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ABSTRACT 

Iron deficiency leads to hypomyelination both in humans and animal models, and the 

neurological sequelae of hypomyelination are significant. Therefore, understanding mechanisms 

of iron import into oligodendrocytes is necessary for planning effective strategies for iron 

supplementation. Ferritin is an intracellular iron storage protein that is highly expressed by 

oligodendrocyte progenitor cells (OPCs). To determine the role of ferritin on OPC maturation and 

myelination, we used the Cre-lox system to specifically knock-out the heavy subunit of ferritin, 

(Fth) in OPCs. We performed immunohistochemistry, western blot, and electron microscopy to 

analyze myelin protein expression and OPC maturation at postnatal days 15 and 30. At both time 

points, we found a decrease in the expression levels of myelin proteins, a substantial reduction in 

the percentage of myelinated axons and a decrease in the number of myelinating 

oligodendrocytes. These results indicate that Fth is important for appropriate OPC maturation and 

suggest that this protein is essential for the normal myelination of the mouse brain. Remyelination 

requires the recruitment of OPCs to demyelinated lesions followed by their maturation to myelin-

forming oligodendrocytes. Iron is required in many enzymes that influence myelin formation, 

metabolism, proliferation and differentiation of OPCs, and the deposition of myelin membranes. 

Therefore, we used the cuprizone model of myelin injury and repair to study how the loss of Fth 

affects the maturation of OPCs through remyelination. We performed immunohistochemistry, 

western blot, and electron microscopy experiments to determine if remyelination is affected when 

Fth is deleted in NG2 positive OPCs. Our data indicate that Fth expression by OPCs is crucial for 

the normal remyelination of the adult brain. Fth deficient OPCs do not mature normally and 

remyelinate the adult brain less efficiently than control OPCs. These data suggest that OPCs 

generated after demyelination need to synthesize new Fth to store iron for a successful 

remyelination. Ceruloplasmin (Cp) is a ferroxidase that oxidizes toxic ferrous iron (Fe2+) to non-

toxic ferric iron (Fe3+) in order to prevent damage to the cell from reactive oxygen species. During 

the myelination process OPCs express high levels of Cp but the function of this ferroxidase in 
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OPC maturation is completely unknown. Thus, in order to determine the role of Cp in OPC 

development and myelination we conditionally knocked-out Cp in OPCs using the Cre-lox system. 

No changes in the levels of myelin protein expression or in the total number of mature myelinating 

oligodendrocytes were found. However, we detected alterations in the total number and in the 

percentage of mitotic OPCs. This data suggest that Cp activity is not essential for OPC maturation 

and myelination during the postnatal development of the mouse brain but probably this enzyme 

is playing a role in OPC generation and /or proliferation. 
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GENERAL INTRODUCTION 

Oligodendrocyte development and myelination 

The central nervous system (CNS) is made up of two components, the brain and the spinal 

cord. In the brain there are two classes of cells, neurons and glia. The three types of cells within 

the glial cell class, astrocytes, microglia, and oligodendrocytes work together to maintain proper 

functioning of the CNS. Astrocytes function to promote neuronal survival through many avenues 

such as controlling synaptic transmission, regulating blood flow and providing metabolic support 

for neurons. Oligodendrocytes are the cells of the CNS that synthesize and wrap myelin around 

axons (Zuchero and Barres, 2015). Microglia are the resident immune cells of the CNS that 

respond rapidly to any injury or changes in pathology (Kreutzberg 1996). 

Oligodendrocytes have discrete lineage development. This lineage includes early 

oligodendrocytes, called oligodendrocyte progenitor cells (OPCs) which express the transcription 

factors Olig1, Olig2, the proteoglycan NG2 as well as the α subunit of the platelet-derived growth 

factor receptor (PDGFα) (Podbielska et al., 2013). OPCs are formed in the spinal cord and in the 

forebrain. Within the forebrain, OPCs originate from the subventricular zone and migrate 

throughout the developing CNS, where they eventually differentiate into myelinating 

oligodendrocytes. OPCs first appear in the subventricular zone of the medial ganglionic eminence 

in mice around embryonic day 12.5 and populate the ventral forebrain, the telencephalon, and 

the cerebral cortex. Soon after, another wave of OPCs is formed in the lateral ganglionic eminence 

where they continue to populate these areas. From here, they are joined by a third wave of OPC 

development which begins in the postnatal cortex (Kessaris et al., 2006). 

Several growth factors influence OPC proliferation and migration. The family of platelet-

derived growth factors (PDGF), the family of fibroblast growth factors (FGF), and the proteoglycan 

NG2, work together to promote mitogenic proliferation of OPCs. OPCs are known to express the 

PDGFα receptor, and binding of PDGFs (PDGF-AA, PDGF-BB, PDGF-CC) to the PDGFα 

receptor increases proliferation of these cells (Reigstad, Varhaug, and Lillehaug, 2005). When 
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OPCs are co-cultured with FGF2 and PDGF-AA, they divide without differentiating for a long time 

period, showing the importance of these two factors in promoting OPC proliferation (Bögler et al., 

1990). Nishiyama et al., (1996) showed the co-localization of NG2 and the PDGFαR on OPCs, 

which decreases during the postnatal maturation of the mouse brain, suggesting again the 

importance of these factors for early OPC development. Cultured OPCs grown in the presence of 

PDGF showed an increased motile phenotype and increased average speed of migration 

compared to control culture medium, which highlights the role that PDGF plays in migration (Noble 

et al., 1988). Lastly, the binding of NG2 to integrin receptors has been implicated in the induction 

of OPC migration. Altogether, multiple factors affect the rate of OPC proliferation and migration 

throughout development. 

Myelin functions to insulate the axon, allowing rapid conduction of action potentials and 

synchronized synaptic transmission. The myelin sheath contains intermittent breakdowns called 

nodes of Ranvier. By jumping from node to node, the action potential can travel more rapidly than 

in unmyelinated fibers. Myelin is composed of about 75 percent lipids and 25 percent protein 

(Deber and Reynolds, 1991), with the most abundant lipid being cholesterol. Protein content 

includes myelin basic protein (MBP), which is essential for myelin maturation; myelin 

oligodendrocyte glycoprotein (MOG); and the proteolipid protein (PLP) which is the most 

abundant myelin protein in CNS myelin. The primary lipid of myelin is a glycolipid named 

galactocerebroside. Cholesterol is an essential lipid component of myelin, without which myelin 

fails to form. Myelin contains a high lipid to protein ratio, thus, more lipids than proteins are needed 

to form the structure. Structurally, myelination occurs in a rostral direction, starting in the 

hindbrain, midbrain, and lastly the forebrain. In mice, myelination begins at birth and is almost 

complete by postnatal day 60. The peak of myelination in the mouse brain is between postnatal 

day 10 and postnatal day 20 (Baumann and Pham-Dinh, 2001). 

Interactions between OPCs and neurons can affect development of OPCs and 

subsequent myelination. During development, OPCs receive several signals from neurons that 
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regulate how they proliferate, migrate, and differentiate into mature myelinating cells. Once an 

OPC stops dividing and differentiates into a myelinating oligodendrocyte, it has 2 to 3 days to 

contact a nonmyelinated region of an axon, or it will undergo apoptosis (Barres and Raff, 1999). 

New generated oligodendrocytes extend several processes to scan the surface of axons and 

determine where myelin is needed. Neurons produce cell adhesion molecules that tell 

oligodendrocytes where to begin wrapping myelin. Neuregulins (NRGs) are one of the most 

important cell adhesion molecules in the myelination process. NRGs are cell-cell signaling 

proteins that are ligands for receptor tyrosine kinases of the ErbB family (Chen et al., 2006). 

Furthermore, electrical activity from neurons has been shown to promote myelination. Action 

potentials induce the release of factors, such as glutamate and ATP that can encourage pre-

myelinating oligodendrocytes to begin the myelination processes (Barres and Raff, 1999). Once 

myelination begins, axo-glial junctions form when the noncompacted loops of myelin encounter 

the axolemma, or cell membrane around the axon. This structure defines the internodes, or the 

myelinated segments, the nodes of Ranvier, the non-myelinated segments, and the 

juxtaparanode, which is the area closest to the internodes. Overall, OPC-neuron interactions are 

essential for the normal development of OPCs and for the myelination processes (Snaidero and 

Simons, 2017). 

Iron metabolism in the cell 

Iron is an essential trace element for several processes required for life. Most of the iron 

in the body is bound to hemoglobin and found within red blood cells, where it functions to transport 

oxygen throughout the blood. Non-hemoglobin bound iron is found within proteins of the body, 

where it aids in metabolic energy of a cell through cellular respiration and is necessary for 

ribosome function and DNA synthesis (Peters, Connor, and Meadowcroft, 2015). Mitochondria 

synthesize iron sulfur-clusters (ISCs) as well as heme, which both need iron. Several cellular 

processes require ISC-containing proteins and heme is an important co-factor for proteins and 
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processes involved with oxygen transport. Overall, iron is essential for many processes that take 

place within cells. 

Iron is acquired from the diet in the form of iron salts and heme. Transporters such as the 

divalent metal transporter 1 (DMT1), help iron cross the duodenal mucosa and enter the systemic 

circulation (Fuqua et al., 2012). Iron metabolism is a process within a cell including multiple 

proteins that are involved in uptake, storage, and efflux of iron. Iron acquisition into the cell is 

mediated through the transferrin protein (Tf). Within the extracellular plasma, two ferric (Fe3+) iron 

atoms bind to apo-Tf, creating holo-Tf. Then, holo-Tf binds to the transferrin receptor (Tfr1) and 

endocytosis occurs (Rouault, 2013). A proton pump then acidifies the endosome allowing Fe3+ 

iron to be released from the Tfr1. Then, a ferrireductase called Steap3 reduces Fe3+ to Fe2+ and 

allows the iron to be released into the cytoplasm through DMT1. Once the iron is free from the 

endosome, it can be recruited by the Poly-r(C)-binding Protein 1 (PCBP1) (Shi et al., 2008), and 

taken up into ferritin to be stored, or can be utilized in mitochondria for energy purposes. Once 

Fe2+ is ready to leave the cell, it must bind to ceruloplasmin (Cp), a ferroxidase, that will oxidize 

the ferrous iron (Fe2+) to ferric iron (Fe3+) in order to prevent the formation of toxic reactive oxygen 

species. Coupled to Cp is an efflux protein called ferroportin (Fpn), and once the iron is ferric 

again, it can leave the cell through Fpn. After the ferric iron is outside of the cell, it binds back to 

the recycled apo-Tf molecule and allows the iron incorporation process to begin again. The entire 

process from apo-Tf extracellularly, to holo-Tf binding to the Tfr and releasing iron, until the 

recycling of this iron back to extracellular apo-Tf is called the Tf cycle and is the main way that 

iron is incorporated into a cell (Wang and Pantopoulos, 2011). This is a necessary process that 

allows for the transport and delivery of iron to where it is needed for utilization within the cell. 

The expression of proteins involved in iron metabolism is regulated post-transcriptionally 

through the binding of iron response proteins (IRPs) to iron responsive elements (IREs) in the 

untranslated region (UTR) of their mRNA (Rouault, 2006). In cells with a lack of iron, IRPs bind 

to IREs on the 3’UTR and stabilize TfR1 mRNA, while IRPs bind to IREs on the 5’UTR ferritin 
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mRNA blocking ferritin translation and subsequent synthesis. As a result, Tfr1 gathers more iron 

from plasma holo-Tf in order to offset the iron deficiency and excess iron is kept from being 

sequestered in ferritin. When cells have a high iron content, the IRPs are not available for binding 

at the 3’UTR, which allows Tfr1 mRNA degradation, or at the 5’UTR which derepresses machinery 

for ferritin mRNA translation, resulting in less incoming iron and more storage of the excess iron. 

This entire process is referred to as the IRE/IRP regulatory system and is the main process for 

regulation of iron metabolism in the brain (Rouault, 2006; Wang and Pantopoulos, 2011). 

Iron and its regulatory IRP/IRE system also help to regulate the mitochondrial citric acid 

cycle. When IRP1 contains an ISC, it acts as a cytosolic aconitase, an enzyme that converts 

citrate to isocitrate, a necessary function for the citric acid cycle. When there is decreased ISC 

production and increased reactive oxygen and reactive nitrogen species, IRP1 instead has regular 

IRP binding capabilities. When cellular iron levels are adequate and enough oxygen is released 

by the mitochondria, IRP2 is degraded by an E3 ubitquitin ligase (Horowitz and Greenamyre, 

2010). This activity provides an important link between iron metabolism and the regulation of 

enzymes of the mitochondrial citric acid cycle. 

Iron metabolism in the CNS 

Cells in the CNS do not have direct access to iron from the systemic circulation because 

of the tight regulation of the blood brain barrier (BBB). Endothelial cells of the BBB form tight 

junctions that control what molecules may or may not enter the brain. Pericytes, another cell type 

involved with the BBB, wrap blood vessels at the BBB and perform several functions like 

supporting endothelial cells, regulating blood flow through the BBB, and performing angiogenesis. 

In order for iron to reach the brain parenchyma, receptors and transporters on the luminal 

membrane of endothelial cells of the BBB control iron uptake across the luminal barrier and then 

across the abluminal membrane and into the brain interstitial fluid. Endothelial cells along the BBB 

are in close contact with astrocytic end feet, which allows for astrocytes to easily acquire iron 

(Rouault, 2013). The most commonly accepted model of how iron enters the brain parenchyma 
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involves holo-Tf binding to the Tfr1 and then the complex being endocytosed into the cell. The 

more complex and accurate pathway describes this process as holo-Tf binding to the Tfr, which 

results in the endocytosis of the Tf/Tfr complex into an endosome. Here, iron is released from Tf 

and then released into the cytoplasm through DMT1. Once in the cytoplasm of the endothelial 

cell, iron can be stored in ferritin, used in mitochondria, or released into the brain. Release into 

the brain requires efflux by Fpn and then oxidation of Fe2+ to Fe3+ by a ferroxidase, which is 

coupled to Fpn. From here iron is now available for uptake into astrocytes, where it will be utilized 

or released again and taken up into other cells of the CNS (Duck and Connor, 2016). 

In the brain interstitial fluid there is Tf bound iron (TBI) as well as non-Tf bound iron (NTBI), 

meaning that there must be Tf-independent incorporation pathways. Also, TBI may be 

incorporated into the brain through endocytosis-independent pathways. Ji and Kosman (2015) 

observed co-localization between the Steap2 ferrireductase and the iron transport protein Zip8 at 

the cell surface of primary hippocampal neurons, suggesting that NTBI is reduced and then 

transported into the cell by the Zip8 protein. Also, co-localization was found between Zip8 and the 

Tfr/Tf complex at the cell surface, suggesting that Zip8 works as a TBI transport protein. Lastly, 

Steap2 co-localized with internalized Tf, indicating its ability to act as the ferrireductase that 

reduces TBI. This information provides evidence for alternative routes of iron incorporation within 

cells of the brain. 

The predominant cell type in the brain containing iron is the oligodendrocyte. These iron-

containing oligodendrocytes are found near neuronal cell bodies, adjacent to blood vessels, and 

within white matter tracts. Structurally, iron is found mostly in white matter areas within the globus 

pallidus, caudate nucleus, putamen, dentate nucleus, red nucleus, and substantia nigra (Connor 

and Menzies, 1996). Neurons contain granular iron deposits, and microglia have a small amount 

of iron as a result of their debris uptake. Astrocytes do not express Tfr but acquire iron directly 

from endothelial cells of the BBB. Astrocytes express Fpn and Cp, and therefore can release this 

iron and share it with oligodendrocytes and neurons. On the other hand, oligodendrocytes stain 
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strongly for Tf, microglia stain strongly for ferritin, and neurons stain intensely for the Tfr. This 

suggests that these cell types can acquire iron, may have a need for iron, and that 

oligodendrocytes can share iron with neurons (Rouault, 2013). Altogether, iron is specifically 

distributed in the brain in certain cell types and structures. 

Iron in the brain is redistributed in certain disease states. In the case of neurodegenerative 

diseases, such as Parkinson’s and Alzheimer’s, iron-rich areas begin to degenerate, and 

microglia phagocytose debris that is released from the degenerating cells. Therefore, in 

neurodegenerative disease states, microglia often become iron-rich themselves. In the disease 

aceruloplasminemia, which is associated with a mutation in the Cp gene, iron overload is 

observed in astrocytes mostly in the basal ganglia (Rouault, 2013). Another disease, affecting 

ferritin function, called neuroferritinopathy, causes iron granule deposition in the dentate nuclei, 

globus pallidus, putamen, caudate, thalamus and red nuclei specifically in oligodendrocytes, 

microglia, and neurons (Levi and Rovida, 2015). Abnormally high levels of iron deposition are 

also found in patients with multiple sclerosis (MS) in both grey and white matter regions. During 

MS, oligodendrocytes die, myelin is destroyed, and neurons begin to degenerate. Consequently, 

iron over accumulates in dying oligodendrocytes, reactive microglia, degenerating neurons and 

blood vessels at the BBB, triggering oxidative damage and iron toxicity within the CNS (Williams 

et al., 2012). 

Iron metabolism and myelination 

Multiple lines of evidence propose an important relationship between iron and myelination. 

There are many enzymes playing a role in myelination and remyelination that require iron as a 

cofactor. At the OPC stage, iron-containing enzymes, such as the cytochrome oxidase system 

and the mitochondrial respiratory complexes are necessary for metabolism and biosynthesis. 

Also, at this stage iron-containing enzymes important for DNA synthesis, such as ribonucleotide 

reductase, allow OPCs to proliferate and differentiate further. At the mature myelinating 

oligodendrocyte stage, enzymes that require iron are necessary for myelination. As stated earlier, 
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myelin is composed of 75% lipids and there is a high lipid to protein ratio, which is important 

because enzymes at the myelinating oligodendrocyte stage perform lipid and cholesterol 

synthesis and degradation that permits oligodendrocytes to myelinate axons (Stephensen et al., 

2014). 

In humans, early life iron deficiency is associated with a reduction in cognitive abilities as 

well as increased social and behavioral problems (Grantham-McGregor and Ani, 2001). Evidence 

has shown that restricting iron from the diet of rats during gestation and early postnatal life leads 

to a decrease in the expression of myelin proteins, lipids, and cholesterol compared to non-iron 

restricted rats (Yu et al., 1986; Ortiz et al., 2004). Beard et al., (2003) have suggested that iron-

restricted diets after the post-weaning period result in a decrease in myelin metabolic processes 

in the cerebrum and hindbrain. This work offers a functional association between iron and the 

onset of myelination. Some evidence reporting the relationship between iron and myelination 

during development states that during the second postnatal week, oligodendrocytes positive for 

iron co-localize with the myelin centers of the brain. Also, iron uptake into oligodendrocytes is 

highest at the peak of myelination (Taylor and Morgan, 1990; Connor and Menzies, 1996). 

Overall, iron is an indispensable co-factor for normal oligodendrocyte development and 

myelination. 

Iron can also influence how OPCs mature. Specifically, apo-Tf has been shown to induce 

differentiation of OPCs, and therefore increase myelination of the brain. An increase in apo-Tf 

would allow more iron uptake into a cell by way of iron binding to apo-Tf resulting in holo-Tf, which 

then will bind to the Tfr and bring iron into the cell. Paez et al., (2002) found that adding apo-Tf to 

cultures of OPCs resulted in a decrease in cell adhesion molecules necessary for OPC migration 

and an increase in markers of mature oligodendrocytes, such as MBP. Paez et al., (2006) showed 

that adding apo-Tf to OPCs in vitro resulted in inhibition of the progression of the cell cycle, 

ultimately inducing early differentiation of these cells. Overall, this shows that a protein that 
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increases iron uptake can induce OPC maturation, providing a relationship between iron and OPC 

development. 
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MATERIALS AND METHODS 

Transgenic mice 

All animals used in the present study were housed in the UB Division of Laboratory Animal 

Medicine vivarium, and procedures were approved by UB’s Animal Care and Use Committee and 

conducted in accordance with the guidelines in “Guide for the Care and Use of Laboratory 

Animals” from the National Institutes of Health. The ferritin floxed mice (stock number 018063), 

ceruloplasmin floxed mice (stock number 021485), NG2-CreER mice (stock number 008538), and 

the Sox10-CreER mice (stock number 025807) were obtained from the Jackson laboratory. The 

ferritin conditional knock-out mice (FthKO) were created by mating the ferritin floxed mice (Fthf/f) 

with the NG2-CreER mice (NG2-CreER+/-). The ceruloplasmin conditional knock-out mice (CpKO) 

were created by mating the ceruloplasmin floxed mice (Cpf/f) with the Sox10-CreER positive mice 

(Sox10-CreER+/-). For ease of reading, the ferritin conditional knock-out mice will be referred to 

as NG2-FthKO and the ceruloplasmin conditional knock-out mice will be referred to as Sox10-

CpKO in the remainder of the text. 

Mice treatments 

Cre activity in postnatal NG2-FthKO and Sox10-CpKO mice was induced by intraperitoneal 

injection of tamoxifen (Sigma-Aldrich). Stock solutions (20 mg/ml) were prepared by dissolving 

and sonicating tamoxifen in autoclaved corn oil (Sigma-Aldrich). Postnatal day 2 mice (P2) were 

injected with 25 mg/kg tamoxifen intraperitoneally once a day for 5 consecutive days. Control (Cre 

negative) mice were injected following the same protocol. For the cuprizone treatment, postnatal 

day 60 (P60) mice were fed pellet chow containing 0.2% CPZ (Teklad-Envigo) for 7 weeks to 

induce demyelination, followed by a diet of normal pellet chow to analyze remyelination. In 

addition, a group of P60 animals were not treated and were maintained on a diet of normal pellet 

chow. Cre activity in mice was induced by intraperitoneal injection of tamoxifen (Sigma Aldrich). 

Control and NG2-FthKO mice were injected with tamoxifen (100 mg/kg) every other day for 2 

weeks for a total of 7 injections starting at the fifth week of cuprizone treatment. Because no 
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differences between sexes were found, for all the experiments presented in this study, mice of 

either sex were used. 

Immunohistochemistry 

All animals were anesthetized with isoflurane and then perfused with 4% of 

paraformaldehyde in PBS via the left ventricle. The brains were postfixed overnight in the same 

fixative solution at 4°C. Coronal brain slices that were 50 µm thick were obtained using a 

vibratome (VT1000-S, Leica Biosystems). Free-floating vibratome sections were incubated in a 

blocking solution (2% normal goat serum and 1% Triton X-100 in PBS) for 2 h at room temperature 

and then were incubated with the primary antibody overnight at 4°C. Sections were then rinsed 

in PBS and incubated with Cy3- or Cy5-conjugated secondary antibodies (1:400; Jackson 

ImmunoResearch) for 2 h at room temperature followed by a counterstain with the nuclear dye 

DAPI (Thermo Fisher Scientific). After washing, the sections were mounted on to Superfrost Plus 

Slides (Thermo Fisher Scientific) using coverslips and mounting medium (Aquamount; Thermo 

Fisher Scientific). The primary antibodies used in the present study were against the following: 

caspase-3 (rabbit; 1:1000; Cell Signaling Technology); CC1 (mouse; 1:300; Calbiochem); Ki67 

(rabbit; 1:250; Abcam); Ki67 (mouse; 1:200; BD Biosciences); MBP (mouse; 1:400; Covance); 

Olig2 (mouse and rabbit; 1:500; Millipore); PLP (rat; 1:200; AA3-PLP/DM20); Sox2 (rabbit; 1:200; 

Millipore) and Sox2 (mouse; 1:500; Millipore). The staining intensity for myelin proteins as well as 

the number of positive cells was assessed in the central area of the corpus callosum, between 

the midline and below the apex of the cingulum (0.6 mm2), in the motor and cingulate cortex, 

including the motor cortex (M1), M2, Cg1, and Cg2 (0.6mm2; Franklin and Paxinos, 2008, Fig. 

24), and in the dorsal/caudal striatum, immediately underneath the corpus callosum (0.6 mm2). 

The integrated fluorescence intensity was calculated as the product of the area and mean pixel 

intensity using MetaMorph software (Molecular Devices). For all experiments involving the 

quantification of positive cells and fluorescent intensity in tissue sections, data represent pooled 

results from at least three brains per experimental group. Twenty slices per brain (50 µm each) 
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were used, and quantification was performed blind to the genotype of the sample using an 

unbiased stereological sampling method. 

Western blot 

Total proteins were collected from mouse whole brain and corpus callosum. Tissues were 

homogenized in lysis buffer containing 50 mM Tris-HCl, 0.5% (w/v) sodium deoxycholate, 150 

mM NaCl, 1 mM EDTA, 2% Nonidet P40, 0.2% (w/v) SDS, 1 mM sodium fluoride, 1 mM AEBSF, 

10 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin. After a brief sonication, samples were 

centrifuged at 15,000 x g for 5 min and the supernatant recovered. The total protein concentration 

was estimated using the Pierce BCA Protein Assay Kit. Twenty-five micrograms of total proteins 

were loaded onto a 4-12% Bis-Tris gel (NuPAGE; Life Technologies). Protein bands were 

detected by chemiluminescence using the GE Healthcare ECL kit with horseradish peroxidase-

conjugated secondary antibodies (GE Healthcare) and scanned with a C-Digit Blot Scanner (LI-

COR). Image Studio Software (LI-COR) was used for the quantification of the relative intensities 

of the protein bands. Data represent pooled results from at least four independent samples per 

experimental group. The primary antibodies used were as follows: CNP (1:1000; Neo-Markes), 

GAPDH (1:10,000; Genetex,), MBP (1:1000; Covance), PLP (1:1000, Thermo Scientific), MOG 

(1:1000; Millipore) and p84 (1:6000; Genetex). 

Electron microscopy 

Brains from mice perfused transcardially with 3% paraformaldehyde and 1% 

glutaraldehyde were used. The body of the corpus callosum at the anterior - dorsal level of the 

hippocampus was dissected and resin embedded. Thin sections were stained with uranyl acetate 

and lead citrate and photographed with an FEI Tecnai F20 transmission electron microscope. 

Extent of myelination was compared quantitatively by determining g-ratios, which were calculated 

by dividing the diameter of the axon by the diameter of the entire myelinated fiber as described 

previously (Cheli et al., 2016). In addition, the percentage of myelinated axons from the total 
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number of axons was calculated. At least five animals per experimental group and 300 fibers per 

animal were analyzed using the MetaMorph software (Molecular Devices). 

Experimental design and statistical analysis 

All data sets were tested for normal distribution using Kolmogorov-Smirnov tests. Single 

between-group comparisons were made by the unpaired t-test (Student’s t-test), using a 

confidence interval of 95%. Multiple comparisons were investigated by one-way ANOVA followed 

by Bonferroni’s multiple comparison tests to detect pair-wise between-group differences. For the 

analysis of g-ratio scatter plots, simple linear regression with a confidence interval of 95% was 

used. All statistical tests were performed in GraphPad Prism (GraphPad Software). A fixed value 

of p<0.05 for one tailed test was the criterion for reliable differences between groups. Data are 

presented as mean ± SEM. No data points were excluded from this study. To minimize bias, the 

quantification and analysis of all the experiments described in this work was performed blinded to 

the sample genotype. The genotype of the sample was coded and determined by a technician, 

who provided the genotype after the statistical analysis was complete. Based on previous studies, 

power calculations and the fact that all comparisons were made between animals with the same 

genetic background, we compare at least 3 mice for each genotype for all the morphological and 

biochemical endpoints. To date, we have not encountered any difference in oligodendrocyte 

development, myelination or remyelination attributable to mouse gender, and thus both sexes 

were employed. Details regarding the number of cells, the specific brain areas and the number of 

brain slices analyzed can be found in the individual assay descriptions. 
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CHAPTER 1: The role of ferritin in the development of oligodendrocytes 

1.1 INTRODUCTION 

The first protein of interest in the present study is ferritin, which is an iron storage protein. 

The ferritin molecule is a 24-subunit polymer composed of heavy (Fth) and light (Ftl) chains that 

assemble into different ratios to form a cavity where iron atoms are deposited and stored for later 

use. Ferritin functions to prevent free iron from building up in the cytosol and the nucleus of the 

cell and is involved in the iron metabolism of every cell (Rouault, 2013). Ferritin is a protective 

factor for cells, in that it is able to transform the toxic ferrous iron (Fe2+), into its non-toxic ferric 

form (Fe3+), where it will be stored in its cavity (Harrison and Arosio, 1996). This ferroxidizing 

activity was discovered by Lawson et al., (1989) to occur in the heavy chain of the ferritin structure. 

Ftl functions to promote ferrihydrite nucleation to create the iron-cores of the cavity and make it 

easier to store this iron. Altogether, the Fth incorporates and oxidizes iron to its non-toxic ferric 

form (Fe3+) so that Ftl can attach water and oxygen molecules to this iron, making it possible to 

be stored safely within the cavity. Therefore, these two chains cooperate in order to allow ferritin 

to perform its necessary storage function (Levi et al., 1992). 

Different cell types in the brain have differing ratios of Fth/Ftl. For example, neurons are 

mainly Fth, microglia are mainly Ftl, and oligodendrocytes are the only cell type that have an equal 

combination of both (Connor and Menzies, 1995; Connor et al., 1994). The fact that 

oligodendrocytes have an equal mixture of both ferritin chains illustrates the high usage of iron in 

this cell type. RNA sequencing of the oligodendrocyte lineage done by (Zhang et al., 2014) found 

that the heavy chain of the ferritin molecule is highly expressed in myelinating oligodendrocytes 

and expression increases as these cells develop. This provides a direct link between iron and 

myelination showing that an iron storage molecule is expressed during the process of myelination 

and that these cells need to continue incorporating iron as they develop into myelinating 

oligodendrocytes. 
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1.2 RESULTS 

Ferritin knock-out mice display a reduction in mature myelinating oligodendrocytes and 

myelin protein expression 

To determine in what way the loss of ferritin in OPCs affects the myelination of the 

postnatal mouse brain we performed immunohistochemistry experiments to analyze myelin 

protein expression at postnatal day 15 and 30 (P15, P30). To induce Cre activity in NG2 positive 

OPCs, mice were injected from P2-P6 with tamoxifen and brains were collected at P15 and P30 

for analysis. The expression of the myelin basic protein (MBP) and the level of the proteolipid 

protein (PLP) were evaluated in the central and lateral portions of the corpus callosum, in the 

cingulate cortex and in the striatum. At P15, NG2-FthKO mice displayed a significant decrease in 

PLP immunostaining in these brain areas compared to control animals (Fig. 1.1 A and B). 

Similarly, the NG2-FthKO mice showed a significant reduction in PLP immunostaining in the four 

areas examined at P30 (Fig. 1.2 A and B). In the same line, examination of MBP fluorescence 

intensity at P15 and P30 showed a significant decrease in the level of expression of this myelin 

protein in NG2-FthKO mice when compared with control animals (Fig. 1.3 A and B; 1.4 A and B). 

Overall, deletion of Fth in NG2 positive OPCs during the first postnatal week significantly affects 

the myelination of the postnatal mouse brain. 

After determining myelin protein levels, the amount of mature myelinating 

oligodendrocytes was investigated. To look at the maturity of these cells, we performed 

immunohistochemistry in brain slices from control and NG2-FthKO mice using a combination of 

the Olig2 antibody, which marks every stage of the oligodendrocyte lineage, with the CC1 

antibody, which targets cell bodies of mature oligodendrocytes. We specifically quantified the total 

number of Olig2 positive cells (total oligodendrocyte density), the complete quantities of CC1 

expressing oligodendrocytes (myelinating oligodendrocytes) and then the percentage of Olig2 

cells that were, at the same time, CC1 positive (percentage of mature oligodendrocyte relative to 

the entire population). These measurements were performed in the cortex, striatum, and central 
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portion of the corpus callosum at two time points, P15 and P30. We found a small but significant 

decrease in the number of Olig2 positive cells in cortex of NG2-FthKO mice only at P30 (Fig. 1.5 

A and B). On the other hand, no differences were detected in the striatum of NG2-FthKO animals. 

Importantly, there was a significant decrease in the number of CC1 positive cells (mature 

myelinating oligodendrocytes) in the cortex as well as in the striatum of NG2-FthKO mice, both at 

P15 and P30 (Fig. 1.5 A and C). Furthermore, the percent of Olig2 positive cells expressing CC1 

was significantly decreased in the NG2-FthKO mice compare to controls in all the brain structures 

analyzed (Fig. 1.5 A and D). Similar results were found in the central portion of the corpus 

callosum, at both P15 and P30 (Fig. 1.6 A and C). In this area of the brain we found a decrease 

in the number of Olig2 positive cells along with a reduction in the number of mature CC1 

oligodendrocytes (Fig. 1.6 A and B). As a result of Olig2 and CC1 numbers moving in the same 

direction, there was no changes in the percent of Olig2 / CC1 positive cells in this area of the 

brain (Fig. 1.6 B). Therefore, deleting ferritin specifically from OPCs early in development 

significantly affects the maturation of this cells during the postnatal development of the CNS. 

OPC proliferation and survival in the NG2-FthKO brain 

Next, we determined how the absence of ferritin influences the proliferation of OPCs. To 

do this, we combined antibodies for Olig2 and Ki67 to specifically look at proliferating 

oligodendrocytes. As mentioned before, Olig2 marks the entire oligodendrocyte lineage, whereas 

Ki67 measures explicitly mitotic cells. For this experiment we quantified the total numbers of Olig2 

/ Ki67 double positive cells in the central portion of the corpus callosum, cortex, striatum and 

subventricular zone. We have found a significant increase in the number of proliferating OPCs 

(Olig2 / Ki67 double positive cells) in the corpus callosum as well as in the cortex of NG2-FthKO 

mice compared to controls at both time points (Fig. 1.7 A and B). Looking at the striatum and the 

subventricular zone, results show a significant rise in the number of Olig2 / Ki67 double positive 

cells specifically at P15 (Fig. 1.7 A and C). To analyze cell death, brain tissue slices from control 

and NG2-FthKO mice containing the cortex, striatum, and the central portion of the corpus callosum 
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were immunostained with antibodies against Olig2 and the activated form of caspase-3, which 

plays a central role in the execution-phase of cell apoptosis. At both time points, there were no 

changes in the number of Olig2 / Caspase-3 double positive cells between experimental 

conditions in all the areas analyzed (Fig. 1.8 A, B and C). Altogether, there were no changes in 

caspase-3 expression between the ferritin knock-out mice and the control condition, therefore 

losing ferritin does not induce OPC apoptotic cell death at these time points. 

After exploring the maturity, proliferation and survival of oligodendrocytes in our NG2-

FthKO mouse, we also examined the number of newly generated oligodendrocytes. To do this, we 

combined antibodies against Olig2 and Sox2 to unambiguously stain newly generated OPCs. 

Sox2 is a transcription factor that is transiently expressed in new generated OPCs and has a 

critical role in maintaining OPC self-renewal, thus it is an excellent marker to study newly 

produced OPCs. No changes were detected in the corpus callosum and the subventricular zone; 

in these two brain structures the number and percentage of Olig2 / Sox2 double positive cells in 

the NG2-FthKO animals was similar to the ones found in control brains (Fig. 1.9 A-E). However, 

we found a significant increase in the total number and percentage of Olig2 / Sox2 double positive 

cells in the cortex and in the striatum (Fig. 1.9 A-E). Altogether, our results suggest that the 

population of OPCs lacking ferritin are proliferating more and thus are more immature than control 

cells. 
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1.3 DISCUSSION 

Iron is a necessary element required for survival of several organisms. Humans that are 

iron deficient during development are at more risk for poorer cognitive, motor, social-emotional, 

and neurophysiologic development, providing an important link between iron and brain 

development (Lozoff, 2007). Connor and Menzies (1996) state that oligodendrocytes are the cells 

of the CNS which stain most heavily for iron. These cells require iron as a co-factor for several 

enzymes involved in the proliferation and differentiation of OPCs, and successive myelination by 

mature oligodendrocytes (Stephensen et al., 2014). Free iron can induce the production of free 

radicals and cause severe oxidative stress within a cell. Oligodendrocytes acquire iron and store 

it in ferritin, suggesting that this protein functions to maintain a safe iron pool for the survival of 

these cells (Rouault 2013). In the field, questions remain about the importance of iron for the 

development of OPCs into mature myelinating oligodendrocytes. In the past, groups have created 

iron deficiency models using iron restricted diets to study iron metabolism in the CNS. In contrast 

to these classical animal models of dietary iron restriction, which display broad brain iron 

deficiency, the NG2-FthKO mice described in this thesis exhibit iron deficiency only in OPCs. Thus, 

this mouse model allowed us to develop a clearer understanding of the role of ferritin and iron in 

the development of OPCs and the subsequent myelination of the postnatal mouse brain. 

We found that ferritin knock-out mice display an important decrease in the numbers of 

mature myelinating oligodendrocytes and myelin protein expression. Additionally, a significant 

decrease in the amount of newly generated OPCs was found in the brain of ferritin knock-out 

mice. This suggests that OPCs need to make new ferritin during the first postnatal week to store 

adequate quantities of iron for a complete maturation process. Without proper ferritin synthesis, 

OPCs become iron deficient and are not able to proceed to their final stage of maturation. 

Roskams and Connor (1994) showed that the expression of ferritin in the brain of rats is highest 

at birth and declines to minimum levels after the third postnatal week. This aligns well with our 

results, showing that OPC iron incorporation, and thus ferritin expression need to happen during 
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the first week of life. Darshan et al. (2009) created a conditional knock-out for Fth in mouse 

embryonic fibroblasts. In vitro experiments showed a significant reduction in the viability of Fth 

KO fibroblasts induced by increased cytoplasmic iron levels and ROS formation. This information 

gives insight into what may be happening when Fth is deleted in OPCs. Without Fth, there may 

be an increase in free iron in OPCs, giving rise to ROS formation and oxidative stress. We found 

no changes in caspase-3 expression between controls and ferritin knock-out OPCs, therefore 

losing ferritin does not induce OPC apoptotic cell death in our mouse model. However, we cannot 

entirely exclude the possibility that Fth knock-out OPCs do not mature normally due to excessive 

ROS formation and oxidative stress. 

To understand further what is occurring in our NG2-FthKO mice we can perform 

experiments to measure oxidative stress in OPCs. First, we would need to isolate OPCs from 

these mice and treat them with tamoxifen in vitro in order to delete the ferritin gene. Then, we can 

use different techniques to measure if oxidative stress is playing a role in our phenotype. First, 

we can do RNA sequencing to look at the expression of specific genes implicated in oxidative 

stress. For example, we can measure the expression levels of Nrf2, which is a transcription factor 

that becomes active during oxidative stress and initiates transcription of antioxidative genes and 

proteins. We can also look for the upregulation of Ogg1 and MsrA which are associated with DNA 

repair that occurs after damage from oxidative stress. Also, we can use different assay kits to 

measure lipid peroxidation as well as glutathione peroxidase and glutathione reductase activity 

which all would be measures of oxidative stress. Herbet et al. (2017) performed these analyses 

on homogenates from chronically stressed rats, but these techniques could offer insight into 

oxidative damage in our mouse model as well. Altogether, we would need to perform more 

experiments in order to further characterize the role of oxidative stress in the NG2-FthKO mice. 

We found less significant changes at P30 compared to P15, which may be due to the 

recombination efficiency of our Cre-lox system or alternative mechanisms of iron storage in OPCs. 

The Cre-lox system offers the opportunity to modulate genes, but it also comes with limitations. 
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Recombination efficiency of the Cre-lox system is an important feature of this technique. In the 

NG2-FthKO model that we created, we did not specifically measure the recombination efficiency, 

but based on the literature it most likely lands around 75% of the total OPC population. As a result, 

a subpopulation of OPCs maintain normal ferritin levels and these cells possibly compensate the 

lack of maturation of FthKO OPCs. Hemosiderin is an alternative iron storage protein which 

exchanges iron with ferritin depending on the amount of iron in the cell (Saito and Hayashi, 2015). 

When there is little iron, hemosiderin gives ferritin more of its iron store. OPCs express 

hemosiderin, thus it is possible that this protein compensates for the absence of ferritin during 

oligodendrocyte maturation. This may be a reason why we found less significant changes at P30 

compared to P15. Altogether, limitations of our model and other methods of iron storage must be 

considered when discussing our results. 

Our results also agree with research done by Beard et al. (2003) in which they studied 

myelination in rats subjected to an iron restricted diet during pre-weaning or post-weaning. In both 

experimental conditions, they found a significant reduction in the expression of myelin proteins in 

combination with an abnormal myelin fatty acid composition. These results show that postnatal 

iron deficiency significantly affects oligodendrocyte development and myelination. Likewise, our 

results are consistent with research from Ortiz et al. (2004) in which they fed rats an iron deficient 

diet during gestation until they were weaned at P23. They found that iron deficient diets resulted 

in CNS hypomyelination with an abnormal myelin ratio of proteins, cholesterol and phospholipids. 

Overall, our results indicate that ferritin, and therefore iron, are required by OPCs during 

development into mature myelinating oligodendrocytes. Reducing the iron availability of OPCs 

reduces their ability to grow to the mature myelinating stage and overall decreases myelin 

synthesis. The mouse model that we use allows us to examine the consequences of iron 

deficiency specifically in OPCs at specific developmental time points, thus changes in myelination 

and oligodendrocyte development can be entirely attributed to changes in OPC iron metabolism. 

In summary, our novel methodology to study iron deficiency helped us better understand the 
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importance of iron for the proper development of OPCs and for the normal myelination of the 

CNS. 
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CHAPTER 2: The function of ferritin in the demyelination and remyelination of the 

adult brain 

2.1 INTRODUCTION 

Remyelination occurs after demyelination caused by injury to the CNS, or during 

demyelinating diseases like MS. The first devastating effect of demyelination is the death of 

myelinating oligodendrocytes, followed by the breakdown of myelin sheaths. The process of 

remyelination involves reinstating demyelinated axons with new myelin sheaths. Contrary to the 

death of neurons or axons, remyelination is a vastly regenerative process that is mediated by a 

specific population of OPCs. This process requires that these OPCs are able to survive, 

proliferate, and migrate to the site of demyelination, where they then differentiate into myelinating 

oligodendrocytes. Although remyelination is a regenerative process, it is often inadequate and 

fails. The failure of remyelination is very unhealthy for axons because if they are not remyelinated 

quickly, they die. This fact adds to the progressive nature of demyelinating diseases (Franklin and 

French-Constant, 2008). Altogether, remyelination is an important topic to be studied in order to 

understand why it often fails in addition to how we can develop new therapies to solve these 

problems. 

Cuprizone-induced demyelination is a popular animal model used to study demyelination 

and subsequent remyelination of the brain. In most cases, a cuprizone diet is given to mice around 

8-10 weeks old in the form of pellet chow for 5-7 weeks, which results in severe demyelination of 

the CNS. Then, a normal diet is induced again and slowly, remyelination persists. Cuprizone is a 

copper chelator, therefore removing most copper from the brain. The exact mechanism of 

cuprizone induced demyelination is not clear, but it has been suggested to involve inhibiting 

mitochondrial enzymes of the respiratory chain complexes, which require copper as a cofactor. 

Severe death of mature oligodendrocytes and subsequent demyelination occurs after three weeks 

of cuprizone diet (Kipp et al., 2009). By the fifth week, there is a large amount of new OPCs being 
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generated in order to remyelinate the demyelinated lesions. Demyelination in the cuprizone model 

predominantly affects white matter areas, such as the cortex and the corpus callosum. Overall, 

the cuprizone model is an effective way to study demyelination and remyelination in the mouse 

brain. 
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2.2 RESULTS 

Reduction in the remyelination potential of NG2-FthKO mice 

To determine how the loss of ferritin might affect the remyelination potential of OPCs, we 

used the cuprizone model of demyelination and remyelination. P60 control and NG2-FthKO mice 

were treated with cuprizone for 7 weeks to produce demyelination. These mice were injected with 

tamoxifen every other day during the last two weeks of the cuprizone diet to delete the ferritin 

gene specifically in NG2 positive OPCs. After 7 weeks, cuprizone was withdrawn and the animals 

returned to a normal diet. Brains from control and NG2-FthKO mice were collected for analysis 

after 7 weeks of cuprizone treatment (CPZ) and after 2 or 4 weeks of recovery in normal diet (2W 

or 4W Rec). Additionally, brain tissue was collected from mice that were not treated with the 

cuprizone diet or tamoxifen (Untreated). Initially, we performed immunohistochemical 

experiments for the myelin proteins MBP and PLP in the cortex and corpus callosum. Seven 

weeks of cuprizone treatment induces a severe demyelination in the brains of both controls and 

NG2-FthKO mice (Fig. 2.1 A and B). Compared to the untreated mice, a very significant reduction 

in myelin protein expression was found in controls as well as in NG2-FthKO mice (Fig. 2.1 A and 

B). Importantly, in comparison to the control mice, there was a further decrease in both MBP and 

PLP expression in the cortex of NG2-FthKO brains after 7 weeks of cuprizone treatment (Fig. 2.1 

A and B). When the mice were taken off the cuprizone diet, a significant remyelination took place 

in the corpus callosum and cortex of both genotypes. But suggesting a deficit in remyelination, 

NG2-FthKO mice show significantly less MBP and PLP levels after two weeks of recovery (Fig. 

2.1 A and B). Importantly, these differences between genotypes disappear after four weeks of 

recovery (Fig. 2.1 A and B). Next, we performed western blot experiments to analyze myelin 

protein expression in our cuprizone model. Brain tissue was collected from the cortex and corpus 

callosum of control and NG2-FthKO mice at the end of the cuprizone treatment and after 2 and 4 

weeks of recovery. The blot membranes were stained with antibodies for the myelin proteins MBP, 

MOG and PLP, as well as P84. In agreement with our immunohistochemical results, MBP and 
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MOG levels showed a significant decrease in the cuprizone treated group relative to untreated 

animals, again demonstrating that this model demyelinates the mouse brain successfully (Fig. 

2.1 C). The ferritin deficient mice display a significant decrease in the expression levels of all the 

myelin proteins at the end of the cuprizone treatment as well as after 2 weeks of recovery (Fig. 

2.1 C). In contrast, at 4 weeks of recovery there were no differences in MBP, MOG or PLP 

expression between genotypes (Fig, 2.1 C). In summary, our immunohistochemical and western 

blot experiments demonstrate that ferritin deficient OPCs have a lower remyelination potential 

than normal oligodendrocytes. 

Ferritin KO brains show a reduced number of mature oligodendrocytes during 

remyelination 

Once myelin protein expression was characterized in the remyelination model, we 

subsequently examined how the OPCs were maturing. In order to do this, we performed 

immunohistochemical experiments for Olig2 and CC1 to specifically target mature myelinating 

oligodendrocytes in the cortex and the lateral corpus callosum. In both CNS structures, we found 

a significant drop in the number of Olig2 and CC1 positive cells when comparing untreated mouse 

brains to brain tissue collected after 7 weeks of cuprizone treatment (Fig. 2.2 A and B). As time 

progressed in the remyelination phase, the number of Olig2 positive cells and the number of 

mature CC1 positive oligodendrocytes was able to recover, with a more successful recovery in 

the corpus callosum (Fig. 2.2 A and B). In the cortex, there were no differences in the number of 

Olig2 positive cells between genotypes in any of the experimental conditions. There was, 

however, a significant decrease in the number of mature, CC1 positive cells in the Fth deficient 

mice at the end of the 7 weeks of cuprizone and after 2 weeks of recovery (Fig. 2.2 A and B). In 

contrast, no differences between genotypes were detected at 4 weeks of recovery (Fig. 2.2 A 

and B). 

Electron microscopy was also used to determine how the loss of Fth affects remyelination 

in the cuprizone model. Untreated mice, and animals treated with cuprizone were perfused and 
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the body of corpus callosum was dissected for electron microscopy. Myelination was quantified 

by determining the g-ratio, calculated by dividing the diameter of the axon by the diameter of the 

entire myelinated fiber, and the percent of myelinated axons. A larger g-ratio coincides with less 

myelin on an axon. Fig. 2.3A displays chosen electron microscope photographs from each 

experimental condition. No drastic changes in the size of the axon diameter between the different 

time points examined as well as between genotype conditions were found (Fig. 2.3B). However, 

we found that the g-ratios were larger in the control and NG2-FthKO corpus callosums compared 

to untreated mice after 7 weeks of cuprizone treatment (Fig. 2.3C and E). This again shows the 

successful demyelination resulting from the cuprizone treatment. At the end of the 7 weeks of 

cuprizone treatment, we found a significant increase in the g-ratio in the ferritin knock-out corpus 

callosum compared to the control one (Fig. 2.3 C and E). At 2 weeks of recovery, no differences 

were found between the genotypes (Fig. 2.3 C and E). Next, we examined the percent of 

myelinated axons in all our experimental conditions. An important decrease in the percent of 

myelinated axons was detected at both, 7 weeks of cuprizone treatment and 2 weeks of recovery 

in the NG2-FthKO mice (Fig. 2.3 D). Thus, in sum, these experiments demonstrate that new 

generated OPCs in the adult brain need to synthesize ferritin to mature normally and to restore 

the damaged myelin. 
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2.3 DISCUSSION 

Iron metabolism has been shown to be disrupted in neurodegenerative and demyelinated 

diseases. However, very little is known about how these alterations in brain iron metabolism 

influence the progression and / or the regeneration of the CNS structures. To study this further, 

we used the cuprizone model of myelin injury and repair. Cuprizone is a copper chelator that 

causes severe demyelination in the brain. Cuprizone causes damage specifically to 

oligodendrocytes and does not affect other cells of the CNS (Xu et al., 2010). Therefore, we fed 

P60 aged mice a diet of 0.2% cuprizone for 7 weeks to induce demyelination in the CNS. 

Simultaneously, these mice were injected with tamoxifen during the last 2 weeks of the cuprizone 

diet to induce Cre activity and delete ferritin specifically in NG2 expressing OPCs. After this 

treatment, cuprizone was withdrawn and mice were allowed to recover for up to 4 weeks. This 

allowed us to examine how losing ferritin and disrupting iron metabolism in OPCs affects the 

remyelination process of the brain. 

Neurodegenerative and demyelinating diseases cause shifts in the normal distribution of 

iron in the brain. For example, in Parkinson’s and Alzheimer’s diseases, iron-rich areas 

degenerate resulting in increased iron levels throughout the brain (Zecca et al.,2004). In the case 

of MS, oligodendrocytes die, and myelin is degraded. MRI and histological studies have revealed 

that this leads to accumulation of iron in grey matter and iron depletion in normal appearing white 

matter. When this happens, microglia are activated and phagocytose unwanted debris from the 

degeneration. As a result, microglia accumulate excess iron (Rouault, 2013). Although iron 

overload may cause toxicity, iron deficiency may also have negative consequences. During 

remyelination OPCs migrate to lesion sites where they proliferate, differentiate, and myelinate 

denuded axons. Iron is required in many enzymes that influence the metabolism, proliferation, 

and differentiation of the oligodendrocyte lineage. Therefore, iron deficiency would likely 

negatively affect the remyelination process (Stephenson et al., 2014). Altogether, changes in iron 
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levels and iron redistribution during disease states can influence the effectiveness of 

remyelination and repair of the brain. 

We have found a significant reduction in the remyelination potential of NG2-FthKO OPCs. 

Our experiments revealed a reduction in the number of mature oligodendrocytes in the NG2-FthKO 

mice after 7 weeks of cuprizone diet and after 2 weeks of recovery. Interestingly, at 4 weeks of 

recovery, there were no differences in myelin protein expression or in the number of mature 

myelinating oligodendrocytes, suggesting that remyelination was eventually effective and that by 

4 weeks of recovery ferritin deficient OPCs had gathered enough iron to successfully remyelinate. 

Electron microscopy experiments revealed thinner myelin sheets and less myelinated axons in 

the NG2-FthKO mice after 7 weeks of cuprizone and 2 weeks of recovery. Overall, this data 

indicates that OPCs need to synthesize new ferritin in order to differentiate and correctly 

remyelinate the adult brain after demyelination. Without new ferritin, and therefore new stored 

iron, OPCs do not mature well and do not reach the optimal developmental stage for 

remyelination. 

Adamo et al., (2006) used the cuprizone model to examine changes in remyelination in 

mice treated with apo-Tf. They injected mice with apo-Tf at the end of the cuprizone treatment 

and found a significant increase in remyelination with an associated rise in the differentiation of 

OPCs. This study shows that probably apo-Tf helps redistribute iron in the brain, which during 

remyelination, can help newly generated OPCs to uptake fresh iron. These results are in 

agreement with our data because both studies demonstrate that new OPCs generated after 

demyelination need to have access to iron for proper remyelination. In the same line, Schulz, 

Kroner, and David (2012) deleted Fpn in astrocytes in a mouse model of focal chemical 

demyelination. After brain examination, they found that OPC differentiation and remyelination 

were impaired. This study indicates that astrocytes are probably one of the main sources of iron 

for OPCs during pathological situations such as demyelination. At the same time, this study 

highlights the importance of iron availability in the remyelinating brain. 

27 



 
 

             

            

              

              

             

             

             

             

             

  

Combining our NG2-FthKO mice with the cuprizone model allowed us to further examine 

how iron deficiency can affect remyelination. In the past, researchers have examined iron 

deficiency on a global scale and have found disruptions in remyelination, but our methodology 

elevates this knowledge by allowing us to study iron metabolism in the specific cell type implicated 

in remyelination. We have learned that OPCs generated after a demyelination event need to 

incorporate fresh iron in order to properly remyelinate the adult brain. The remaining questions 

include how iron is redistributed in the demyelinated brain and what cell types and proteins are 

involved in this process. Thus, further experiments are needed to elucidate the source of iron 

during remyelination, so that therapeutical interventions can be designed to ensure proper brain 

repair. 
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CHAPTER 3: The role of ceruloplasmin during the postnatal development of 

oligodendrocyte progenitor cells 

3.1 INTRODUCTION 

The second protein of interest in the present study is ceruloplasmin. Ceruloplasmin is a 

ferroxidase, an enzyme that oxidizes toxic ferrous (Fe2+) iron to non-toxic ferric (Fe3+) iron, that is 

expressed on the membrane of oligodendrocytes and astrocytes. Ceruloplasmin antioxidant 

ability helps to stop oxidative damage to necessary parts of a cell such as DNA and other proteins 

(Patel et al., 2002). Once ceruloplasmin oxidizes the iron, it can be exported out of the cell by the 

iron efflux protein, ferroportin, and then can bind back to Tf, to be taken up into cells. Therefore, 

this protein is an essential part of the iron trafficking pathway of every cell (Rouault, 2013). RNA 

sequencing of the oligodendrocyte lineage performed by Zhang and collaborators (2014) found 

that expression of ceruloplasmin is high in newly formed OPCs, and that expression decreases 

as OPCs become myelinating oligodendrocytes. This suggests a role for ceruloplasmin during the 

development of oligodendrocytes. 

The main disease associated with the loss of ceruloplasmin function is called 

aceruloplasminemia. Aceruloplasminemia is a hereditary disease caused by an autosomal 

recessive mutation in the ceruloplasmin gene (Yoshida et al., 1995). Patients with this disease 

initially are diagnosed with diabetes mellitus and anemia, and later are clinically diagnosed with 

aceruloplasminemia after several years of progressive neurological symptoms (Vroegindeweij et 

al., 2017). Most of the data has been gathered from Japanese patients through the work of 

Miyajima et al., (1987) and Yoshida et al., (1995), in which these groups found cerebellar ataxia, 

chorea, tremors, and cognitive decline as the most common neurological manifestations of 

aceruloplasminemia. The group of Vroegindeweij et al., (2017) has looked at cases in Caucasian 

Dutch patients, and found parkinsonism to be another neurological manifestation of this disease. 

Also, they found that nearly half of their patients presented psychiatric symptoms including 
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depression, anxiety, and even impulse control disorder, and that in a third of their patients, 

cognitive, or psychiatric changes were the first manifestations of this disease. 

Pathological studies in patients with aceruloplasminemia showed that there is severe iron 

deposition in neurons and glial cells. This is, in part, due to the lack of ferroxidase activity of non-

functional ceruloplasmin as well as, inability of Fpn to be stabilized, and therefore iron is not 

removed from cells. Neuronal and glial cell bodies also showed increased levels of redox-active 

iron. Increased lipid peroxidation was seen in patients, indicating that free radical iron is causing 

injury to lipids in the brain. Lastly, brains of patients with aceruloplasminemia showed numerous 

enlarged and deformed astrocytes along with globular structures that were both loaded heavily 

with iron (Miyajima, 2014). Overall, this information indicates the importance of ceruloplasmin 

function in brain iron metabolism. 
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3.2 RESULTS 

Postnatal myelination in ceruloplasmin deficient mice 

To examine how the loss of ceruloplasmin affects the development of oligodendrocytes 

and subsequent myelination we used the Cre-lox system to delete ceruloplasmin (Cp) in Sox10 

positive oligodendrocytes. We injected control and Sox10-CpKO offspring with tamoxifen from P2-

P6 to induce Cre activity and thus, the deletion of the Cp gene specifically in oligodendrocytes. 

Brain tissue was collected for analysis at P15, P30 and P60. Initially, we performed 

immunohistochemistry for the myelin proteins MBP and PLP in the lateral, middle and central 

corpus callosum as well as in the cortex. No significant differences were found for PLP and MBP 

fluorescent intensity between Sox10-CpKO and control mice at P15 (Fig. 3.1 A and B). At P30, 

the expression levels of MBP and PLP increased relative to P15, but still no differences were 

detected between genotypes (Fig. 3.2 A and B). In Sox10-CpKO mice aged P60, myelination was 

found to be normal in all the areas analyzed (Fig. 3.4 A and B). Moreover, the myelin protein 

intensity data was transformed into percent of the control mice and still no differences were found 

between genotypes (Fig. 3.4 A and C). To explore the role of Cp in myelinating oligodendrocytes, 

immunohistochemical experiments for myelin proteins were performed in adult mice. Since the 

Sox10 promoter is highly active in myelinating oligodendrocytes, Sox10-CpKO and control animals 

were injected with tamoxifen at P60 and brains were collected for analysis at P90. Suggesting 

that Cp is not relevant for the function of mature oligodendrocytes, the expression of MBP and 

PLP was normal in P90 Sox10-CpKO mice (Fig. 3.5 A, B and C). This set of immunohistochemical 

experiments suggest that Cp activity is not vital for OPC maturation and myelination in the 

postnatal mouse brain. 

Ceruloplasmin deficient mice show a decreased number of mature oligodendrocytes 

Next, we investigated oligodendrocyte maturation in the Sox10-CpKO brain. We initially 

performed immunohistochemistry for Olig2 and CC1 in the cortex and central portion of the corpus 

callosum at P15, P30 and P60 of Sox10-CpKO mice injected with tamoxifen at P2. At P15, we 
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found no significant differences in the amount of Olig2 positive cells or in the numbers of mature 

CC1 positive oligodendrocytes in the cortex of Sox10-CpKO mice (Fig. 3.3 A and B). On the other 

hand, the corpus callosum of Sox10-CpKO brains displays a small but significant reduction in the 

number of Olig2 and CC1 positive cells at P30 (Fig. 3.3 A and B). These small significant 

differences were found in both the cortex and the corpus callosum (Fig. 3.3 A and C). Finally, no 

significant differences were found in the number of Olig2 positive and CC1 positive cells at P60 

and P90 (Fig. 3.6 A, B and C). Although some small changes were found in the total number of 

oligodendrocytes and in the number of mature myelinating CC1 positive cells, these changes 

were not large enough to affect myelination. 

Sox10-CpKO mice show changes in OPC proliferation and in the number of newly generated 

OPCs 

To investigate how the loss of Cp affects the proliferation of OPCs, we performed double 

immunohistochemistry for Olig2 and Ki67 in Sox10-CpKO tissue at P15 and P30. As stated before, 

Olig2 measures all cells of the oligodendrocyte lineage and Ki67 specifically marks cells that are 

undergoing proliferation. A significant increase in the number of Olig2 / Ki67 double positive cells 

was found in the cortex of Sox10-CpKO mice at P15 (Fig. 3.7 A and B). In the same line, a 

substantial increase in the number of Olig2 / Ki67 positive cells was clear in the Sox10-CpKO 

cortex at P30 (Fig. 3.8 A and B). On the contrary, a decrease in the number of mitotic OPCs was 

detected in the corpus callosum of Sox10-CpKO animals just at P15 (Fig. 3.7 A and B). These 

experiments show that OPC proliferation is affected in the cortex of Cp knock-out mice at P15 

and P30. Lastly, we performed immunohistochemistry for Olig2 and Sox2 to visualize the number 

of newly generated oligodendrocytes. Quantifications were performed in the cortex and central 

portion of the corpus callosum. At P15, both, the cortex and the corpus callosum of Sox10-CpKO 

animals display a reduction in the numbers of Olig2 / Sox2 double positive cells (Fig. 3.7 A and 

C). Similar results were found when this data was transformed into percentages of control values 

(Fig. 3.7 A and C). Opposite to the P15 data, the cortex of Sox10-CpKO mice presented a 
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significant rise in the number of Olig2 / Sox2 double positive cells at P30 (Fig. 3.8 A and C). This 

increase in Olig2 / Sox2 found in the cortical areas of the Sox10-CpKO mice at P30 is likely due to 

the large rise in OPC proliferation that starts at P15. 
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3.3 DISCUSSION 

Ceruloplasmin is an iron efflux protein implicated in diseases of neurodegeneration and 

iron overload. According to Zhang and collaborators (2014), Cp is highly expressed in OPCs and 

expression decreases as these cells mature to myelinating oligodendrocytes. Research from 

Chang et al. (2005) shows that Cp expression as well as iron levels in the rat brain increase in 

the later months of life. Ceruloplasmin has been associated with a set of neurodegenerative 

diseases called neurodegeneration with brain iron accumulation. One of these diseases, 

aceruloplasminemia, involves a mutation in the Cp gene, therefore limiting iron efflux throughout 

the body. Later in life, patients with this disease begin to experience neurological symptoms such 

as cerebellar ataxia, chorea, tremors, cognitive decline, and even parkinsonism (Miyajima et al. 

1987; Yoshida et al. 1995; Vroegindeweij et al. 2017). Schulz et al. (2011) have shown that Cp is 

expressed only by astrocytes, and a similar ferroxidase called hephaestin, is expressed by 

oligodendrocytes. On the other hand, other groups such as Zhang et al. (2014) have found that 

Cp is also expressed by cells of the oligodendrocyte lineage. To further examine the role of Cp 

and iron efflux in developing oligodendrocytes, we created a conditional knock-out for Cp. Using 

the Cre-lox system, we were able to specifically delete Cp in Sox10 positive oligodendrocytes at 

different developmental stages. With this mouse model, we hoped to gain a clearer understanding 

of the effects of iron overload on oligodendrocytes during the development of the CNS. 

We found no changes in myelin protein expression in Sox10-CpKO mice at all 

developmental time points tested. We also examined the maturation of oligodendrocytes in this 

model and found small decreases in the number of mature myelinating cells at P15, P30 and P60, 

but no decreases at P90. This data suggests that Cp is not essential for OPC maturation and 

subsequent myelination during the development of the postnatal mouse brain. Although we found 

some small reductions in the total number of oligodendrocytes and in the density of mature 

myelinating oligodendrocytes, these changes do not affect myelin synthesis. Schulz et al (2011) 

used sex-linked anemia (SLA) mice that have a mutation in the hephaestin gene, leaving the 
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ferroxidase activity of this protein non-functional, and examined iron efflux in grey and white 

matter oligodendrocytes. They found no iron accumulation in white matter oligodendrocytes, 

which they attributed to upregulation of Cp. Western blot analysis confirmed this hypothesis and 

showed that in fact, Cp was upregulated in SLA oligodendrocytes. They also found that this 

upregulation was fourfold higher in white matter oligodendrocytes compared to gray matter ones. 

The results of this study further confirm the extensive need for iron efflux in white matter 

myelinating oligodendrocytes to prevent toxicity from iron overload. Also, this research gives 

insight to the idea that these two iron efflux proteins probably work together to prevent iron 

overload that may occur as a result of the large amount of iron needed by oligodendrocytes. In 

our model, we found that deleting Cp probably did not change iron efflux activities. Therefore, the 

compensatory mechanism of our model could be from the upregulation of hephaestin when Cp is 

not available. Patel et al. (2002) have also created a Cp null mice to examine the susceptibility of 

neurons to free radical injury. They found that Cp knock-out neurons had a 45% reduction in 

viability compared to control neurons when treated with H2O2. This shows that Cp protects 

neurons from free radical injury. Increases in the proliferation of OPCs and the number of newly 

generated oligodendrocytes in our model therefore could be attributed to increased levels of iron 

within the cell. Deleting Cp would prevent iron efflux from OPCs and may make the cell more 

susceptible to oxidative stress. Therefore, excess iron and disrupted iron homeostasis may leave 

the cell in an arrested state of proliferation, but not allow for differentiation. 

Ceruloplasmin is one of multiple iron efflux proteins. As mentioned before, hephaestin is 

another ferroxidizing iron efflux protein that is expressed by cells of the CNS. Specifically, 

hephaestin is highly expressed by OPCs and oligodendrocytes (Zhang et al. 2014; Rouault, 

2013). Another iron efflux protein important for iron metabolism is ferroportin, which is expressed 

by all cells of the brain (Rouault, 2013). In the case of our Sox10-CpKO mice, no changes in 

myelination were found when we deleted Cp from OPCs, or from myelinating oligodendrocytes. 

This may be due to compensation and upregulation of the other ferroxidase hephaestin as well 
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as an increase in ferroportin efflux activity. Future experiments are needed to confirm this 

speculation. For example, we can extract RNA from Sox10-CpKO OPCs and complete RNA 

sequencing. This would inform us on which genes are being upregulated when Cp is deleted. In 

our model, and based off of our results, we could find an upregulation of the hephaestin gene as 

well as the ferroportin gene. This would explain why there are no changes in myelin synthesis 

when one of the main ferroxidases and iron efflux proteins is deleted. Another possible reason 

why we did not find changes in myelination in our Sox10-CpKO mice could be that the Cre-lox 

system recombination efficiency was not high, resulting in some cells expressing normal levels of 

Cp. To test this, RT-PCR was done from purified mRNA of cortical OPCs from control and Sox10-

CpKO mice at P15. This experiment clearly shows that the recombination efficiency in our Sox10-

CpKO is 100%. Therefore, the lack of changes in myelination in the Sox10-CpKO mice cannot be 

attributed to compensation from non-recombined cells. 

In contrast to early works that used global, whole tissue knock-out models to examine the 

role of Cp in iron homeostasis, we have created a new model to study iron overload specifically 

in OPCs. We have found that Cp activity is not necessary for OPC maturation and postnatal 

myelination. Some small decreases in the number of total oligodendrocytes and in the density of 

mature myelinating cells was found, but these changes did not affect the proper myelination of 

the mouse brain. Future experiments will be needed to examine what compensatory mechanisms 

are allowing myelination to proceed normally in our Sox10-CpKO mouse. Furthermore, questions 

remain about the role of Cp in the old brain and particularly in neurodegenerative diseases. Future 

research in our lab will be examining the function of Cp in oligodendrocyte iron overload and 

neurodegeneration in the aging brain. These experiments will be important to understand the cell 

types, proteins, and mechanisms involved in brain iron overload and to create therapies for CNS 

diseases in which iron accumulation is detrimental. 
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