.

Classical studies of iron delivery to the brain have mainly focused on the ability of Tf to
deliver iron both during development as well as in the adult brain (Fishman et a/. 1987;
Taylor and Morgan 1990). However, we have recently demonstrated the ability for H-ferritin
(FtH1), to cross the BBB (Chiou et al. 2018c; Chiou et al. 2018b) and provide a substantial
amount of iron into the brain (Fisher et a/. 2007). This is a significant departure from the
established literature that posited FtH1 as simply an iron storage protein (Arosio ef al. 2009).
Furthermore, our previous studies have demonstrated that the receptor for FtH1 is the T-cell
immunoglobulin and mucin domain 1 (Tim-1) in humans (Chiou et a/. 2018a) and Tim-2 in
rodents (Todorich et al. 2008; Han et al. 2011; Chen et al. 2005). In this study we have
chosen to focus on FtH1 rather than L-ferritin, as we previously demonstrated minimal L-
ferritin transport in a model of the BBB (Fisher et a/. 2007). Furthermore, the only known
receptors for L-ferritin are not present on the BBB, thus L-ferritin is not considered as a
likely source of iron for the developing brain (Chiou and Connor 2018).

The goal of this study was to develop models that may impact brain iron uptake during
development. The two variables under investigation were sex and genotype. Specifically, we
determined if the presence of the H67D gene variant altered brain iron uptake during
development. Moreover, given the evidence for FtH1 uptake in our cell culture models
(Chiou et al. 2018a; Chiou et al. 2018c) and adult mice (Fisher et al. 2007), we compared
FtH1 iron delivery with Tf during development. We hypothesized that the H67D genotype
and sex influences the relative levels of uptake of iron during development similar to that
seen in our previous study in adults (Duck et a/. 2018; Wade et al. 2019). We have observed
differences in adult iron uptake, and have determined in this study that these differences
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appear first during development. In addition to measuring uptake as a function of
development, we also assessed the developmental expression of TfR, FtH1, and Tim-2 in
order to begin to address and characterize the potential mechanisms for the differential
uptake observed.

Materials and Methods:

H-ferritin Preparation

H-ferritin was prepared according to previously published methods (Todorich et a/. 2008;
Chiou et al. 2018a). Briefly, FtH1 with a poly-His tag was subcloned into a pET30a(+)
plasmid, to be cloned into BL21 Escherichia coli. 1sopropyl-p-D-thio-galactoside (IPTG,
ThermoFisher #15529019) was used to induce expression. Subsequently, bacteria were lysed
and FtH1 protein collected via nickel column according to the manufacturer’s instructions
(GE Healthcare Bio-Sciences #17526801). Protein concentration was determined via
bicinchoninic assay (BCA, Pierce #23225) prior to use. Custom-made materials will be
shared upon reasonable request.

Protein Radiolabeling

Genotyping

We used our previously published methods for labeling T and FtH1 with 5°Fe (Chiou et al.
2018c; Duck et al. 2017). Briefly, 5°Fe (Perkin Elmer #NEZ037500) was complexed with 1
mM nitriloacetic acid (NTA, Sigma #N0253), 0.5 M sodium bicarbonate (NaHCO3), and
6.17 mM ferric chloride (FeCl3) at a ratio of 100 uL NTA: 6.7 pL FeCl3: 23.3 L NaHCOg:
50 UCi 59FeCl5 to create the 59Fe-NTA complex, adjusted for cases where greater or less
than 50 pCi was necessary. The ®Fe-NTA complex was incubated with iron poor transferrin
(apo-Tf, Sigma #T1147) or FtH1 for 30 minutes to allow for iron loading. Free iron was
subsequently separated from solution using G-50 Sephadex QuickSpin columns (Sigma
#11273973001) according to the manufacturer’s instructions.

Wild-type or H67D knock-in mice (Jackson Laboratory, Stock #: 023025,
RRID:Hfetm1.1Jrco) \were genotyped prior to uptake studies as described in our previous
publications (Nandar et al. 2013; Nandar et al. 2014; Duck et al. 2018). Briefly, DNA was
extracted from tail clips using a DNeasy blood and tissue kit (Qiagen). PCR was performed
using forward primer (5> AGG ACT CAC TCT CTG GCA GCA GGA GGT AAC CA 3’)
and reverse primer (5" TTT CTT TTA CAA AGC TAT ATC CCC AGG GT 3’). PCR
conditions used were: 94°C for 15 min followed by 39 cycles of 94°C for 45 sec, 58°C for
45 sec, 72°C for 90 sec, further followed by 72°C for 10 minutes. Amplified DNA was
further digested using the BspHI restriction enzyme for 2 hours at 37°C and then separated
by 2% agarose gel electrophoresis.

Uptake Studies

Uptake studies were performed as previously described, with mice sample size determined
based on previous study results (Duck et a/. 2018). Briefly, 5 wild-type males, 5 wild-type
females, 5 H67D/H67D males, and 5 H67D/H67D females at postnatal day 7, 14, or 22

received a single intraperitoneal injection of 3.4 mg/kg body weight 5°Fe-Tf or >%Fe-FtH1
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(60 total mice per injection condition) (Fig. 1). 24 hours after injection, mice were
anesthetized using a ketamine/xylazine cocktail (100 mg per kg body weight/10 mg per kg
body weight), blood was drawn via cardiac puncture and mice were transcardially perfused
with 0.1M phosphate-buffered saline (PBS, pH 7.4). Plasma was separated from whole
blood fractions by centrifugation at 2000 x g for 15 minutes. Whole brains and liver were
collected and weighed immediately, and radioactivity in liver, brain, and 50 L plasma
measured on a Beckman Gamma 4000 (Beckman Coulter). Blank tube values were
subtracted from final counts to control for background counts. All procedures were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals,
formally approved by the Pennsylvania State University College of Medicine International
Animal Care and Use Committee under Protocol #45975, and reported in accordance with
Animal Research: Reporting /nn Vivo Experiments. Mice are given food and water ad libitum
with a maximum number of mice per cage of 5 in Cage type T Il (Velaz). Mice were
randomized by taking equal numbers of mice from each litter for injections, assigned by
computer based randomization (Excel, RAND() function) wherein mice from each group (M
vs. F, WT vs. H67D) were assigned to a list for injection of either 9Fe-Tf or 9Fe-Hft.
RAND() assigns a random number between 0 and 1 to an animal and these animals were
then sorted into equal groups of 5 using the =ROUNDUP(RANK(Animal, Range)/Group
size, 0) function. Following this, the Sort function was used to group the mice into their
respective groups prior to injection. Person assigning subjects to groups was blinded to
genotype and injection protein. No exclusion criteria was pre-determined and no animals
died.

Specific Activity

Specific activity was calculated from counts per minute (CPM) and reported as moles of iron
per gram of tissue. Calculations were as follows: 10,000 CPM at a counting efficiency of
80% results in 12,500 disintegrations per minute (DPM). As stated previously, mice were
injected with 3.4 mg/kg of either 59Fe-Tf or S9Fe-FtH1. Specific activity for %Fe-Tf
injection as DPM per mol: Tf at PND7 = 7.81*1013, PND14 = 4.56*1013, and PND22 =
3.15*1013. Specific activity for 59Fe-FtH1 injection as DPM per mol: FtH1 at PND7 =
4.42*10%, PND14 = 2.58*1014, and PND22 = 1.78*1014. To obtain moles iron per gram
tissue, DPM per gram tissue obtained from the radioactivity measurements was divided by
DPM/mol Tf or DPM/mol FtH1. Subsequently, DPM/mol protein was multiplied by either 2
or 121 for Tf and FtH1 respectively. This correction factor was applied because each Tf
molecule can hold 2 iron atoms, while we have previously determined that 30 minutes of
loading FtH1 with iron results in 121 atoms of iron within the core (Chiou et a/. 2018b).

Immunohistochemistry

Mice at postnatal day 7, 14, or 22 were sacrificed and transcardially perfused first with
Ringer’s solution followed by 4% paraformaldehyde. Brains were isolated and moved into a
4% paraformaldehyde solution overnight. Subsequently, brains were transferred to a 0.1 M
PBS solution until one day prior to paraffin embedding, when they were immersed in 70%
ethanol. Brains were embedded in paraffin, sagittal sections were cut at 5 pm thickness, and
sections mounted on standard microscopy slides. Immunohistochemistry was performed as
previously described (Snyder et al. 2009). The slides were deparaffinized in xylene and
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rehydrated in an ethanol gradient followed by a dH,0 rinse. Antigen retrieval was performed
with 10 mM citrate buffer (pH = 6.0). The slides were blocked in a 3% H,Oo/methanol
solution for 20 minutes, rinsed with 1X PBS, and blocked in a 2% milk/PBS solution for 1
hour. The slides were then incubated in primary antibody overnight at 4°C using anti-Tim-2
(10 pg/mL, R&D Systems, MAB1885, RRID:AB_2201833), anti-TfR (2 ug/mL, Thermo
Fisher Scientific, 13-6800, RRID:AB_2533029), anti-CC1 (1:100, Calbiochem, OP80,
RRID:AB_2057371), anti-lbal (1:200, Wako, 019-19741, RRID:AB_839504), anti-GFAP
(1:1000, Agilent, Z0334, RRID:AB_10013382) or anti-FtH1 (1 pg/mL, Cell Signaling,
4393) primary antibodies. The following day, the slides were washed with PBS and
secondary antibodies (1:200) were applied using an ABC Vectastain kit (\Vector Labs,
RRID:AB_2336827) in accordance with manufacturer’s protocol or using species-specific
AlexaFluor488 and AlexaFluor555 secondary antibodies (Life Technologies). The slides
treated with ABC Vectastain secondary antibodies were visualized with diaminobenzidine
(DAB) application using standard procedure. DAB staining was intensified via the addition
of nickel chloride to the DAB solution. Following DAB staining or fluorescent secondary
antibody incubation, slides were mounted, coverslipped, and allowed to dry overnight.
Fluorescent slides were mounted with Prolong Diamond Antifade Mountant with DAPI
(ThermoFisher #P36962). All slides were imaged using Aperio AT2 Leica slide scanner with
a 40X objective. Images were viewed using Aperio ImageScope software.

Western Blot

Western blots were performed as previously described (Chiou et a/. 2018a). Briefly, 20 ug
protein solubilized in RIPA buffer (Sigma #89900) was quantified by bicinchoninic assay
prior to boiling for 10 minutes, loading onto a denaturing 4-20% gradient SDS-PAGE gel
(BioRad #4561094), and subsequent transfer to nitrocellulose membrane. Membranes were
blocked in a 5% milk solution made in Tris-buffered saline and Tween-20 (TBS-T, pH 7.6).
Blots were probed for Tim-2 (2 ug/mL, R&D Systems, RRID:AB_2201833), TfR (1 pg/mL,
Thermo Fisher Scientific, RRID:AB_2533029), FtH1 (1:500, Cell Signaling, 4393), or -
actin (1:3000, Sigma-Aldrich, A178, RRID:AB_476692) overnight at 4°C in a 5% milk/
TBS-T solution. Corresponding species-specific secondary antibody conjugated to HRP was
used (1:5000, GE Amersham), using ECL reagents (Perkin Elmer) to visualize bands on an
Amersham Imager 600 (GE Amersham) with densitometry analysis using ImageJ. The sum
total of all bands was used in the quantification, because the additional bands are thought to
be dimers of the proteins (near exact molecular weight matches). Shown are representative
western blots. Western blots were repeated 3 times for each timepoint and each band
represents homogenates pooled from 3 male and 3 female mice.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 4 Software (Graphpad Software
Inc.). Data from biological replicates were averaged and are expressed as the mean +
standard deviation (SD). Specific numbers of replicates are found in each figure legend.
Data were tested for normality using the Shapiro-Wilk test; data were normally distributed
thus parametric statistics were used. Two-way ANOVA with Bonferroni post-hoc analysis or
unpaired t-tests were used to evaluate for statistical significance where appropriate. A p-
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value <0.05 was considered significant. ROUT test with a Q=1% was performed in Prism for
all data, but no animals or data were excluded.

Results:

Iron Uptake into the Developing Brain

To measure the uptake of iron into the brain, we loaded either Tf or FtH1 with >°Fe and
injected the proteins intraperitoneally. In our first study, we examined the levels of iron
uptake into the developing brain by both 5°Fe-Tf and 59Fe-FtH1 (Fig. 2). Uptake of Tf
peaked at PND14 and decreased at PND22. Overall, >°Fe-FtH1 uptake was significantly
higher, with a peak uptake for wild-type mice at PND14 and a peak uptake for H67D mice at
PND22 (Fig. 2A). There was a genotype and sex effect at PND22 for both Tf and FtH1.:
H67D mice had a significantly higher amount of uptake than wild-type mice at PND22,
however, the increased iron uptake was from Tf in the female H67D mice (Fig. 2B) whereas
in the male H67D mice there was significantly increased uptake of 59Fe-FtH1 (Fig. 2C).

We also measured the amount of %°Fe retained by the liver. At PND14, wild-type mice take
up a significantly greater amount of 29Fe-FtH1 into their livers compared to the H67D mice
(Fig. 3A). Furthermore, at PND22, H67D mice took up a greater amount of 59Fe-Tf into
their livers compared to wild-type mice. At PND7, we demonstrate that both male and
female wild-type mice livers take up significantly more 59Fe-Tf than their H67D
counterparts (Fig. 3B). There was also a sex and genotype effect of FtH1 delivery of iron;
male wild-type take up more 59Fe-FtH1 than male H67D mice into their livers on PND?7,
whereas female H67D mice take up more iron into their livers than wild-type mice on
PND22 (Fig. 3C). While there were no significant differences in plasma levels of 59Fe-Tf,
59Fe-FtH1 levels in plasma at PND7 was significantly higher in H67D mice whereas at
PND22, wild-type mice had more >9Fe-FtH1 in plasma than the H67D mice (Fig. 4A).
There were no sex differences in the plasma accumulation levels of iron for either FtH1 or
Tf (Fig. 4B, C).

Developmental Expression of Iron Related Proteins

To examine the mechanism of uptake of Tf and FtH1, we performed a characterization of the
expression profiles of the receptors. For this, we used a separate group of mice that did not
have any injections and collected whole brains at PND7, 14, and 22. To begin, we used
western blot analyses on whole brain lysates to probe for levels of Tim-2, the receptor for
FtH1 in mice (Todorich et al. 2008; Chen et al. 2005) (Fig. 5A), and TfR (Fig. 5B). We also
probed for FtH1 as a surrogate for the amount of iron stored (Fig. 5C), with p-Actin used as
a loading control (Fig. 5D). At PND7, there was significantly more TfR and FtH1 in the
H67D mouse brains compared to wild-type mice but no difference in Tim-2 expression (Fig.
5E). At PND14 there were no significant differences between wild-type and mutant mice in
any of the proteins measured. At PND22, Tim-2 was significantly increased in the H67D
mouse brains compared to wild-type (Fig. 5E). Throughout development in both genotypes,
Tim-2 expression was highest at PND7 and 14 and decreased at PND22. Wild-type TfR
expression peaked at PND14 whereas the inverse was true in H67D mice — PND14 had the
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lowest amount of observed TfR. FtH1 expression remained consistent throughout
development.

Next, we examined the cellular distribution of Tim-2 /in vivo. Though we have previously
published evidence for the presence of Tim-2 on mouse oligodendrocytes which is able to
mediate FtH1 uptake (Todorich et a/. 2008), we wanted to determine if other cell types may
use Tim-2 as a receptor for FtH1 during development. Consistent with our previous results
(Todorich et al. 2008), we found robust Tim-2 staining on CC1-positive cells, denoting
mature oligodendrocytes (Fig. 6A). We did not observe any Ibal-positive cells that were
positive for Tim-2 (Fig. 6B, white arrows). We did observe that astrocytes robustly stain for
Tim-2 (Fig. 6C). Throughout all the stains, we observed strong staining for Tim-2 in cells
that were negative for CC1, Ibal, and GFAP, suggesting neuronal staining.

Distribution of Iron Related Proteins During Development

In the following study, we examined the regional distribution and expression of Tim-2 (Fig.
7), TfR (Fig. 8), and FtH1 (Fig. 9) in the brain during development.

Tim-2—At PND7, 14, and 22, Tim-2 staining was present throughout the cortex in both
wild-type and H67D mice (Fig. 7A). Though we observed very sparse staining in cortical
layer 1, immunostaining in cortical layers 2, 3, 4, 5 and 6 was robust (data not shown). Of
note is the localization of Tim-2 to the borders of the cell body, especially in the large
pyramidal neurons of layer 4 and 5. Consistent with our previous studies (Todorich ef al.
2008), there is robust Tim-2 staining in oligodendrocytes of the corpus callosum arranged in
a tram-track orientation at PND7 (Fig. 7B). By PND14 and PND22, we observed similar
clear staining of the corpus callosum. Lastly, we observed Tim-2 staining at the
microvasculature throughout the brain at PND7 (Fig. 7C), which persisted throughout
development (data not showr). We also observed robust staining in the Purkinje cells of the
cerebellum, hippocampus, thalamus, and substantia nigra (aata not shown). At all timepoints
we measured, we observed no regional differences in Tim-2 staining between wild-type and
H67D mice.

Transferrin Receptor—TfR staining at PND?7 in the corpus callosum was very light in
both wild-type and H67D mice (Fig. 8A). Similarly, staining for TfR at PND14 was also
very lightl, and this staining was decreased at PND22. At PND7, we observed staining for
TfR in the microvasculture (Fig. 8B) which persisted at PND14 and PND22 (data not
shown), consistent with previous literature demonstrating TfR at the level of the BBB
(Simpson et al. 2015). We also observed extremely dense staining in all cortical layers, the
thalamus, hippocampus, substantia nigra, and cerebellum throughout development (data not
showry). At all timepoints we measured, we observed no regional differences in TfR staining
between wild-type and H67D mice.

H-ferritin—In stark contrast to Tim-2 and TfR expression, FtH1 staining, used here as a
surrogate marker for intracellular iron, was relatively sparse except in specific regions.
Throughout the developmental timepoints we examined, FtH1 was consistently highest in
the corpus callosum (Fig. 9A) and was present in the microvasculature (Fig. 9B). At PND22
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in the corpus callosum, staining is very heavy for FtH1, especially in what appear to be
mature oligodendrocytes. Similar to Tim-2 and TfR, FtH1 staining was observed heavily at
PND?7 which persisted throughout development (data not shown). We also examined the
cortex, thalamus, hippocampus, substantia nigra, and cerebellum for FtH1 immunostaining,
finding that FtH1 was heavily localized to cortex layer 4 and the white matter throughout the
brain (data not shown). However no regional differences between wild-type and H67D mice
were observed.

Discussion:

The aim of this study was to examine the uptake of FtH1 bound iron as a novel iron delivery
system to the developing brain. Furthermore, we determined if sex or genotype could alter
the uptake of Tf or the newly discovered FtH1 delivery system. The results of this study
have demonstrated that FtH1 can deliver a significantly higher amount of labelled iron
during development than transferrin. These data further demonstrate that brain iron
acquisition from both transport proteins are modified by age, sex, and genotype. While it has
previously been shown that in general, liver and plasma iron levels tend to correspond in
normal humans and HFE hemochromatosis patients (Olynyk ef a/. 2008; Graham et al.
2010), our single time point data demonstrate that after injection of extra iron via different
carriers, we find a significant difference in the handling of this iron by H67D and wild-type
mice.

For Tf uptake, the transport of iron appears highly regulated (Simpson et a/. 2015),
increasing at PND14 and decreasing thereafter. The decrease in brain iron uptake occurs
even in the presence of a gene variant that is associated with increased iron uptake by all
organs in the body including the brain (Nandar ef a/. 2013). For FtH1 uptake, the transport of
iron into the brain does not decrease after PND14 and in the H67D mouse, FtH1 uptake
continues to increase with age. There is also a sex difference as males with the H67D variant
show an increase, rather than a decrease, in FtH1 uptake between PND7 and PND22.
Similarly, female H67D mice take up more Tf at PND22 than male H67D mice. These
results clearly demonstrate the regulation of uptake of iron from FtH1 is distinct from Tf and
furthermore that regulatory mechanisms between males and females may have significant
differences. Our data demonstrate that gross levels of TfR in the brain do not necessarily
follow the same temporal pattern of brain iron uptake, pointing towards a delay in and
possibly more regional regulation of uptake at the BBB as we have proposed (Chiou ef al.
2018c). We have previously published that FtH1 and Tf transport across the BBB share a
common regulatory mechanism mediated by apo-Tf and holo-Tf (Chiou et a/. 2018c),
suggesting that this axis may be of critical significance during development. We have also
begun to examine the mechanism of uptake into the brain by profiling the different cell types
of the brain and various brain regions for the receptors for Tf and FtH1 during development.
By tracking these receptors during development, we have demonstrated that the uptake
mechanism for iron delivered via Tf and FtH1 is present. Our data showing both Tf and
FtH1 delivery to the brain during development are consistent with the demonstration that
both of these proteins are involved in brain iron delivery in the adult (Duck et a/. 2018).
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This study shows that the temporal pattern of delivery of Tf and FtH1 to the developing
brain is similar. There is peak uptake of Tf at PND14, with a decrease at PND22. Our data
for Tf-mediated uptake of iron are consistent with previous studies that demonstrate a
similar uptake pattern during development (Moos and Morgan 2002). Though the general
decline in uptake occurs in both wild-type and H67D mice, female H67D mice take up
significantly higher amounts of 59Fe-Tf than the other groups. In contrast to Tf, FtH1 uptake
does not decline after PND14 in either the wild-type or H67D mouse. Furthermore, male
H67D mice significantly increase the amount of 5°Fe-FtH1 that they take up at PND22
compared to wild-type. The different patterns of uptake for Tf and FtH1 delivered iron
suggest that Tf could be providing iron more acutely to aid in the a growth spurt of the brain
that accompanies peak myelination (Hulet et a/. 2002) whereas FtH1 provides iron at a
steadier pace for maintence of required levels for normal brain function. For example,
oligodendrocytes are the highest iron staining cells in the brain (Benkovic and Connor 1993;
Connor et al. 1995) and the ability of these cells to take up a substantial amount of iron
during development is necessary for proper myelination; inadequate iron delivery to
oligodendrocytes frequently results in hypomyelination (Todorich et a/. 2009). We have
reported that FtH1 is the major source of iron for mature oligodendrocytes (Todorich et al.
2011). This study provides further evidence that FtH1 plays a significant role in delivery of
iron to various organs throughout the body (Blight and Morgan 1983; Kim et a/. 2013,
Fisher et al. 2007; Sibille et al. 1989). While we have previously demonstrated the ability of
FtH1 to deliver iron to the adult rat brain (Fisher et al. 2007), this study is the first to
demonstrate FtH1 delivery during development in a mouse. We have previously shown that
the FtH1 in our preparation results in at least 10 times as much iron loaded as transferrin/
mole (Chiou et al. 2018b). Conceptually, FtH1 could contain 4500 atoms of iron per mole or
2000 times more iron than transferrin (Arosio et al. 2017). The source of FtH1 that may be
taken up in the brain has yet to be elucidated but studies have shown FtH1 is released by
multiple cell types (Chiou and Connor 2018).

In this study, we performed immunostaining for intracellular FtH1 to understand the regional
expression of FtH1 in the brain during development as a surrogate marker for cellular iron
status (Fig. 9). It was noted that FtH1 staining becomes more punctate and region-specific
during development, suggesting that there is a higher utilization of iron in specific regions of
the brain during development. This suggests future studies on regional brain delivery via
FtH1 are warranted. The data supported previous reports that oligodendrocytes and glial
cells of the white matter tracts are the cells that accumulate the most iron (Connor et al.
1992; Connor and Menzies 1996) and FtH1 (Schonberg et al. 2012; Hulet et al. 1999a; Hulet
et al. 2002). Here, we expand those findings and demonstrate that specific neurons in the
hippocampus and pyramidal neurons in the cortex stain for FtH1 as well. That FtH1 staining
in oligodendrocytes is highest during peak myelination strongly coincides with the necessity
of iron for the myelination process and supports the reports that chronic iron deficiency
frequently leads to hypomyelination in both rodent (Ortiz et a/. 2004) and human models
(Roncagliolo et al. 1998; Algarin et al. 2003). Consistent with these results, we confirmed
the presence of Tim-2 for iron acquisition via extracellular FtH1 on oligodendrocytes (Fig.
6A).
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We also demonstrate that there is a sex effect on iron uptake, a phenomena we have
described previously in the adult H67D mouse (Duck et al. 2018); female H67D mice
accumulate more iron in their brain than male H67D mice (Duck et al. 2018). At the earlier
time points the pattern of iron uptake from either FtH1 or Tf was similar between the
different sexes and genotypes. However, at PND22, there is increased Tf-iron uptake in the
H67D female mice compared to the other groups, whereas FtH1-mediated iron uptake is
greater in the H67D males compared to the other groups. These uptake data may account for
reports of a higher volume of total brain iron in males (Hahn et a/. 2009) compared to
females, with the caveat that our differences were only seen in the mutant mice. We have
also previously published that the adult H67D mouse brain has a higher overall iron load
(Nandar et al. 2013; Duck et al. 2018), suggesting that this imbalance in iron uptake is
established at PND22 and persists into adulthood. Overall, this is the first study to reveal a
sex and genotype effect on brain iron acquisition during development. The mechanism
regulating these uptake differences, which is occurring prior to hormonal influences
associated with puberty will be explored in future studies.

Our data further support the concept that iron uptake is tightly regulated and suggests the
potential for a set-point for iron delivery that is established during development and
maintained throughout adulthood. We propose there is a critical window during which the
brain is growing that is amenable to relatively high levels of iron uptake. This concept is
evident in studies on nutritionally iron deficient animals where iron supplementation started
at PND4 can correct brain iron deficiency yet supplementation at PND21 was not able to
correct early iron losses (Felt ef al. 2006; Beard et al. 2006; Unger et al. 2012). Our data
suggest that once significant brain growth has plateaued, there are regulatory molecules such
as apo-Tf and holo-Tf (Chiou et a/. 2018c¢) from the brain signaling to the endothelial cells
of the BBB regarding brain iron status. The observation that the H67D mutation and sex
both affect iron uptake by Tf and FtH1 demonstrates that multiple factors exist in tandem to
influence the regulation of iron uptake. Importantly, we demonstrate that the H67D mutation
may result in an aberrant set-point, as there is higher uptake of °9Fe-Tf and >%Fe-FtH1 at
PND22 than wild-type. This point is further illustrated in the adult brain, as brain iron in the
H67D adult mouse brain is significantly higher than wild-type yet iron accumulation in the
brain 24 hours after injection with %9Fe-Tf does not differ from wild-type (Duck et a/. 2018).
This implies that the H67D mouse brain has a higher set-point for iron uptake than the wild-
type, and this persists into adulthood. Furthermore, it has been shown that H67D mutant
mice have altered brain iron handling proteins such as TfR, H- and L-ferritin, and Tim-2
(Nandar et al. 2013), suggesting that in these mice the altered brain iron profile is a result of
altered regulation.

The data from this study could have significant potential implications in the clinical
treatment of brain iron deficiency during development. The data herein demonstrates the
concept that in the mouse there may be a specific time during normal development that iron
supplementation may be most effective, as Tf uptake decreases after PND14 while FtH1
uptake levels off at PND14. This is significant, as it is still controversial regarding at what
age iron supplementation should be started in the treatment of iron deficiency, or if iron
supplementation in an early age would lead to adult disease phenotypes. For example, there
are studies demonstrating that in mice, early exposure to iron overload during a critical
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period of development (PND10-17) may result in higher rates of a Parkinsonian disease
phenotype (Billings et al. 2016). Similarly, Kaur et al. demonstrate that increased neonatal
iron intake results in adult Parkinsonian phenotypes (Kaur et a/. 2007). Furthermore, in -
thalassemia patients, iron supplementation in children leads to impaired neurocognitive
function (Elalfy et al. 2017). The ability to override the set point and normal regulatory
mechanisms for brain iron uptake in these models could be due to significant inflammation
and subsequent compromise in BBB integrity that would be associated with infusion of
intravenous iron or gavage of carbonyl iron molecules (Varatharaj and Galea 2017; Chiou
and Connor 2018). While needing further studies to fully explore this concept, these results
may impart specific directions for clinicians to follow in the treatment of developmental iron
deficiency.

An unexpected finding in this study was the identification of Tim-2 on neuronal cells. We
have previously identified Tim-2 as the receptor for FtH1 on oligodendrocytes (Todorich et
al. 2008); indeed, FtH1 can replace Tf as the obligate source of iron for oligodendrocytes
(Todorich et al. 2011). The presence of Tim-2 on neurons may then represent a novel iron
uptake mechanism in neurons. Previous literature has identified neuronal acquisition of iron
through a Tf-mediated pathway (Leitner and Connor 2012) or through voltage-gated calcium
channels (Lopin et al. 2012), but the presence of Tim-2 may suggest FtH1 uptake in
neuronal cells as well. An alternative explanation for the high abundance of Tim-2 on
neurons may lie in the other function of Tim-2 as a receptor for Sema4A (Kumanogoh et al.
2002). During neural development, the semaphorin family acts as negative regulators of
neural migration, causing growth cone collapse (Yukawa et al. 2005). It has also been shown
that SemadA, a semaphorin family member, can also bind to Tim-2 (Kumanogoh et a/.
2002). Other binding partners to Sema4A, namely Plexin D1 (Toyofuku et al. 2007), Plexin
B2 (Ito et al. 2015), and Neuropilin-1 (Delgoffe et al. 2013), have been demonstrated to
facilitate axon guidance during neural development. While we have previously shown
SemadA to be cytotoxic to oligodendrocytes (Chiou et a/. 2018a; Chiou et al. 2019), it is
possible that the presence of Tim-2 on neurons may lead to axonal guidance either through a
pro-apoptotic mechanism or through the classical Rho/vascular endothelial growth factor
(VEGF) signaling pathway (Zhou et al. 2008). A second explanation may lie in the
possibility for Tim-2 to non-covalently dimerize and form a separate binding site that has
potentially different effects on the cell (Santiago et a/. 2007). This dimerization effect may
be specific to oligodendrocytes or neurons. A different function for Tim-2, and perhaps
altered ability to bind to FtH1 would explain the differences between the immunostaining
data for Tim-2 and a ferritin binding study performed by Hulet ef a/. that demonstrated
ferritin binding localizes specifically to the white matter tracts and not the gray matter
regions (Hulet et a/. 2002; Hulet et al. 1999b).

In addition to neurons, robust Tim-2 staining was found in astrocytes and brain
microvasculature throughout the development time periods interrogated (Fig. 6C). For the
microvasculature, the presence of Tim-2 in endothelial cells of the BBB demonstrates a
mechanism for uptake of FtH1 into the brain parenchyma. We have previously demonstrated
that FtH1 can be taken up and directly cross the endothelial cells and that the human
receptor for FtH1 on the BBB is Tim-1 (Chiou et a/. 2018c). The abundance of Tim-2 in the
BBB is further consistent with previous literature documenting FtH1 transport /n vivo
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(Fisher et al. 2007). For astrocytes, like neurons, the presence of Tim-2 may indicate a novel
iron uptake mechanism. It has been documented that astrocytes can obtain iron through a Tf-
mediated mechanism /n vitro (Qian et al. 1999), but the presence of Tim-2 on astrocytes may
represent an alternative method for iron uptake through FtHZ1. Interestingly, we found that
microglia, the resident immune cells of the brain, do not express Tim-2 (Fig. 6B). Previous
studies have determined that CXCR4, a microglial chemokine receptor, can bind and interact
with FtH1 (Li ef a/. 2006) suggesting that microglia may have an alternative mechanism to
take up” FtH1.

In this study, while we have focused primarily on iron uptake into the brain and transport
across the BBB, it is important to also consider the effects of efflux from the BBB and the
brain itself. Iron efflux is typically handled by ferroportin, the only known free iron exporter,
and hepcidin, a hormone that causes the degradation of ferroportin. We have previously
demonstrated that hepcidin significantly impacts iron transport across the BBB in a cell
culture model (Chiou et a/. 2018c) and it is likely there is a similar mechanism /n vivo as
well. It has previously been shown that HFE plays a role as an upstream regulator of
hepcidin (Pantopoulos 2008), while studies have also shown that hepcidin expression
decreases in iron loaded Hfe-knockout mice (Bridle et a/. 2003). In the developing brain,
there is little currently known about the interplay between hepcidin levels and how a
mutation in HFE would impact its” expression and subsequently, iron uptake. Previous
studies have shown that hepcidin is indeed present throughout the brain in the adult rodent
(Zechel et al. 2006; Raha-Chowdhury et al. 2015), but a comprehensive analysis of hepcidin
expression during development has yet to be performed. This is clearly an opportunity for
additional study to interrogate another mechanism revolving around the ferroportin-hepcidin
axis that may contribute to the observed increased brain iron uptake in the H67D mice.

Overall, these data provide strong evidence for a sex and genotype effect of iron uptake into
the brain during development and begin to elucidate the mechanism for differential iron
uptake. Importantly, this study provides developmental snapshots of Tim-2, TfR, and FtH1
expression in critical regions of the brain, demonstrating a temporal aspect for receptor
expression. Moreover, the identification of Tim-2 on neurons and astrocytes represents a
heretofore unexplored area of research that has strong implications for FtH1 uptake and
SemadA-mediated axonal guidance.
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Figure 1. Timeline of the uptake study.
At PND7, PND14, and PND21, 5 wild-type male, 5 H67D male, 5 wild-type female, and 5

H67D female mice were given intraperitoneal injections with 3.4 mg/kg of either >°Fe-Tf or
S9Fe-Hft. 24 hours after injection, mice were sacrificed and brains, liver, and blood was
extracted to count for radioactivity.
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Figure 2. Sex and genotype effects on brain iron uptake.

A) H67D mice take up significantly more 59Fe-Tf and >%Fe-FtH1 into the brain on PND22
(n=10 mice). B) Female H67D mice take up significantly more >°Fe-Tf into the brain on
PND22 than male H67D mice. C) Male H67D mice take up significantly more %9Fe-FtH1
into the brain on PND22 than female H67D mice. For B) and C), n=5 mice for males and

] 2
Day7

Day 14

L
Day 22

n=5 mice for females; means from all biological replicates + SD were evaluated for

statistical significance using two-way ANOVA with Bonferroni’s posttest for significance.

*=p<0.05, ***=p<0.001.
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Figure 3. Sex and genotype effects on liver iron uptake.
A) HB67D mice take up significantly more ?Fe-Tf into the liver on PND22. Wild-type mice

take up significantly more 59Fe-FtH1 into the liver uptake on PND14 (n=10 mice). B)
Female wild-type mice take up significantly more 59Fe-Tf into their livers on PND7 than
their respective H67D counterparts, but on PND22 H67D mice livers take up significantly
more *9Fe-Tf. C) Male wild-type mice take up significantly more °Fe-FtH1 at PND7 than
H67D mice, while female H67D mice take up significantly more 59Fe-FtH1 on PND22 than
wild-type female mice. For B) and C), n=5 mice for males and n=5 mice for females; means
from all biological replicates + SD were evaluated for statistical significance using two-way
ANOVA with Bonferroni’s posttest for significance. *=p<0.05.
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Figure 4. Sex and genotype effects on plasma iron content.
A) Genotype does not affect plasma iron content after injection of >°Fe-Tf. H67D mice have

higher circulating levels of 59Fe-FtH1 on PND7 than wild-type mice. On PND22, wild-type
mice have higher circulating levels of >®Fe-FtH1 than H67D mice (n=10 mice). B) Sex does
not affect circulating levels of °Fe after >%Fe-Tf injection. C) Sex does not affect circulating
levels of 59Fe after 99Fe-FtH1 injection. For B) and C), n=5 mice for males and n=5 mice for
females; means from all biological replicates + SD were evaluated for statistical significance
using two-way ANOVA with Bonferroni’s posttest for significance. *=p<0.05.
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Figure5. Tim-2, Transferrin Receptor, and H-ferritin expression during development.
Shown are representative western blots of expression for Tim-2 (A), TfR (B), FtH1 (C), and

B-actin (D) on whole mouse brain homogenates. Western blots were repeated 3 times for
each timepoint; each band represents homogenates pooled from 3 male and 3 female mice.
E) Densitometric analyses of western blots reveal significantly elevated Tim-2 expression in
H67D mice at day 22 and elevated TfR expression in H67D mice at day 7. For quantification
we used the sum total of all of the bands because additional bands are thought to be dimers
(near exact molecular weight matches). FtH1 expression was increased in H67D mice at day
7. Wild-type versus H67D means + SD were evaluated for statistical significance by
unpaired t-tests, n=3 biological replicates. *=p<0.05, ***=p<0.001.
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Tim-2

lbal, Tim-2

Figure 6. Tim-2 expression in oligodendrocytes, microglia, and astrocytes.

Slides were stained for Tim-2 (magenta) or CC1/Ibal/GFAP (yellow); nuclei were
counterstained with DAPI (cyan). A) Mouse corpus callosum stained for CC1 (yellow), a
marker for myelinating oligodendrocytes, and Tim-2 (magenta) reveal expression of Tim-2
in oligodendrocytes. There is similarly robust Tim-2 staining in CC1-negative cells, likely to
be neurons. B) Dual-staining in the neocortex for Ibal and Tim-2 reveals microglia (Ibal+,
white arrows) do not express Tim-2. C) Hippocampus staining for GFAP (yellow), an
astrocytic marker, demonstrates colocalization with Tim-2 (magenta), marked by white
arrowheads. The white arrow marks cells surrounding a blood vessel positive for Tim-2
staining, likely to be endothelial cells of the BBB. There can again be seen robust staining
for Tim-2 in non-GFAP+ cells, most likely to be neurons. All brain slices came from wild-
type PND7 female mice. Scale bars indicate 10 um.
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Figure 7. Tim-2 expression throughout the brain during development.
Tim-2 staining in key regions throughout the brain in wild-type and H67D mice at day 7,

day 14, and day 22. Areas focused upon in this figure are the somatosensory cortex layer 4,
corpus callosum, and microvasculature. For a full description of staining patterns and
expression, refer to the ‘Results’ section. Scale bars indicate 100 um.
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Figure 8. TfR expression throughout the brain during development.
TfR staining in the corpus callosum and microvasculature in the brain of wild-type and

H67D mice at day 7, day 14, and day 22. For a full description of staining patterns and
expression, refer to the ‘Results’ section. Scale bars indicate 100 pm.
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Figure 9. FtH1 expression throughout the brain during development.
FtH1 staining in the corpus callosum and microvasculature in the brain of wild-type and

H67D mice at day 7, day 14, and day 22. For a full description of staining patterns and
expression, refer to the ‘Results’ section. Scale bars indicate 100 pm.
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