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Abstract

How iron is delivered to the CNS for myelination is poorly understood. Astrocytes are the most 

abundant glial cells in the brain and are the only cells in close contact with blood vessels. 

Therefore, they are strategically located to obtain nutrients, such as iron, from circulating 

blood. To determine the importance of astrocyte iron uptake and storage in myelination and 

remyelination, we conditionally knocked-out the expression of the divalent metal transporter 

1 (DMT1), the transferrin receptor 1 (Tfr1) and the ferritin heavy subunit (Fth) in Glast-1-

positive astrocytes. DMT1 or Tfr1 ablation in astrocytes throughout early brain development 

did not significantly affects oligodendrocyte maturation or iron homeostasis. However, blocking 

Fth production in astrocytes during the first postnatal week drastically delayed oligodendrocyte 

development and myelin synthesis. Fth knockout animals presented an important decrease in 

the number of myelinating oligodendrocytes and a substantial reduction in the percentage 

of myelinated axons. This postnatal hypomyelination was accompanied by a decline in 

oligodendrocyte iron uptake and with an increase in brain oxidative stress. We also tested the 

relevance of astrocytic Fth expression in the cuprizone model of myelin damage and repair. Fth 

deletion in Glast1-positive astrocytes significantly reduced myelin production and the density 

of mature myelinating oligodendrocytes throughout the complete remyelination process. These 

results indicate that Fth iron storage in astrocytes is vital for early oligodendrocyte development as 

well as for the remyelination of the CNS.
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INTRODUCTION

Astrocytes, the most abundant glial cells in the brain and spinal cord, exert many essential 

functions during development in both gray and white matter. For example, astrocytes 

play a primary role in synaptic transmission and information processing in neural circuits 

(Christopherson et al., 2005; Sofroniew and Vinters, 2010), and during the development 

of white matter, the loss or dysfunction of astrocytes leads to demyelination (Lutz et al., 

2009). Astrocytes are also involved in transporting vital nutrients into the brain. The brain 

vasculature is almost entirely surrounded by astrocytic processes. These astrocytic end-feet 

are specific units that play a central role in maintaining the ionic and osmotic homeostasis 

of the CNS (Amiry-Moghaddam et al., 2003; Simard and Nedergaard, 2004). It has been 

postulated that astrocytic end-feet are an essential component of the neurovascular unit 

formed between brain capillary endothelial cells and pericytes (Abbott et al., 2006; Price 

et al., 2018), and that astrocytes can uptake nutrients directly from endothelial cells and 

distribute them into the CNS parenchyma.

Brain iron uptake is closely regulated by the blood brain barrier and specific transport 

mechanisms are needed to import this nutrient into the CNS (Rouault, 2006). Brain capillary 

endothelial cells express high levels of the transferrin receptor 1 (Tfr1) (Kawabata et al., 

1999). Hence, Tfr-mediated uptake of iron by capillary endothelial cells is probably the 

main mechanism by which iron is transported into the brain, while only a small amount 

of iron is incorporated by the choroid plexuses (Crowe and Morgan, 1992). However, 

how iron is mobilized from endothelial cells into the brain parenchyma is not completely 

understood. The divalent metal transporter 1 (DMT1) and the Tfr1 are intensely expressed 

in astrocyte end-feet contacting endothelial cells (Burdo et al., 2001; Wang et al., 2001), 

suggesting that astrocytes can hypothetically absorb transferrin (Tf) and non-Tf bound iron 

directly from these cells. Unlike neurons or oligodendrocytes, astrocytes do not have an 

elevated metabolic iron requirement. Astrocytes contain limited ferritin, a highly conserved 

multimeric protein essential for intracellular iron storage (Connor et al., 1994; Liddell et al., 

2006). In the normal CNS a limited number of astrocytes in discrete brain regions contain 

iron stored in ferritin (Connor et al., 1994; Liddell et al., 2006). This observation supports 

the concept that astrocytes may be predominantly implicated in brain iron trafficking rather 

than iron storage.

Iron is required for normal oligodendrocyte maturation and proper myelin production (Beard 

et al., 2003; Badaracco et al., 2008, 2010; Rosato-Siri et al., 2010); the extraordinary 

metabolic needs of oligodendrocytes is attributed to them having the highest iron levels of 

any cell type in the brain (Reinert et al., 2019). However, how iron homeostasis in astrocytes 

affects oligodendrocyte iron metabolism and myelin synthesis is unknown. Since most cells 

incorporate and mobilize iron via the Tf cycle, we knocked-out DMT1 and the Tfr1 in 

astrocytes. Moreover, we disrupted astrocytic iron storage by deleting the ferritin heavy 

Cheli et al. Page 2

Glia. Author manuscript; available in PMC 2023 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subunit (Fth) in Glast1-positive cells. These proteins were deleted in astrocytes throughout 

postnatal myelination as well as in the mature mouse brain. We found that Fth expression 

in astrocytes is essential for oligodendrocyte iron accumulation and myelination during 

early development. Furthermore, our data indicate that Fth iron storage in astrocytes is also 

relevant for an effective remyelination of the mouse brain. Collectively, these studies defined 

the participation of several proteins in astrocyte iron homeostasis as well as the role of 

astrocytes in brain iron metabolism.

MATERIALS AND METHODS

Transgenic mice

Procedures were approved by UB’s Animal Care and Use Committee and performed 

following the National Institute of Health (NIH) guidelines. Floxed mouse lines were 

obtained from the Jackson Laboratory, including the divalent metal transporter 1 (DMT1) 

(Jackson Mice, # 017789), the transferrin receptor 1 (Tfr1) (Jackson Mice, # 028177), the 

ferritin heavy subunit (Fth) (Jackson Mice, # 018063) and the Cre reporter mouse line 

(Ai9(RCL-tdT) (Jackson Mice, # 007909). Experimental mice were created in our laboratory 

by crossing the homozygous floxed animals with hemizygous Glast1-CreERT2 transgenic 

mice (Jackson Mice, # 012586). Mice of either sex were used in all the experiments 

presented in this work.

Mice treatment

To knock-out the corresponding genes in Glast1-positive astrocytes, P2 Glast1-DMT1KO 

(DMT1f/f, Glast1-CreCre/-), Glast1-TfrKO (Tfrf/f, Glast1-CreCre/-), Glast1-FthKO (Fthf/f, 

Glast1-CreCre/-) and control (Cre-negative) littermates (DMT1f/f, Tfrf/f or Fthf/f, Glast1-

Cre−/−) were intraperitoneally injected once a day for 5 consecutive days with 25 

mg/kg tamoxifen (Sigma-Aldrich); brain tissues were collected at P15, P30 and P60. 

Furthermore, P60 Glast1-DMT1KO, -TfrKO, -FthKO and control (Cre-negative) littermates 

were intraperitoneally injected with 100mg/kg of tamoxifen once a day for 5 consecutive 

days and brains were collected at P90. For remyelination studies, P60 Glast1-FthKO (Fthf/f, 

Glast1-CreCre/-) and control (Cre-negative) littermates were fed with 0.2% cuprizone in 

the pellet chow (Teklad-Envigo) for 7 weeks followed by a normal diet. Glast1-FthKO and 

control (Cre-negative) animals were injected with 100mg/kg of tamoxifen every other day 

for 2 weeks (total of 7 injections) starting after 5 weeks of cuprizone treatment.

Western blot

Western blots were performed as described in Santiago-González et al. (2017). Proteins 

(20μg/line) were separated using NuPAGE® Novex® 4–12% Bis-Tris Protein Gels (Life 

Technologies). Electroblotted PDVF membranes were blocked with 5% non-fat milk, 

0.1% tween-20 in PBS overnight at 4°C. The same blocking solution was used to dilute 

the primary antibodies and membranes were incubated overnight at 4°C with agitation. 

Membranes were then scanned with a C-Digit Bot Scanner (LI-COR) and protein bands 

were detected by chemiluminescence using the Amersham ECL kit (GE Healthcare) with 

horseradish peroxidase-conjugated secondary antibodies (GE Healthcare). Protein bands 

were quantified using the Image Studio™ Software (LI-COR). Primary antibodies: CNP 
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(mouse; 1:1000; Neo-Markes), MBP (mouse; 1:1000; Biolegend) and p84 (mouse; 1:10,000; 

Genetex).

RT-PCR

RNA was isolated using Trizol reagent (Life Technologies). RNA purity and concentration 

were estimated by measuring the ratio of absorbance at 260/280nm. PCR primers were 

designed based on published sequences. cDNA was prepared from 1μg of total RNA using 

the PrimeScript 1st strand cDNA Synthesis Kit (Takara) and 2.5μM of oligo(dT). The 

mRNA samples were denaturized at 65°C for 5min and reverse transcription was performed 

at 42°C for 60min and was stopped by heating the samples at 95°C for 5min. The cDNA was 

amplified using specific primers and the PCR Platinum Super mix (Life Technologies). The 

PCR products were detected on a SYBR Safe stained agarose gel and the bands digitized 

using a Gel Doc™ EZ System (Bio-Rad).

Immunohistochemistry

Animals were anesthetized with avertin and perfused with 4% of paraformaldehyde in PBS 

via the left ventricle. Brains were then post-fixed overnight in the same fixative solution at 

4°C. Free-floating vibratome sections (50μm thick) were incubated in a blocking solution 

(2% normal goat serum and 1% Triton X-100 in PBS) for 2hs at room temperature and then 

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

secondary antibodies (Cy3 or Cy5; 1:400; Jackson) for 2hs at room temperature and by the 

nuclear dye DAPI (Thermo Fisher Scientific). Finally, brain coronal slices were mounted 

on to Superfrost Plus Slides (Thermo Fisher Scientific) with Aquamount (Thermo Fisher 

Scientific). Antibodies: caspase-3 (mouse; 1:200; Cell Signaling), CC1 (mouse; 1:300; 

Calbiochem); CD31 (mouse; 1:200; Abcam); GFAP (rabbit, 1:1000; Dako), Ki67 (rabbit; 

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

NeuN (rabbit; 1:100; Millipore), Olig2 (mouse and rabbit; 1:500; Millipore), PLP (rat; 

1:200; AA3-PLP/ DM20), s100β (rabbit, 1:800; Thermo Scientific) and 8-OHdG (mouse; 

1:2000; StressMarq Biosciences). The staining intensity and 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 (0.6mm2), in the somatosensory cortex (0.6mm2) and in the 

dorsal/caudal striatum, immediately underneath the corpus callosum (0.6mm2) (Franklin 

and Paxinos, 2008; Figure 24). Twenty slices per brain (50μm each) were photographed 

with an Olympus Spinning Disc Confocal Inverted Microscope (IX83) equipped with a 

CCD camera (Hamamatsu ORCA-R2). Three pictures (10X) per brain hemisphere were 

selected and quantification was performed using MetaMorph software (Molecular Devices). 

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

pixel intensity. For all experiments involving quantification of positive cells and fluorescent 

intensity in tissue sections, the data represent pooled results from at least 4 brains per 

experimental group.

Electron microscopy

Mice were perfused with 3% paraformaldehyde and 1% glutaraldehyde via the left ventricle. 

The corpus callosum at the anterior-dorsal level of the hippocampus was dissected and 

embedded in resin. Thin sections were stained with uranyl acetate and lead citrate and 
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photographed with a FEI Tecnai F20 Transmission Electron Microscope (Cheli et al., 2016). 

The g-ratio and the percentage of myelinated axons was determined using MetaMorph 

software (Molecular Devices). The g-ratio was determined in at least 200 fibers per animal 

and the percentage of myelinated axons was calculated from 40 randomly selected fields per 

sample (>2000 axons).

Iron staining

Enhanced Perls histochemistry was performed as described previously in Cheli et al. 

(2018). Briefly, 20μm brain coronal sections were incubated with 1% H2O2 in methanol for 

15min and then with 2% potassium ferrocyanide (pH 1.0) overnight (Iron Stain Kit, Sigma-

Aldrich). The reaction was enhanced for 30min with 0.025% 3,3’-diaminobenzidine-4Hl, 

0.05% H2O2 and 0.005% CoCl2 in 0.1M PB. Sections were then dehydrated and 

mounted with Permount. Twelve slices per brain were used and the number of positive 

oligodendrocytes and the integrated staining intensity per cell was measured by MetaMorph 

software (Molecular Devices).

Black-gold staining

Black Gold II staining was performed as described in Cheli et al. (2016). Paraformaldehyde-

fixed brain sections of 50μm were mounted onto Superfrost Plus slide (Fisher). Coronal 

brain slices were initially air dried and then rehydrated and transferred to a lukewarm 0.3% 

Black Gold II solution (Millipore). After 10min, the slides were rinsed with a 1% sodium 

thiosulfate solution at 60°C, dehydrated and mounted with Permount. Twenty slices per 

brain (50μm each) were used and the integrated staining intensity in the corpus callosum and 

cortex was assessed by MetaMorph software (Molecular Devices).

Statistical analysis

The Kolmogorov-Smirnov test was used to verify the normal distribution of all data sets. 

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 test. The g-ratio distribution analysis was 

done by simple linear regression with a confidence interval of 95%. GraphPad Prism 

(GraphPad Software) was used to perform all the statistical tests. A value of p<0.05 for 

two-tailed test was the criterion for significant differences between experimental groups. For 

all the experiments data represent pooled results from at least 4 brains per experimental 

group.

RESULTS

Recombination analysis in the Glast1-CreER mouse line

Conditional KO mice for DMT1, Tfr1 and Fth were created by cross breeding the 

corresponding floxed lines (see Transgenic Mice for stock numbers) with the Glast1-

CreERT2 mouse (Agarwal et al., 2017; Tran et al., 2018). The Glast1-CreERT2 transgenic 

mouse express a tamoxifen-inducible Cre recombinase under the mouse Glast1 promoter 

that restricts Cre expression to astrocytes (Tran et al., 2018). KO mice and control (Cre-
negative) littermates were injected with tamoxifen during 5 consecutive days starting at P2 
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and brains were collected at P15, P30 and P60 for analysis (Figure 1A). Initially, total RNA 

was isolated form the cortex of P15 animals to evaluate Cre recombination efficiency by 

RT-PCR (Figure 1B). The presence of the expected truncated mRNA for DMT1, Tfr1 and 

Fth indicates a high Cre recombination efficacy in our conditional KO models (Figure 1B).

To determine the cell specificity of Cre-mediated DNA recombination, the Glast1-CreERT2 

mouse was crossed with the Cre reporter line Ai9(RCL-tdT). The Cre reporter fluorescent 

protein tdTomato was combined with the oligodendrocyte lineage marker Olig2 and with 

the neuronal nuclear protein NeuN, and double-positive cells were analyzed in several brain 

areas (Figure 1D, F, E and H). With the sole exemption of the cortex, in which less than 

1% of the Olig2 cells were positive for tdTomato, double-positive cells for Olig2/tdTomato 

or NeuN/tdTomato were not detected in any other brain area (Figure 1D, F, E and H). All 

the cortical and callosal tdTomato-positive cells showed the classic astrocyte morphology 

and more than 60% of these cells were positive for GFAP (Figure 1C and E). Furthermore, 

the vast majority of tdTomatao-positive astrocytes were in close contact with blood vessels 

(CD31-positive endothelial cells) (Figure 1G and H). Similar experiments were conducted 

in adult animals in which tamoxifen was administrated at P60 and brains were analyzed at 

P90. In these mice, tdTomato-positive astrocytes were found in great density across the CNS 

and ~50% of tdTomato-expressing cells in the cortex, corpus callosum and striatum were 

positive for GFAP (Figure 1I and K). Importantly, none of the tdTomato-expressing cells 

were positive for Olig2 or NeuN at P90 (Figure 1J and K).

Next, we made a series of immunohistochemistry experiments to analyze whether DMT1, 

Tfr1 and Fth ablation affects astrocyte development and/or proliferation. To test for 

astrocytes density, we did immunostainings against GFAP and s100β in the somatosensory 

cortex and corpus callosum (Figure 2). No significant changes in the numbers GFAP- or 

s100β-positive astrocytes were observed in conditional KO mice at P30 (Figure 2A, B, D 

and E). Furthermore, the morphological features and the anatomical distribution of these 

cells were found to be similar to controls (Figure 2A, B, D and E). Additionally, we 

quantified the proliferation of GFAP- and s100β-positive astrocytes by co-immunostaining 

these cells with Ki67, a protein present in mitotic cells. As shown in Figure 2C and F, the 

deletion of DMT1, Tfr1 or Fth did not affect astrocyte proliferation.

The importance of astrocyte iron metabolism in oligodendrocyte development

To examine how the activity of DMT1 in astrocytes affects the development of 

oligodendrocytes and the myelination of the CNS, controls (DMT1f/f, Glast1-Cre−/−) and 

DMT1KO (DMT1f/f, Glast1-CreCre/-) offspring were treated with tamoxifen as described 

in Figure 1A. Initially, we performed immunohistochemistry for myelin proteins in several 

brain areas. We found less MBP and PLP immunofluorescent in the cortex, corpus callosum 

and striatum of DMT1KO animals only at P15 (Figure 3A–D). Proteins were isolated from 

the corpus callosum of controls and DMT1KO mice to evaluate myelin proteins by western 

blot (Figure 3E). In agreement with the immunohistochemistry data, DMT1KO mice showed 

a decrease in MBP and CNP expression at P15, and a reduction in MBP levels at P30 

(Figure 3E). Additionally, the total number of oligodendrocytes (Olig2-positive cells) and 

the density of mature myelinating oligodendrocytes (CC1-positive cells) were determined 
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in the cortex as well as in the central corpus callosum of controls and DMT1KO mice 

(Figure 4). No statistical differences in the amount of Olig2-positive cells were found 

(Figure 4A and B), however, we detected a small reduction in the density of CC1-positive 

oligodendrocytes in cortical and callosal areas of DMT1KO brains at P15 (Figure 4C 

and D), which lower the ratio of Olig2/CC1 double-positive cells (Figure 4E and F). 

Immunohistochemical experiments were also conducted in Glast1-TfrKO mice to analyze 

myelin protein synthesis and oligodendrocytes numbers. Compared to controls (Tfrf/f, 

Glast1-Cre−/−), TfrKO (Tfrf/f, Glast1-CreCre/-) mice displayed a small reduction in MBP and 

PLP expression specifically in the cortex and striatum at P15 (Figure 5A–D). Similarly, the 

expression of MBP and CNP by western blot was found to be only slightly reduced in the 

corpus callosum of TfrKO animals at P30 (Figure 5E). Furthermore, TfrKO brains exhibited 

normal numbers of Olig2- and CC1-positive cells in all brain areas and at all time-points 

(data not shown).

In contrast to the above-described results, FthKO animals presented a severe postnatal 

hypomyelination. Compared to controls (Fthf/f, Glast1-Cre−/−), FthKO (Fthf/f, Glast1-

CreCre/-) brains displayed a significant decrease in MBP and PLP immunostaining in all 

brain areas (Figure 6A–D) and notably, the magnitude of these reductions was similar at all 

time-points (Figure 6A–D). Electron microscopy experiments were conducted in the corpus 

callosum to evaluate the myelin thickness and the proportion of myelinated axons. As shown 

in Figure 6E and F, the g-ratio of myelinated axons was drastically increased in FthKO mice. 

Axons of all sizes were affected, and these animals presented an important reduction in 

the percentage of myelinated axons and an increase in the average diameter of myelinated 

axons (Figure 6G). Additionally, total proteins were isolated from the corpus callosum of 

controls and FthKO brains to evaluate the expression of myelin proteins by western blot 

(Figure 6H). In agreement with the results described above, the expression levels of MBP 

and CNP were reduced in FthKO brains at P15, P30 and P60 (Figure 6H). We subsequently 

examined oligodendrocyte numbers in the cortex and central corpus callosum of controls 

and FthKO mice. No significant differences in the number of Olig2-positive cells were 

detected (Figure 7A and B), however, the density of mature CC1-positive oligodendrocytes 

in FthKO animals was lower than controls in all brain regions (Figure 7C and D). These 

changes lead to a marked reduction in the proportion of Olig2/CC1 double-positive cells 

(Figure 7E and F). Additionally, we analyzed apoptotic cell death in the somatosensory 

cortex and corpus callosum of FthKO mice by using a specific antibody against the activated 

form of Caspase-3 (Figure 7G). At P15, the quantity of apoptotic oligodendrocytes (Olig2/

Casp-3 double-positive cells) was found to be equal to that of controls (Figure 7G).

We also conducted experiments in adult Glast1-KO mice to study how the ablation of 

DMT1, Tfr1 and Fth in astrocytes affects mature myelinating oligodendrocytes. For this set 

of experiments, controls and conditional KO animals were treated with tamoxifen at P60 

and brain samples were collected for analysis at P90. The ablation of DMT1 or Tfr1 in 

astrocytes at P60 did not affect the expression of MBP and PLP in P90 brains (Figure 8A–

E). P90 DMT1KO and TfrKO mice also showed normal numbers of Olig2- and CC1-positive 

oligodendrocytes (Figure 8F). However, the synthesis of MBP and PLP in the cortex and 

corpus callosum of P90 FthKO mice was significantly reduced compare to controls (Figure 
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8A–D). This decline in the expression of myelin proteins was also detected by western 

blot (Figure 8E) and was correlated with similar reductions in the number of myelinating 

CC1-positive cells (Figure 8F).

Iron metabolism and oxidative stress in the brain of Glast1-KO mice

To measure intracellular iron quantities in oligodendrocytes, P30 conditional KO brains were 

stained for iron by the enhanced Perls histochemistry technique (Figure 9). The density 

of iron-positive oligodendrocytes as well as the staining intensity per cell was analyzed 

in the cortex and in the lateral section of the corpus callosum. DMT1KO and TfrKO mice 

displayed normal numbers of iron-positive oligodendrocytes and control levels of cell iron 

staining intensity (Figure 9A–D). In contrast, the cortex and the lateral section of the corpus 

callosum of FthKO animals showed a clear reduction in the number and staining intensity of 

iron-positive cells (Figure 9A–D). The iron staining intensity in cortical neurons and in brain 

areas such as the globus pallidus and the substantia nigra was also evaluated and found to be 

normal in all three conditional KO lines (data not shown).

We then determined whether the ablation of DMT1, Tfr1 and Fth in astrocytes affects 

neuronal numbers and/or induce brain oxidative stress. For this set of experiments, we 

used brain tissue slices from conditional KO and control animals collected at P60. Glast1-

DMT1KO, TfrKO and FthKO brains displayed control levels of NeuN-positive cells in the 

somatosensory cortex (Figure 10A and B. However, the cortical thickness of all three 

conditional KO mice was significantly reduced compare to controls (Figure 10A and B. 

The expression of the neurofilament L was also evaluated and found only to be reduced 

in FthKO brains (Figure 10B). Next, we immunolabeled somatosensory cortex sections 

of control and conditional KO animals to examine oxidative DNA and RNA damage in 

oligodendrocytes, astrocytes and neurons (Figure 10C–F. 8-hydroxyguanine (8-OHdG) is 

an oxidative derivative of guanosine and is a very sensitive marker of DNA and RNA 

oxidation (Kasai and Nishimura, 1983). An increase in 8-OHdG levels was detected in 

all brain areas of FthKO mice (Figure 10C and D. 8-OHdG immunosignal was primarily 

located in FthKO oligodendrocytes and neurons (Figure 10E and F, but a small increase in 

8-OHdG immunostaining was also observed in cortical FthKO GFAP-positive cells (Figure 

10E and F. In contrast, astrocytes and oligodendrocytes located in the cortex and striatum 

of TfrKO brains showed a significant reduction in 8-OHdG fluorescent intensity (Figure 

10C–F). Furthermore, we analyzed apoptotic cell death in the somatosensory cortex of the 

three conditional KO mice (Figure 10G). At P60, the number of apoptotic oligodendrocytes, 

neurons and astrocytes in conditional KO brains were found to be equivalent to that of 

controls (Figure 10G).

Iron equilibrium in astrocyte during demyelination and remyelination

To define how the ablation of Fth in astrocytes affects the remyelination of the adult brain, 

we used the cuprizone model of demyelination and remyelination. P60 controls (Fthf/f, 

Glast1-Cre−/−) and FthKO (Fthf/f, Glast1-CreCre/-) mice were fed with cuprizone for 7 weeks 

to induce demyelination and were injected with tamoxifen every other day during the last 

two weeks of the cuprizone diet to delete the Fth gene specifically in astrocytes. Brains 

were then collected after 7 weeks of cuprizone treatment (7W CPZ) and at 2 or 4 weeks 
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of recovery in normal diet (2W or 4W Rec). Additionally, brain tissue from mice that 

were not treated with cuprizone or tamoxifen were used as untreated controls (Untreated). 

The remyelination of the FthKO brain was initially evaluated using the Black Gold staining 

technique for myelin. Cuprizone treatment induced a severe demyelination in the brain of 

both controls and FthKO mice (Figure 11A and B). Importantly, at this time-point we found 

a further decrease of myelin staining in the corpus callosum of FthKO mice (Figure11A and 

B). A significant remyelination was observed in the cortex, corpus callosum and striatum 

of both genotypes during the remyelination phase of the cuprizone model (Figure 11A and 

B), although, suggesting a deficit in remyelination, FthKO mice showed significantly less 

myelin staining than controls after 2 and 4 weeks of recovery (Figure 11A and B). These 

reductions were also found in western blot experiments for myelin proteins (Figure 11C and 

D). Remyelination was also evaluated by immunohistochemistry for myelin proteins (Figure 

12A and B). The cortex of FthKO animals presented a significant reduction in the amount of 

PLP and MBP (Figure 12A and B); these changes were detected at the end of the cuprizone 

treatment as well as during the recovery phase (Figure 12A and B). We found no differences 

in the number of Olig2-positive cells among genotypes in any of the experimental conditions 

(Figure 12C). However, we noticed a decline in the number of CC1-positive cells after 2 

and 4 weeks of recovery in Fth deficient mice (Figure 12C). These reductions significantly 

affected the percentage of Olig2-positive cells expressing CC1 (Figure 12D). Additionally, 

seven weeks of cuprizone treatment induces a severe astrogliosis in both controls and FthKO 

animals (Figure 12A and E). Reactive GFAP-positive astrocytes reached maximum levels at 

the end of the cuprizone treatment and began to decline at 2 weeks of recovery (Figure 12A 

and E). However, no changes in the density of GFAP- or GFAP/Ki67-positive cells were 

noticed among genotypes (Figure 12A and E).

DISCUSSION

Iron incorporation in astrocytes and oligodendrocyte maturation

We have found that the specific deletion of DMT1 or Tfr1 in astrocytes during the 

first postnatal week do not significantly affect brain myelination and/or oligodendrocyte 

development. Although we found minor reductions in the expression of myelin proteins 

at P15, these changes were transient and disappeared later in development. At P30 and 

P60, DMT1KO and TfrKO brains showed no significant changes in the production of 

myelin proteins and displayed normal numbers of mature myelinating oligodendrocytes. 

Furthermore, the density of iron-positive cells in DMT1KO and TfrKO mice was found to 

be identical to controls. Similar results were found in adult (P90) mice in which DMT1 

and Tfr1 were ablated in astrocytes at P60. In these animals, the number of mature 

oligodendrocytes as well as the synthesis of myelin proteins was normal.

These results suggest that the Tf cycle—in which DMT1 and the Tfr1 are essential 

components—plays a secondary role in astrocyte iron metabolism, and that the expression of 

these proteins in astrocytes is not crucial for brain iron homeostasis and/or oligodendrocyte 

iron incorporation. However, DMT1 and Tfr1 are strongly expressed in the astrocyte end-

feet that contact capillary endothelial cells (Wang et al., 2001; Jeong and David, 2003; 

Erikson and Aschner 2006; Pelizzoni et al., 2013), which suggests that astrocytes are 
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qualified to uptake Tf and non-Tf iron bound at the blood brain barrier. Zip14 is an 

alternative iron transporter which is also localized to the astrocytic plasma membrane and 

its overexpression increases the uptake of non-Tf iron bound to astrocytes (Qian et al., 

2000; Liuzzi et al., 2006; Lane et al., 2010; Aydemir and Cousins, 2018). Astrocytes release 

nucleotides and citrate which could act as mediators of iron release from Tf (Sonnewald et 

al., 1991; Montana et al., 2006). Thus, astrocytes may upregulate Zip14 to compensate the 

absence of DMT1 and/or Tfr1 early during brain development.

Blocking the expression of DMT1 or Tfr1 in astrocytes did not affect the density of cortical 

neurons or the expression of neurofilaments, but significantly reduced cortical thickness. 

These changes suggest that brain maturation is not completely normal in these animals. 

Diminished cortical thickness is usually associated with reductions in the number of neurons 

and/or declines in neuronal conectivity and both of these factors are typically associated 

with deficits in neuronal development or survival. However, both the number of NeuN-

positive cells and the amount of apoptotic neurons were normal in DMT1KO and TfrKO 

brains. Futhermore, no signs of neuronal oxidative stress were found in these animals—

suprisingly, TfrKO astrocytes and oligodendrocytes displayed a reduction in the fluorescent 

intensity of 8-OHdG. Additionally, the iron content of cortical neurons in DMT1KO and 

TfrKO brains was similar to controls. Still, it is posible that DMT1 and Tfr1 deletion in 

astrocytes induces oxidative stress and/or iron deficiency in neurons very early during brain 

maturation. Thus, more experiments are needed to define this potential scenario.

Astrocytic ferritin is crucial for postnatal myelination

Ferritin, the primary intracellular iron-storage protein, is composed of heavy (Fth) and 

light (Ftl) chains and capable of binding more than 4,500 atoms of iron which can be 

mobilized for metabolic purposes through lysosomal degradation (De Domenico et al., 2006; 

Cohen et al., 2010). Ferritin-positive astrocytes are observed in several brain regions and 

the expression of this protein in astrocytes increases with age (Dickinson and Connor, 1995; 

Han et al., 2002). Astrocytes in vitro contain low amounts of ferritin (Regan et al., 2002; 

Hoepken et al., 2004), however, elevated iron availability or hypoxic conditions strongly 

increase ferritin expression in cultured astrocytes (Regan et al., 2002; Hoepken et al., 2004; 

Irace et al., 2005). Our results suggest that Fth synthesis in astrocytes plays an important role 

in early oligodendrocyte iron homeostasis and development. Knocking-out Fth in astrocytes 

significantly reduced myelin production throughout the first two postnatal months; FthKO 

animals displayed a substantial decrease in the percentage of myelinated axons and a rise 

in the average diameter of myelinated axons, suggesting a delay in the myelination process. 

FthKO brains showed a decline in the number of mature (CC1-positive) oligodendrocytes 

and in the percentage of Olig2/CC1 double-positive cells, but no significant changes in the 

density of total oligodendrocytes or in the number of apoptotic cells were found. Thus, the 

reduction in myelinating oligodendrocytes detected in FthKO mice during development is not 

a consequence of increased cell death and/or reduced oligodendrocyte generation, but likely 

the outcome of delayed oligodendrocyte maturation. The hypomyelination of young FthKO 

animals was also present in adult P90 mice, suggesting that Fth synthesis in astrocytes is 

also relevant for oligodendrocyte function in the adult brain.
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Importantly, cortical and callosal oligodendrocytes of the FthKO CNS showed clear signs 

of iron deficiency. It has been suggested that immature oligodendrocytes uptake iron by 

incorporating ferritin rather than iron associated to Tf (Rouault, 2013). Oligodendrocytes 

bind ferritin and that ferritin binds to white matter brain areas (Todorich et al., 2008). 

In culture, ferritin released by iron-loaded microglial cells stimulates oligodendrocyte 

development (Zhang et al., 2006). Tim-2 (T-cell immunoglobulin and mucin domain-

containing protein-2) was proposed to be the exclusive receptor by which oligodendroglial 

cells uptake ferritin (Todorich et al., 2008). It is possible that astrocytes and microglial 

cells secrete iron-loaded ferritin to distribute and share iron with other cell types of the 

CNS. Thus, during postnatal development a significant amount of iron could be delivered to 

immature oligodendrocytes via astrocytic ferritin.

FthKO animals displayed normal numbers of astrocytes and neurons and no signs of 

increased apoptotic cell death during development. However, these animals exhibited a 

reduction in the cortical thickness and in the expression of neurofilaments at P60. These 

changes were accompanied with signs of oxidative stress in oligodendrocytes, neurons 

and astrocytes. Oxidative stress is a potent driving force for myelin and neuronal injury, 

and oligodendrocytes can be easily damaged by oxidative stress, especially during the 

myelination process (Roth and Nuñez, 2016; Giacci et al., 2018). For this reason, oxidative 

stress is under physiological conditions limited by numerous anti-oxidant mechanisms, 

which are largely present in microglial cells and astrocytes (Lassman and Horssen, 2016). 

As a result of its ability to sequester iron efficiently, Fth is considered an antioxidant 

protein (Balla et al., 2007). For instance, Fth secreted by myelinating oligodendrocytes 

protects axons against iron-mediated injury in the mouse brain (Mukherjee et al., 2020). 

Similarly, Fth secreted by astrocytes can potentially provide an antioxidant shield to 

neurons and oligodendrocytes during development. The absence of Fth in astrocytes might 

also induce high intracellular iron concentrations and mitochondrial damage. Furthermore, 

brain oxidative stress could be amplified by the liberation of ferrous iron from Fth-

deficient astrocytes, which can lead to the formation of highly reactive hydroxyl radicals 

(Papanikolaou and Pantopoulos, 2005). Thus, these mechanisms may jointly contribute to 

oligodendrocyte and neuronal oxidative stress, as well as myelin injury, in young and adult 

FthKO mice and be responsible, at least partially, for the hypomyelination observed in these 

animals.

Ferritin synthesis in astrocytes and the remyelination of the adult brain

Brain iron metabolism has been shown to be severely disturbed in demyelinating diseases. 

For instance, magnetic resonance imaging studies have shown iron accumulation in the 

brain of multiple sclerosis (MS) patients (Bakshi et al., 2002; Neema et al., 2009). 

Activated astrocytes and reactive microglia are the cell types in which this iron accumulation 

predominantly occurs (Rouault, 2013; Hametner et al., 2013). In the EAE model of MS, 

iron deposits were found in reactive microglia and astrocytes in both gray and white 

matter structures (Zamboni, 2006; Singh and Zamboni, 2009; Williams et al., 2011). In 

demyelinating lesions astrocytes up-regulate DMT1, Tfr1 and Zip14, which suggests that 

these cells can potentially uptake and safely recycle iron after myelin injury (Zarruk et al., 

2015). In a mouse model of focal chemical demyelination, oligodendrocyte maturation and 
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remyelination were reduced when ferroportin, the only known iron exporter, was exclusively 

ablated in astrocytes (Schulz et al., 2012).

Our data indicate that Fth iron storage in astrocytes is crucial for an efficient remyelination 

of the adult brain. Throughout demyelination and remyelination, FthKO brains presented 

normal numbers of reactive and proliferating astrocytes. However, at the end of the 

cuprizone treatment and during the recovery phase we noticed a decline in the quantity 

of mature oligodendrocytes and in the expression of myelin proteins. Importantly, the 

total number of oligodendrocytes was normal, suggesting that the main problem of FthKO 

mice during remyelination is not oligodendrocyte proliferation or survival, but rather the 

maturation of the oligodendrocyte population. Astrocytic Fth can be the primary source of 

iron for newly generated oligodendrocytes in the demyelinated brain and Fth synthesis in 

astrocytes might be central to store and safely recycle iron from dead oligodendrocytes. 

More experiments are needed to define the role of astrocytic Fth in the remyelinating 

mouse brain. However, our data highlight the importance of astrocyte iron homeostasis in 

demyelinating diseases and suggest that iron storage in astrocytes can significantly impact 

the efficiency of the remyelination process.
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MAIN POINTS

• H-ferritin deletion in astrocytes induced hypomyelination and reduced 

oligodendrocyte iron incorporation and development.

• Blocking H-ferritin expression in astrocytes after demyelination impaired 

oligodendrocyte maturation and remyelination.
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FIGURE 1: Recombination efficiency in the postnatal Glast1-dTomato mouse.
(A) P2 Glast1-KO lines and control (Cre-negative) littermates received 5 consecutive 

tamoxifen injections and brain tissue was collected at P15, P30 and P60. (B) Semi-

quantitative RT-PCRs for DMT1, Tfr1 and Fth were performed at P15 with RNA isolated 

from the cortex of control and corresponding Glast1-KO mice. (C, D, F and G) GFAP, 

Olig2, NeuN and CD31 immunostaining in the brain of Glast1-dTomato mice at P15. 

Scale bar=90μm upper panel, 45μm lower panel. (E and H) Percentage of GFAP/, Olig2/ 

and NeuN/dTomato double-positive cells and overlap between CD31 and dTomato in the 

somatosensory cortex (CX), lateral corpus callosum (CC) and striatum (ST). (I and J) 

GFAP and Olig2 immunostaining in the brain of Glast1-dTomato mice at P90. Scale 

bar=90μm upper panel, 45μm lower panel. (K) Percentage of GFAP/dTomato and Olig2/

dTomato in the CX, CC and ST. Values are expressed as mean ± SEM.
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FIGURE 2: Astrocytes numbers in Glast1-KO animals.
(A and D) GFAP, s100β and Ki67 immunostaining in the brain of control and Glast1-KO 

mice at P30. Scale bar=90μm. (B and E) GFAP fluorescence intensity and total number of 

s100β-positive cells in the CX and CC. (C and F) Total number of GFAP/ and s100β/Ki67 

double-positive cells in the CC at P30. Values are expressed as mean ± SEM.
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FIGURE 3: Myelin proteins in the postnatal Glast1-DMT1KO mouse.
(A and C) MBP and PLP immunostaining in the brain of control and Glast1-DMT1KO mice 

at P15, P30 and P60. Scale bar=180μm. (B and D) Integrated fluorescence intensity for 

MBP and PLP in the CX, CC and ST. Values are expressed as mean ± SEM. ***p<0.001 vs. 

respective controls. (E) Representative western blots for MBP and CNP in the CC of control 

and Glast1-DMT1KO animals at P15, P30 and P60. P84 was used as the internal standard 

and box-and-whisker plots are showing means ± SD from 4 independent experiments. 

**p<0.01, ***p<0.001 vs. respective controls.
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FIGURE 4: Oligodendrocyte numbers in Glast1-DMT1KO brain during early development.
(A, C and E) Brain coronal sections from control and Glast1-DMT1KO mice 

immunostained for Olig2 and CC1 at P15. Scale bar=90μm. (B, D and F) Total number 

of Olig2 and CC1-positive cells and percentage of Olig2/CC1 double-positive cells in the 

CX and CC at P15, P30 and P60. Values are expressed as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001 vs. respective controls.
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FIGURE 5: Myelin protein levels in the brain of Glast1-TfrKO animals.
(A and C) MBP and PLP immunostaining in the brain of control and Glast1-TfrKO mice 

at P15, P30 and P60. Scale bar=180μm. (B and D) Integrated fluorescence intensity for 

MBP and PLP in the CX, CC and ST. Values are expressed as mean ± SEM. **p<0.01, 

***p<0.001 vs. respective controls. (E) Representative western blots for MBP and CNP in 

the CC of control and Glast1-TfrKO animals at P15, P30 and P60. P84 was used as the 

internal standard and box-and-whisker plots are showing means ± SD from 4 independent 

experiments. *p<0.05, **p<0.01, ***p<0.001 vs. respective controls.
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FIGURE 6: Postnatal myelination of the Glast1-FthKO brain.
(A and C) MBP and PLP immunostaining in the brain of control and Glast1-FthKO mice 

at P15, P30 and P60. Scale bar=180μm. (B and D) Integrated fluorescence intensity for 

MBP and PLP in the CX, CC and ST. Values are expressed as mean ± SEM. ***p<0.001 

vs. respective controls. (E) Electron micrographs of axons in the CC of control and Glast1-

FthKO mice at P30. Scale bar=6μm left panel; 2μm right panel. (F) Mean g-ratio values and 

scatter plot of g-ratio values of myelinated axons for the same experimental conditions. (G) 

Percentage of myelinated axons and mean axonal diameter of myelinated axons. Values are 

expressed as mean ± SEM. ***p<0.001 versus control. (H) Western blot analysis of MBP 

and CNP in the CC of control and Glast1-FthKO animals at P15, P30 and P60. P84 was 

used as the internal standard and box-and-whisker plots are showing means ± SD from 4 

independent experiments. ***p<0.001 vs. respective controls.
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FIGURE 7: Oligodendrocyte quantities in young Glast1-FthKO mice.
(A, C and E) Brain coronal sections from control and Glast1-FthKO brains immunostained 

for Olig2 and CC1 at P15. Scale bar=90μm. (B, D and F) Total number of Olig2 and 

CC1-positive cells and percentage of Olig2/CC1 double-positive cells in the CX and CC 

at P15, P30 and P60. (G) Total number of Olig2/Casp-3 double-positive cells in the CX 

and CC at P15. Values are expressed as mean ± SEM. **p<0.01, ***p<0.001 vs. respective 

controls.
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FIGURE 8: Myelin protein synthesis in adult Glast1-KO brains.
(A and C) MBP and PLP immunostaining in the brain of control and Glast1-KO mice 

at P90. Scale bar=180μm. (B and D) Integrated fluorescence intensity for MBP and PLP 

in the CX, CC and ST. Values are expressed as mean ± SEM. **p<0.01, ***p<0.001 vs. 

respective controls. (E) Western blot analysis for MBP and CNP in the CC of control and 

Glast1-KO animals at P90. P84 was used as the internal standard and box-and-whisker 

plots are showing means ± SD from 4 independent experiments. ***p<0.001 vs. respective 

controls. (F) Total number of Olig2 and CC1-positive cells and percentage of Olig2/CC1 

double-positive cells in the CX and CC at P90. Values are expressed as mean ± SEM. 

**p<0.01, ***p<0.001 vs. respective controls.
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FIGURE 9: Perls staining in the Glast1-KO mice.
(A and C) Perls staining in brain coronal sections from control and Glast1-KO mice at P30. 

Scale bar=90μm. (B and D) Total number of Perls positive oligodendrocytes and average 

intensity staining per cell in the CX and CC at P30. Values are expressed as mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001 vs. respective controls.
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FIGURE 10: Neuronal densities, cell death and oxidative stress in Glast1-KO brains.
(A, C and E) Brain coronal sections from control and Glast1-FthKO brains immunostained 

for NeuN, Olig2, GFAP and 8-OHdG at P60. Scale bar=180μm upper panel; 90μm 

lower panels. (B) Cortical thickness, total number of NeuN-positive cells and integrated 

fluorescence intensity for the neurofilament L in the CX at P60. (D) Integrated fluorescence 

intensity of 8-OHdG in the CX, CC and ST at P60. (F) Integrated 8-OHdG fluorescence 

intensity in cortical NeuN-, Olig2- and GFAP-positive cells. (G) Total NeuN/, Olig2/ and 

GFAP/Casp-3 double-positive cells in the CX at P60. Values are expressed as mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001 vs. respective controls.

Cheli et al. Page 26

Glia. Author manuscript; available in PMC 2023 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 11: Black-gold staining in the remyelinating Glast1-FthKO brain.
(A) Black-gold staining in untreated, control and Glast1-FthKO mice at the end of the 

CPZ treatment (7W CPZ) and after 2 and 4 weeks of recovery (2W and 4W Rec). Scale 

bar=180μm. (B) Black-gold staining intensity in the CX, CC and ST of untreated, control 

and Glast1-FthKO mice at the end of the CPZ treatment (7W CPZ) and after 2 and 4 weeks 

of recovery (2W and 4W Rec). (C and D) Western blots for MBP and CNP in brain 

tissue comprised of the CX and CC. p84 was used as the internal standard and data from 4 

independent experiments are summarized based on the relative spot intensities and plotted 

as percent of untreated mice. Values are expressed as mean ± SEM. ### p<0.001 versus 

untreated; * p<0.05, **p<0.01, ***p<0.001 versus control.
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FIGURE 12: Remyelination and astrogliosis in the Glast1-FthKO brain.
(A) PLP and GFAP immunostaining in untreated, control and Glast1-FthKO mice at the 

end of the CPZ treatment (7W CPZ) and after 2 and 4 weeks of recovery (2W and 4W 
Rec). Scale bar=180μm. (B and C) PLP and MBP fluorescent intensity and total numbers 

of Olig2 and CC1-positive cells in the CX of untreated, control and Glast1-FthKO mice 

at the end of the CPZ treatment (7W CPZ) and after 2 and 4 weeks of recovery (2W 
and 4W Rec). (D) Percentage of Olig2/CC1 double-positive cells in the CX. (E) GFAP 

fluorescent intensity and total numbers of GFAP and GFAP/Ki67-positive cells in the CX 

under the same experimental conditions. Fluorescent intensity data is presented as percent 

of untreated mice. Values are expressed as mean ± SEM. ### p<0.001 versus untreated; 

*p<0.05, **p<0.01, ***p<0.001 vs. respective controls.
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