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Abstract.
Iron seems to be an essential factor in myelination and

oligodendrocyte (OLGc) biology. However, the specific role of

iron in these processes remains to be elucidated. Iron

deficiency (ID) imposed to developing rats has been a

relevant model to understand the role of iron in

oligodendrogenesis and myelination. During early

development ID causes specific changes in myelin

composition, including a lower relative content of

cholesterol, proteolipid protein (PLP), and myelin basic

protein 21 (MBP21). These changes could be a consequence

of the adverse effects of ID on OLGc development and

function. We subsenquently studied the possible corrective

effect of a single intracranial injection (ICI) of apotransferrin

(aTf ) on myelin formation in ID rats OLGc migration and

differentiation after an ICI of aTf was evaluated at 3 days of

age. ID increased the number of proliferating and

undifferentiated cells in the corpus callosum (CC), while a

single aTf injection reverts these effects, increasing the

number of mature cells and myelin formation. Overall,

results of a series of studies supports the concept that iron

may affect OLGc development at early stages of

embryogenesis rather than during late development. Myelin

composition is altered by a limited iron supply, changes that

can be reverted by a single injection of aTf.
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1. Introduction

Iron deficiency (ID) is a common nutritional disorder, particu-
larly among children, affecting more than 25% of the popu-
lation around the world [1]. Children who experienced ID suf-
fer behavioral defects [2]. A close correlation between ID
and brain function has been also observed in rodent models.
In this regard, ID is in general associated with important
changes in neurotransmission and myelination [3].

The oligodendrocyte (OLGc) is the cell type with high-
est iron content in the brain [4]. During development, brain
iron and ferritin are initially present in microglia, and subse-
quently, when myelination is initiated, iron, ferritin, and
transferrin are found in OLGc.

Different proteins and enzymes utilize iron as a cofac-
tor. In addition, mitochondria require iron for its function
and a great number of proteins such as respiratory chain
complexes use iron-sulfur cluster as cofactors [5]. The cen-
tral nervous system (CNS) has high iron content, and the
mechanisms participating in brain iron uptake and homeo-

stasis are of high interest for all researchers working in this
area. Brain iron uptake is high in infant brain during devel-
opment, given that the blood brain barrier (BBB) is not yet
fully formed [6]. Recent studies indicate that Tf receptors
(TfR) are present at the luminal membranes of capillary en-
dothelial cells and even though Tf does not cross endothelial
cells, iron can enter into the brain interstitium [7].

Our hypothesis is that events involving iron uptake and
homeostasis by OLGc are critical to myelin composition and
formation, and their disruption can significantly affect myeli-
nation. However treatment of ID animals with apotransferrin
(aTf ) causes an accelerated OLGc differentiation and myelin
formation by a mechanism not involving the iron transport
but producing a significant correction in the different param-
eters affected by the iron absence.

2. Myelin composition of adult
iron-deficient rats

Dietary ID during development was produced as follows:
pregnant Wistar dams were fed a control diet (40 mg Fe/kg)
or an iron deficient (ID) diet (4 mg Fe/kg) beginning at ges-
tational day 5 and until day 20, returned to a normal diet
and studied at 6 months of age; it was associated with less
total myelin protein as well as decreased cholesterol, phos-
pholipids, and galactolipids content [8]. The largest change
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observed in these animals was a 30% decrease in choles-
terol. In the same rats, the protein profile of myelin revealed
that the proteolipid protein (PLP) and the myelin basic pro-
tein 21 (MBP21) declined as a percentage of the total myelin
protein (Fig. 1). All of the integral myelin proteins, except for
CNPase and MBP14, decreased when referred to the weight
of the tissue. The fatty acid composition was similar
between the two groups, except for fatty acid 20:4. The rela-
tive amounts of transferrin (Tf ) and ferritin in the myelin
fraction of the ID rats showed that Tf decreased by over
50% when compared to control rats. On the other hand, fer-
ritin levels were similar between the two groups. In myelin
iron, concentrations were similar for ID and control rats.
Similarly to the case for the myelin fraction, there was no
difference in the iron concentration between ID and control
rats in the different subcellular fractions. A decreased iron
availability affected both the quantity and the quality of
myelin. Myelin composition and quantity were altered by ID
even when the myelin iron content was not affected. One of
the important points of this analysis was to determine
whether there were specific deficits within myelin composi-
tion associated with specific disruptions in iron homeostasis.
The decrease in myelin protein content associated with de-
velopmental dietary ID was fairly uniform, while PLP and
MBP21 decreased as a percentage of the total protein. PLP
is required for compaction and formation of myelin sheaths,
and may be required for OLGc maturation [9]; MBP21 is part
of a family of intracellular adhesion proteins [10] which
expression pattern in myelin remains unchanged with age
[11]. The decrease in PLP and MBP21 relative content sug-
gests that the compaction of myelin is affected in ID. Fur-
thermore, an attempt to correct developmental ID by a
return to normal dietary iron levels at weaning, normalizes
myelin iron levels but does not reestablish normal myelin
composition.

Iron is a structural component of both delta 6 and
delta 9 desaturase enzymes [12,13], and delta 9 desaturase
has been shown to be reduced as a result of dietary ID [14].
Severe dietary iron restriction produced significant changes
in brain fatty acid composition [15,16]. A feeding paradigm in
mice, similar to ours, resulted in a decrease in fatty acid
composition [17]. Only the 20:0 fatty acid family was affected
in studies carried out by our group [8], while in a more
severe model of dietary iron restriction in rats, the sum of
the n-3 fatty acids was decreased, but not the n-6. The only
fatty acid family that decreased with ID was 20:4 [18].

3. Oligodendroglial cell analysis and
myelin composition of ID rats at
developmental ages

Using the same model of rat ID mentioned before, the
effects of a decreased iron availability on OLGc maturation
and myelinogenesis at postnatal days 17 (P17) and 24 (P24)
were investigated. The possible beneficial influence of an in-
tracranial injection (ICI) of aTf at 3 days of age in ID rats
was also investigated [19]. Administration of an ID diet to

pregnant dams during gestation induced a marked decrease
in the offspring’s brain weight, which was evident at 24
days of age and could be a result of a reduced accumulation
of myelin membranes. At P24, ID caused a decrease in mye-
lin proteins and lipids. In ID animals, we observed a 50%
decrease in myelin dry weight/g of fresh tissue compared to
controls. Myelin cholesterol, phospholipids, and galactoli-
pids, as well as myelin proteins were markedly reduced by
ID, supporting the conclusion that myelination in ID rats is
severely affected. Except for cholesterol, which was signifi-
cantly lower in 17-day-old rats, no significant changes in
myelin composition were detected at this age. Cholesterol
could have been affected by ID at earlier stages of develop-
ment, probably because its synthesis is highly dependent on
the availability of normal amounts of this trace element. An
increase in cholesterol content was observed when the ID
rats were ICI with aTf at 3 days of age. These results indi-
cate that the effect of exogenous aTf on the myelination pro-
cess in ID rats could be similar to what occurs in normal
young rats [20,21]. That is, aTf stimulates OLGc maturation
and remyelination, and even in the absence of a normal iron
supply, aTf produces a significant correction in the different
biochemical parameters affected by ID. The myelin mem-
brane is a unique membrane in the aspect that it contains a
high lipid/protein ratio and is enriched in glycosphingolipids
and cholesterol [22]. Lipid raft microdomains were conceived
as part of a mechanism for the intracellular trafficking of lip-
ids and lipid-anchored proteins. Lipid rafts in cell mem-
branes are defined by their detergent solubility and by their

Fig. 1. Myelin composition of adult iron-deficient rats.
(A) Myelin composition is expressed as mg/g fresh
tissue (mean 6 SEM). (B) Proteolipid protein (PLP) and
isoform 21 of myelin basic protein (MBP21) as a
percentage of total protein. Values are expressed as mg
protein/g fresh tissue (*P < 0.05, **P < 0.01, *** P <
0.001).
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sensitivity to cholesterol deprivation. Studies were done in
primary OLGc cultures from ID rats and compared with OLGc
cultures prepared from normal controls or from ID animals
treated with aTf. PrPc (protein prion cellular) is a protein
attached to Triton X-100-insoluble, low-density complexes or
rafts and used as raft marker. The immunoreactivity of PrPc
in OLGc cultures from ID rats is lower than that in controls,
which indicates that in these cells, lipid raft formation must
be defective. Because these structures are known to be of
fundamental importance in the formation of myelin [23], it is
tempting to conclude that a major reason for hypomyelina-
tion in ID rats could be an abnormality in raft formation as a
result of a decrease in cholesterol.

Although it has been shown that almost 80% of iron in
rat brains are found in the myelin fraction [24]; there is lim-
ited information regarding the presence of Tf in myelin. A
previous study by Chen et al. [25] showed that early post-
natal weaning in iron deficient rats induces a marked
increase in transferrin in a microsomal fraction obtained
from the brain. Although these results were obtained in a
different subcellular fraction, they agree with those
described above. This increase in Tf was considered by
these investigators to be the consequence of an adaptive
mechanism to meet the iron requirements of brain growth in
a situation of impaired iron availability. If the interpretation
of Chen et al. [25] is correct, it could be speculated that in
our ID model, the increase in Tf in the myelin fraction could
be the consequence of a fully operating adaptive response.
A recent publication [26] gives strong support to the hypoth-
esis of a synergistic relationship between microglia and oli-
godendrocytes that can be modified by iron status. These
investigators clearly show that ferritin, released by microglia,
is an important source of iron for oligodendrocytes. The abil-
ity of oligodendrocytes to bind and internalize ferritin, spe-
cifically the H subunit of ferritin, has been previously dem-
onstrated [27]. The binding of H-ferritin to white matter
tracts [28], has also been shown to be coincident with the
onset of myelination [29]. Badaracco et al. [19] showed that
in the corpus callosum (CC) of the ID rats, H-ferritin immuno-
reactivity was greatly diminished. This decrease, however,
appears to have been compensated to a large extent in the
animals that received an ICI of a single dose of aTf. Recently,
Moos and Morgan [30] demonstrated that dietary ID alters
the cellular content of transferrin and ferritin receptors, ID
caused a higher expression of transferrin and a decreased
ferritin receptor expression (Fig. 2).

Coincident with these results, in our laboratories we
have found that the immunoreactivity of transferrin in myelin
membranes isolated from ID rats was higher than normal,
whereas the immunoreactivity of ferritin in the CC of ID ani-
mals was lower than normal. It is well known that iron is
predominantly localized in OLGc. Sanyal et al. [31] showed
that the expression of H-chain ferritin is up-regulated during
OLGc regeneration/differentiation. This agrees with results
showing that in different types of cells, ferritin transcription
is modulated by molecules that control cell growth and dif-
ferentiation. The transcription takes place on OLGc–substra-
tum adhesion and can be viewed as another manifestation

of the anchorage-induced signal that finally ends in the dif-
ferentiation of OLGcs. In OLGc cultures from ID rats, we
showed a decreased level of ferritin that could explain why
these cells were not able to differentiate in culture (Fig. 2).

4. Oligodendrocytes: migration
and differentiation

We also investigated the behavior of OLG precursor cells in
the subventricular zone (SVZ) and the CC of rats submitted
to an ID diet from birth. Studies were done at P3 and P11
and involved an immunohistochemical analysis of cell prolif-
eration using BrdU labeling, a characterization of OLGcs and
their precursors and an analysis of their dynamics (Fig. 3). A
critical finding of this work is that a single ICI of aTf amelio-
rates the adverse effects of ID.

Cell population at P3 was first studied since, at this
age, the ICI of aTf can induce an increased maturation of the
OLGc precursors [32]. At this early age, the relative amount
of PCNA positive (proliferating) cells was slightly higher in
ID compared to controls. The population of doubly marked
cells (PCNA/Olig1 or PCNA/O4) in the IDs also increased,
indicating that most of the PCNA positive cells remained in
an undifferentiated state as opposed to control animals.
These results suggest that the availability of undifferentiated
precursors was higher in the ID group. One possibility is
that in ID animals the OLGc precursors were unable to
transit along the different OLGc maturation stages beyond
the OPC (oligo-precursor cells) level and that, consequently,
they could not synthesize a normal, mature myelin. These
results are in agreement with those of Morath and Mayer-
Proschel [33], who described that during pregnancy ID
affects the levels of brain iron in the developing fetus and
not only disrupts the proliferation of their glial precursor
cells, but also disturbs the generation of oligodendrocytes
from these precursor cells.

Fig. 2. This figure summaries a set of experimental data
obtained in the ID animal. In vivo and in vitro
experiments were performed to characterize iron
deficiency effect on either developmental parameters
and myelin integrity and composition. See text for
further details. Tf, transferrin; OLGc, oligodendroglial
cell; ID, iron deficiency.
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Cell population at P11 after a BrdU injection at P4
showed that the BrdUþ cells are increased in ID animals as
compared to controls and reverted to a decreased popula-
tion after the ICI of aTf. In coincidence with our results, Mor-
ath and Mayer Proschel [33] demonstrated that at E 13.5
there is a slight but not statistically significant increase in
the proportion of BrdUþ/A2B5þ cells in the spinal cord. In
coincidence with our results, iron deprivation in HL-60 cells
blocked phorbol myristate acetate-induced cell differentia-
tion by inhibiting the induction of the cell cyclin-dependent
kinase inhibitor p21, releasing cells from the G1/S cell cycle
checkpoint [34].

We observed that, as a consequence of enhanced oli-
godendrogenesis and decreased oligodendrocyte maturation
in ID, the number of myelinated axons present at P11 is
decreased, as evaluated by a double immunostaining with

anti MBP and neurofilament-200 (NFH) antibodies. After a
single ICI of aTf, the number of myelinated axons returned
to control values. These results correlate well with electro-
physiological measurements. Since the optic nerve is an im-
portant structure, rich in oligodendrocytes which can be
affected by ID, we decided to compare our immunohisto-
chemical observations with electrophysiological mesure-
ments. Recording of visual evoked potentials (VEPs) showed
a defective response to visual stimuli in ID animals com-
pared to control rats. When ID rats were ICI with aTf, the
electrophysiological assays confirmed once again that the
optic nerve response to the visual stimuli became similar to
those of controls.

Our results are in coincidence with those of Morath
and Mayer-Proschel [33] and raise the possibility that iron
may affect OLGc development at early stages of

Fig. 3. Oligodendroglial cell migration and differentiation. Quantitative analysis and distribution of BrdU positive cells in the
corpus callosum (CC). Distribution of BrdU positives cells is expressed as the percentage of cells in different areas of the CC for
ID and IDaTf animals. Representative dark-field images of: medial CC (left) and lateral CC (right) of each group are shown. To
evaluate cells in the process of active migration, we analyzed cells expressing PSA-NCAM. Values are the mean of positive cells/
mm2 or mean IOD/mm2 and expressed as a percentage of control conditions (**P < 0.01, ***P < 0.001, ns: not significant).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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embryogenesis rather than during late development. Results
also give support to the hypothesis that ID increases the
number of proliferating and undifferentiated cells in the CC,
while a single injection of aTf reverts this effect increasing
the number of mature cells and the deposition of myelin.

ID animals which exhibit an enlarged undifferentiated
cell subpopulation able to migrate have a limited capacity to
progress beyond the precursor stage. The OPCs population
might recover the capacity for maturation and myelination as
a consequence of the ICI of aTf. The above evidence sup-
ports the hypothesis that aTf ICI triggers an active process
to facilitate myelin repair.

Acknowledgements

This work was supported by a grant from the University of
Buenos Aires; contract grant number: B114 (to J.M.P.).

References
[1] Beard, J. L. and Connor, J. R. (2003) Iron status and neural functioning.

Annu. Rev. Nutr. 23, 41–58.

[2] Lozoff, B., Brittenham, G. M., Wolf, A. W., McClish, D. K., Kuhnert, P.

M., Jimenez, E., Jimenez, R., Mora, L. A., Gomez, I., and Krauskoph, D.

(1987) Iron deficiency anemia and iron therapy effects on infant devel-

opment test perfomance. Pediatrics 79, 981–995.
[3] Rao, R., Tkac, I., Townsend, E., Gruetter, R., and Georgieff, M. (2003)

Perinatal iron deficiency alters the neurochemical profile of the devel-

oping rat hippocampus. J. Nutr. 133, 3215–3221.
[4] Connor, J. R. and Menzies, S. L. (1996) Relationship of iron to oligoden-

drocytes and myelination. Glia 17, 83–93.
[5] Rouault, T. A. and Tong, W. H. (2008) Iron-sulfur cluster biogenesisi

and human disease. Trends Genet. 24, 398–407.
[6] Berg, D., Gerlach, M., Youdim, M. B., Double, K. L., Zecca, L., Riederer,

P., and Becker, G. (2001) Brain iron pathways and their relevance to

Parkinson’s disease. J. Neurochem. 79, 225–236.
[7] Moos, T., Skjoerringe, T., Gosk, S., and Morgan, E. H. (2006) Brain cap-

illary endothelial cells mediate iron transport into the brain by segre-

gating iron from transferrin without the involvement of divalent metal

transporter I. J. Neurochem. 98, 1946–1958.

[8] Ortiz, E., Pasquini, J. M., Thompson, K., Felt, B., Butkus, G., Beard, J.,

and Connor, J. R. (2004) Effect of manipulation of iron storage, trans-

port, or availability on myelin composition and brain iron content in

three different animal models. J. Neurosci. Res. 77, 681–689.
[9] Greer, J. M. and Lees, M. B. (2002) Myelin proteolipid protein—the first

50 years. Int. J. Biochem. Cell Biol. 34, 211–215.
[10] Staugaitis, S. M., Colman, D. R., and Pedraza, L. (1996) Membrane ad-

hesion and other functions for the myelin basic proteins. Bioessays 18,

13–18.

[11] Barbarese, E., Carson, J. H., and Braun, P. E. (1978) Accumulation of the

four myelin basic proteins in mouse brain during development. J. Neuro-

chem. 4, 779–782.
[12] Strittmatter, P. and Enoch, H. G. (1978), Purification of stearyl-CoA desa-

turase from liver. Methods Enzymol. 52, 188–193.
[13] Okayasu, T. (1981) Augmentation of specific anti-tumor immunity by im-

munization with xenogenized tumor cells and its application to the ex-

perimental cancer treatment (author’s transl.). Hokkaido Igaku Zasshi

56, 615–622.

[14] Rao, G. A., Manix, M., and Larkin, E. C. (1979) Reduction of essential

fatty acid deficiency in rat fed a low iron fat free diet. Lipids 15, 55–60.

[15] Oloyede, O. B., Folayan, A. T., and Odutuga, A. A. (1992) Effects of low-

iron status and deficiency of essential fatty acids on some biochemical

constituents of rat brain. Biochem. Int. 7, 913–922.

[16] Stangl, G. I. and Kirchgessner, M. (1998) Different degrees of moderate

iron deficiency modulate lipid metabolism of rats. Lipids 33, 889–895.

[17] Kwik-Uribe, C. L., Gietzen, D., German, J. B., Golub, M. S., and Keen, C.

L. (2000) Chronic marginal iron intakes during early development in

mice result in persistent changes in dopamine metabolism and myelin

composition. J. Nutr. 130, 2821–2830.

[18] Beard, J. L., Wiesinger, J. A., and Connor, J. R. (2003) Pre- and post-

weaning iron deficiency alters myelination in Sprague-Dawley rats. Dev.

Neurosci. 25, 308–315.

[19] Badaracco, M. E., Ortiz, E. H., Soto, E. F., Connor, J. R., and Pasquini, J.

M. (2008) Effect of transferrin on hypomyelination induced by iron defi-

ciency. J. Neurosci. Res. 86, 2663–2673.

[20] Escobar Cabrera, O. E., Bongarzone, E. R., Soto, E. F., and Pasquini, J.

M. (1994) Single intracerebral injection of apotransferrin in young rats

induces increased myelination. Dev. Neurosci. 16, 248–254.

[21] Escobar Cabrera, O. E., Zakin, M. M., Soto, E. F., and Pasquini, J. M.

(1997) Single intracranial injection of apotransferrin in young rats

increases the expression of specific myelin protein mRNA. J. Neurosci.

Res. 47, 603–608.

[22] Norton, W. T. (1981) Biochemistry of myelin. Adv. Neurol. 31, 93–121.

[23] Azouz, A., Gunn, T. M., and Duke-Cohan, J. S. (2007) Juvenile-onset loss

of lipid raft domains in attractin-deficient mice. Exp. Cell Res. 313,
761–771.

[24] Rajan, K. S., Colburn, R. W., and Davis, J. M. (1976) Distribution of

metal ions in the subcellular fractions of several rat brain areas. Life

Sci. 18, 423–431.

[25] Chen, Q., Connor, J. R., and Beard, J. L. (1995) Brain iron, transferrin

and ferritin concentrations are altered in developing iron-deficient rats.

J. Nutr. 125, 1529–1535.

[26] Zhang, X., Surguladze, N., Slagle-Webb, B., Cozzi, A., and Connor, J. R.

(2006) Cellular iron status influences the functional relationship

between microglia and oligodendrocytes. Glia 54, 795–804.

[27] Hulet, S. W., Menzies, S., and Connor, J. R. (2002) Ferritin binding in

the developing mouse brain follows a pattern similar to myelination

and is unaffected by the jimpy mutation. Dev. Neurosci. 24, 208–213.

[28] Hulet, S. W., Heyliger, S. O., Powers, S., and Connor, J. R. (2000) Oligo-

dendrocyte progenitor cells internalize ferritin via clathrin-dependent

receptor mediated endocytosis. J. Neurosci. Res. 61, 52–60.

[29] Hulet, S. W., Powers, S., and Connor, J. R. (1999) Distribution of trans-

ferrin and ferritin binding in normal and multiple sclerotic human

brains. J. Neurol. Sci. 165, 48–55.

[30] Moos, T. and Morgan, E. H. (2002) A morphological study of the devel-

opmentally regulated transport of iron into the brain. Dev. Neurosci.

24, 99–105.

[31] Sanyal, B., Polak, P. E., and Szuchet, S. (1996) Differential expression

of the heavy-chain ferritin gene in non-adherent and adherent oligoden-

drocytes. J. Neurosci. Res. 46, 87–197.

[32] Marta, C. B., Escobar Cabrera, O. E., Garcia, C. I., Villar, M. J., Pasquini,

J. M., and Soto, E. F. (2000) Oligodendroglial cell differentiation in rat

brain is accelerated by the intracranial injection of apotransferrin. Cell

Mol. Biol. (Noisy-le-grand) 46, 529–539.
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