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ABSTRACT
Iron is an essential trophic factor that is required for oxy-
gen consumption and ATP production. Thus it plays a key
role in vital cell functions. Although the brain has a rela-
tively high rate of oxygen consumption compared to other
organs, oligodendrocytes are the principal cells in the CNS
that stain for iron under normal conditions. The importance
of iron in myelin production has been demonstrated by
studies showing that decreased availability of iron in the
diet is associated with hypomyelination. The timing of iron
delivery to oligodendrocytes during development is also
important because hypomyelination and the associated neu-
rological sequelae persist long after the systemic iron
deficiency has been corrected. Therefore, identifying the
molecular roles of iron in oligodendrocyte development and
myelin production, and the mechanisms and timing of
iron acquisitions are important prerequisites to developing
effective therapies for dysmyelinating disorders. It is the
purpose of this review to give a comprehensive overview of
the existing literature on role of iron in oligodendrocytes
and the mechanisms of iron acquisition and intracellular
handling. VVC 2008 Wiley-Liss, Inc.

Oligodendrocytes are the glial cells in the CNS that
produce myelin. A number of trophic factors have been
identified that support oligodendrocyte development and
myelinogenesis, including FGF, PDGF, IGF-1, thyroid
hormone. The focus of this review is the role of iron in
oligodendrocyte development and myelin production.
Oligodendrocytes stain for iron more robustly that any
other cell in the normal adult brain (Benkovic and
Connor, 1993; Connor et al., 1995; Connor and Menzies,
1996). Iron-enriched oligodendrocytes appear in rows in
the white matter (see Fig. 1). The cell body of oligoden-
drocytes is clearly visible following iron staining, but
processes can also be detected (Figs. 1, 2 and 3). Iron-
enriched oligodendrocytes are found in lower animals
forms such as chickens and flys (Erb et al., 1996). Thus,
even in animals with minimal myelin oligodendrocytes
accumulate iron. Indeed in mammalian brains, in those
areas identified as iron enriched (cerebellar nuclei, the
substantia nigra, striatum), the principal cells that stain
for iron are oligodendrocytes (see Fig. 2) (Dwork et al.,
1988; Hill, 1989; Benkovic and Connor, 1993). These
data suggest that iron accumulation by oligodendrocytes
contributes more to the function of these cells than only

metabolic support for myelination, but data in areas
other than myelination are not available. Therefore this
review focuses on the relationship between iron and
myelination. Because oligodendrocytes do not synthesize
iron but must acquire it, the iron acquisition mecha-
nisms will also be reviewed.

According to the World Health Organization, iron defi-
ciency is the most common nutrient deficiency in the
world. On a global scale, the economic consequences of
iron deficiency are second only to deficiency of tuberculo-
sis (Connor, 1994; de Benoist, 2001). The most common
neurological signs of iron deficiency in children include
poor school performance, decreased cognitive abilities,
and behavior problems (Oski and Honig, 1978; Oski
et al., 1983; Grantham-McGregor and Ani, 2001). Sev-
eral studies have shown that these clinical outcomes in
iron-deficient children can be traced to hypomyelination
(Oski et al., 1983; Lozoff et al., 2006). Furthermore,
these neurological sequelae persist even after iron sup-
plementation (Lozoff et al., 2006; Lozoff and Georgieff,
2006; Beard, 2007). Thus, understanding the role of iron
in myelination and iron acquisition mechanisms by oli-
godendrocytes, including the timing of iron acquisition,
are the key to developing effective intervention strat-
egies. It is therefore the purpose of this paper to review
the current literature on physiological role of iron in the
myelination and mechanisms of iron import into the
oligodendrocytes.

IRON IN THE NORMAL BRAIN

In the brain, white matter stains more strongly for
iron than gray matter (LeVine and Macklin, 1990). The
iron distribution in the white matter, although unique to
oligodendrocytes, is not homogeneous, but occurs rather
in patches (Connor and Menzies, 1996). The functional
significance of the patchy iron staining (see Fig. 4) is not
clear, but indicates an epigenetic influence. Previous
studies have shown that in the developing brain, iron is
first detected in oligodendrocytes proximal to blood
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vessels and subsequently oligodendrocytes farther from
the blood vessels with the blood vessel remaining near
the center of the patch (Burdo et al.,1999). During the
second post-natal week, the distribution of iron-positive
oligodendrocytes colocalizes with the myelinogenic foci,
suggesting the functional relationship between iron
accumulation and myelin production (Connor and
Menzies, 1996). This observation is consistent with evi-
dence that the highest period of iron uptake in the CNS
coincides with the peak myelination (Taylor and Mor-
gan, 1990; Connor and Menzies, 1996). At this time
immature, iron-positive oligodendrocytes are clearly visi-
ble (see Fig. 5). Functionally, the iron acquisition by oli-
godendrocytes at the peak of myelination is likely linked
to their energy metabolism. At this stage of oligodendro-
cyte development, glucose is primarily metabolized
via pentose-phosphate shunt, which provides reducing

equivalents (NADPH) for synthesis of myelin fatty acids
and also requires iron as cofactor for its key enzymes
(i.e., glucose-6-phosphate dehydrogenase) (Cammer,
1984). After peak myelination is passed, pentose-phos-
phate decreases to 25% of total cellular metabolism,
which is also followed by decreased iron consumption
(Cammer, 1984), but not decreased iron staining or
apparently iron utilization. For example, oligodendro-
cytes synthesize transferrin, the iron mobilization pro-
tein, and the brain is the only organ in which transfer-
rin mRNA increases post-natally (Bloch et al., 1985).
This increase, as discussed later, is dependent on oligo-
dendrocytic maturation (Bartlett et al., 1991).

Clearly, iron is important for optimal oligodendrocyte
function. This argument is further reinforced by obser-
vations that chronic severe iron deficiency leads to hypo-
myelination, which has been documented both in human
and animal studies. In human studies, increased latency
of auditory brain stem potentials and visual evoked
potentials (indirect markers of myelination) have been
reported in iron-deficient children compared to normal
controls (Roncagliolo et al., 1998; Algarin et al., 2003).
In several studies using the rat model of iron deficiency,
restriction of dietary iron during gestation and the early
post-natal period resulted in a decrease in myelin pro-
teins (MBP and PLP), lipids (galactolipids and phospho-
lipids) and cholesterol (most significantly changed) in
iron-deficient animals compared to controls (Yu et al.,
1986; Ortiz et al., 2004). Interestingly, placing rats on
iron-restricted diet after the post-weaning period (PNDs

Fig. 1. Perl’s staining of normal adult mouse brain is confined
mainly to oligodendrocytes in white matter tracts. This representative
micrograph of iron staining in corpus callosum from a normal mouse
brain demonstrates labeling of small cells aligned in rows (vertical
arrows), which is characteristic of oligodendrocytes. Additional oligo-

dendrocytes are visible that are not aligned in rows (slanted arrows).
These cells have an eccentric nucleus and very few processes typical of
oligodendrocytes morphology. The reaction product is brown and
appears in one pole of the cell because of the eccentric nucleus.

Abbreviations

apoTf apo-transferrin
ATP adenosine tri-phosphate
CNPase 20,30-cyclic nucleotide 30-phosphodiesterase
FGF fibroblast growth factor
IGF-1 insulin-like growth factor 1
MAG myelin-associated glycoprotein
MBP myelin basic protein
OLGcs oligodendrocytes
OPCs oligodendrocyte progenitor cells
PDGF platelet derived growth factor
PLP proteolipid protein
PND post-natal day.
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21–63) also produced a significant decrease in myelina-
tion indices (including MBP, phospholipids, CNPase and
cytochrome oxidase activity) in the hindbrain and cere-
brum (Beard et al., 2003). These data suggest that the

oligodendrocytes of the adult brain are metabolically
active and require consistent iron delivery. The concept
of continued myelination in adult, and thus continued
iron requirements for myelin production and mainte-
nance, is also true in humans (Bartzokis, 2002). Contin-
ued iron accumulation with age, especially if neurons
begin to acquire substantial amounts of iron, could be
associated with oxidative stress resulting in neurodegen-
eration and subsequent myelin breakdown as observed
in such as Alzheimer’s, Huntingdon’s, and Parkinson’s
disease (Connor, 2002, 2004; Bartzokis et al., 2007a,b;
Bartzokis et al., 2004; Todorich and Connor, 2004). Thus,
the delivery mechanisms and regulation of those mecha-
nisms is critical for normal brain function at all ages.

In reference to the various studies on myelin and iron
deficiency, Larkin and Rao (1990) suggested that the
common thread among animal studies shows that even
though globally decreased, the relative ratio of myelin
components is in fact normal. These data further indi-
cate that the effect of iron restriction is associated with
a general decline of myelin production from a metabolic
compromise and not a loss of one particular myelin
component that is uniquely dependent on or regulated
by iron. Overall, iron deficiency effects on myelin pro-
duction suggest that iron requirements for myelin
are related to metabolic processes underlying general
myelin production rather than limited to lipid or protein
biosynthesis.

To date, it is not clear whether iron deficiency leads to
global brain hypomyelination by affecting oligodendro-
cyte number or their differentiation state or both. To

Fig. 2. Iron staining in adult mouse striatum. Another brain region
that stains heavily for iron with Perl’s is the striatum. In this brain region,
the cells are also small and round with relatively scant cytoplasm and proc-
esses and an eccentric nucleus. The morphology is again typical of oligoden-
drocytes and the iron-positive cells are primarily associated with the stria-

somes of the striatum although scattered cells are found throughout the
striatum. The iron reaction product is brown. This is a standard Perl’s reac-
tion that was enhanced by the treatment in 3,30-diaminobenzidine (Connor
and Benkovic, 1992; Hill and Switzer, 1984). [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

Fig. 3. Perl’s staining in normal human white matter. Higher power
(captured at 403) micrograph demonstrating iron staining (Perl’s reac-
tion) in oligodendrocytes (e.g., large arrow) of normal human white
matter. Staining is confined predominately in the cytoplasm, which sur-
rounds larger eccentrically positioned nucleus. Diffuse background
staining is observed with small rings (e.g., small arrows) or beads
which are oligodendrocyte processes.
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begin to address this question, Morath and Mayer-
Proschel (2001) showed that supplying increased iron
concentrations in the form of ferric ammonium citrate to
the media of glial restricted precursor cells in vitro (tri-
potential astro-oligodendrocytic precursors) isolated
from E13 rat spinal cord resulted in an increased gener-
ation of GalC1 oligodendrocytes in Fe-treated media
compared to controls (Morath and Mayer-Proschel,
2001). These data showed that iron availability may

result in an accelerated differentiation of GRPs into oli-
godendrocytes. On the other hand, increasing iron avail-
ability in O2A oligodendrocyte progenitors (OPCs)
altered oligodendrocyte proliferation without stimulating
them to differentiate (Morath and Mayer-Proschel,
2001). Although these data clearly show that iron can
modify oligodendrocyte proliferation and differentiation,
they illustrate that the timing of iron delivery is critical
for its effects on myelination.

Fig. 4. Perl staining of normal human white matter is distributed in
patches. Low power (A) and higher power (B) micrographs of 30 micron
sliding microtome frozen sections of normal human white matter
stained with the Perl’s reaction for iron and counter-stained with cresyl
violet to see the cell distribution. Alternating darkly stained with very
lightly stained areas gives the white matter tracts a patchy appear-
ance. Oligodendrocytes are found within the non-iron-staining patches.
The functional and epigenetic issues associated with this staining pat-
tern are not known, but it does appear that the patches of iron staining
are associated with blood vessels. The robust white matter staining has

been a challenge for many laboratories to obtain despite the reports
that there is more iron in the white matter than corresponding gray
matter (Rajan et al., 1976; Curnes et al., 1988). We have found that the
best way to obtain strong white matter staining in the brain is to (1)
use tissue (including human) that has not been fixed for more than
24 h, (2) the thicker the section the better. The optimal sections are
30–50 lm from a freezing microtome. We have almost never observed
the patchy staining on paraffin sections or thin cryostat sections. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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So, what do we know about the molecular mechanisms
by which decreased iron availability in oligodendrocytes
leads to decreased myelin? The best documented biologi-
cal consequences of iron deficiency are its post-transla-
tional effects on the iron-requiring proteins involved in
energy metabolism and myelin synthesis (Beard and
Pinero, 1996). Iron is needed as cofactor for cytochromes
a, b, and c, and the Fe-sulfur complexes of the oxidative
chain and hence is indispensable for ATP production
(Glinka, 1999). It has been reported that oligodendro-
cytes are the most metabolically active cells in the brain,
supporting myelin membranes that can exceed 1003 the
weight of an average oligodendrocyte (Cammer, 1984).
Consequently, oligodendrocytes must generate a rela-
tively high supply of ATP, which could explain their sen-
sitivity to iron deprivation. Many of the enzymes
involved in ATP production, cholesterol and fatty acid
synthesis, which are precursors of myelin are iron de-
pendent. These include HMG-CoA reductase, succinic
dehydrogenase, NADH dehydrogenase, dioxygenase and
glucose-6-phosphate dehydrogenase, and most of these
are enriched in oligodendrocytes compared to other cells
in CNS (Pinero, 2000). Lipid saturase and desaturase
enzymes, which are involved in increasing and decreas-
ing number of double bonds in fatty acids of lipids, also
have iron as cofactor (Lange and Que, 1998). Iron defi-
ciency leads to impaired function and degradation of
these proteins, which then impairs energy production
leading to a decrease in myelin production (Iron, 2001).
Several studies, albeit indirectly, reinforce the molecular
connection between iron and myelin. In humans, tellu-
rium causes peripheral neuropathy by inhibiting squa-
lene epoxidase, a key enzyme in synthesis of cholesterol
that requires Fe as cofactor (Wagner-Recio et al., 1991).
The mechanism of that inhibition was determined to be
tellurium mimicking iron at key site of the enzyme and
inhibiting its function (Harry et al., 1989; Wagner-Recio
et al., 1991). In addition, exposure to ethanol during the
development results in a number of pathological effects

including a delay in myelination (Harris et al., 2000;
Ozer et al., 2000; Zoeller et al., 1994). Exposure to etha-
nol in utero was associated with iron deficiency in the
brain. Specifically, pups of mothers administered ethanol
during gestation had decreased amounts of iron, trans-
ferrin, and ferritin in cerebral cortex, subcortical fore-
brain, and brainstem at different stages in development
suggesting that ethanol produced a delay in iron acquisi-
tion by the brain (Miller et al., 1995). Ethanol exposure
reportedly decreases transferrin synthesis in hepato-
cytes (Jeejeebhoy et al., 1972) and could be expected to
have a similar effect on oligodendrocytes. Therefore, the
common thread in the various developmental models is
that limiting iron availability to oligodendrocytes results
in adverse outcomes on their function, development and
myelination.

IRON TRANSPORT PROTEINS IN THE BRAIN

Clearly iron is essential for myelination, and under-
standing mechanisms of iron import by oligodendrocytes
is a necessary prerequisite for developing therapies for
demyelinating disorders associated with iron dyshomeo-
stasis. There are three main proteins that have been
identified that deliver iron to the brain: transferrin, H-
ferritin, and lactoferrin (Leveugle et al., 1996). Transfer-
rin and ferritin are discussed in detail because they
appear most important for oligodendrocytes.

Transferrin: Role in Iron Import and Myelination

Transport of iron into the brain across the blood brain
barrier (BBB) is traditionally considered as mediated by
transferrin, although other putative mechanisms of iron
BBB transport have been described (Fisher et al., 2007).
We have recently reviewed the mechanisms of brain iron
transport and offered significant challenges to this long
held belief that are beyond the scope of this review
(Connor, 2002). In addition to the BBB transport, cho-
roid plexus secretes transferrin, which could be another
iron source for pro-oligodendrocytes (Malecki et al.,
1999), but the transfer of iron from CSF to the brain pa-
renchyma is reportedly limited (Moos and Morgan,
1998). The latter study, however, investigated bulk flow
and did not consider diffusion that follows the microvas-
culature in the Virchow-Robbins space or how delivery
of a bolus of iron differs from the steady, slow secretion
that likely occurs from the choroid plexus.

Most of CNS transferrin in the brain is produced by
the oligodendroglial cells, but this transferrin is report-
edly not secreted (de Arriba Zerpa et al., 2000). The
functional importance of the intracellular transferrin in
oligodendrocytes is unclear. Nevertheless, the evidence
for the importance of transferrin in oligodendrocytes is
compelling. Tf gene expression in the brain (Bloch et al.,
1985; Espinosa de los Monteros et al., 1994) is predomi-
nantly present in OLGcs and the appearance of Tf in
OLGcs is key in the formation of myelin (Espinosa

Fig. 5. Iron staining of 15-day-old rat subcortical white matter. This
representative micrograph illustrates iron accumulation by developing
oligodendendrocyte progenitors (arrows) with multiple processes.
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de los Monteros et al., 1989, 1999; Connor et al., 1993).
The brain is the only organ in which Tf mRNA expres-
sion increases after birth, and this increase is directly
related to the maturation of oligodendrocytes (Bartlett
et al., 1991). Transgenic mice overexpressing Tf, have
increased levels of myelin components, including galac-
tolipids, phospholipids, and proteins (CNPase, MBP,
MAG) compared to littermate controls (Saleh et al.,
2003). The hypermyelinating effect of transferrin overex-
pression had no effect on mouse locomotion, cognitive
and emotional abilities, and electron microscopic analy-
sis showed myelin of normal thickness and compaction
(Saleh et al., 2003). Using the same mouse model, Sow
et al. (2006) showed that OPCs cultured from brains of
these mice show accelerated differentiation [expression
of O4 and PLP markers (O4 and O1, markers of pro-oli-
godendrocytes)] as well as increased expression of Sox
10 and Olig1 mRNA and protein. These observations
suggest that the overexpression of transferrin in oligo-
dendrocytes in this model stimulates accelerated differ-
entiation (i.e., earlier production of normal myelin), but
not necessarily more myelin. The intracellular Tf is im-
portant for mobilization of iron within the oligodendro-
cytes, although mice deficient in Tf still myelinate nor-
mally and their oligodendrocytes acquire iron (Dickinson
and Connor, 1995; Ortiz et al., 2004; Beard et al., 2005).

In addition to the intracellular effects, the role of Tf in
iron acquisition by oligodendrocytes has also been stud-
ied fairly extensively. Developing oligodendrocytes
express receptors for Tf as shown by binding studies
(Espinosa de los Monteros and Foucaud, 1987) and by
immunocytochemistry (Giometto et al., 1990); however
Tf receptor expression in OLGcs diminishes as the ani-
mal ages and is not detected in white matter in adults
in either rodents (Hulet et al., 1999, 2002), or humans
(Hulet et al. 1999). Emerging evidence suggests there is
an alternative Fe import to oligodendrocytes involving
H-ferritin that becomes dominant as the animal ages
and this system is also in humans (Hulet et al., 1999,
2000, 2002; Espinosa-Jeffrey et al., 2002). This topic will
be discussed later.

Since 1994 numerous studies designed to determine if
transferrin has a trophic effect on myelin production in-
dependent of iron have been performed by the Pasquini
group. These investigators have found that the intracra-
nial injection of a single dose of apoTf (iron-free Tf) in 3-
day-old rats produces an increase in the levels of the
MBP and CNPase mRNA and protein without affecting
those of PLP (Escobar Cabrera et al., 1994, 1997). Sub-
sequently, it was demonstrated that in the brain of rats
receiving ICI with apoTf there is an increase in the
mRNA of tubulin and actin, as well as in various micro-
tubule-associated proteins (MAPs) (Cabrera et al., 2000).
These results appeared to indicate that apoTf acts on
pro-oligodendrocytes inducing their rapid differentiation.
However these effects occurred only when the animals
were injected at days 2–7 of age, suggesting that there
was a ‘‘developmental temporal window’’ during which
apoTf was effective (Marta et al., 2000) and is likely
related to the loss of Tf receptor expression on the oligo-

dendrocytes (Han et al., 2003). In another study run off
transcription experiments showed that the MBP mRNA
was significantly increased at the nuclear levels, but
that the PLP mRNA was unaffected. These results
seemed to indicate that apoTf selectively regulates MBP
at the transcriptional level to enhance the maturation
and myelinogenic properties of oligodendrocytes in mye-
lin deficient rats as well as in controls (Espinosa-Jeffrey
et al., 2002). The mechanism by which apoTf would
result in upregulation of only MBP mRNA is not known
and is presumably indirect.

In congruence with the biochemical studies, morpho-
logic evaluation of apoTf injected rats showed increased
deposition of myelin in the optic nerves and the corpus
callosum. Specifically the ultrastructural analysis
showed that the intracranial treatment with apoTf
resulted in increased myelin decompaction, enlargement
in the distance between adjacent major dense lines, a
decreased density of the intraperiod line, and an
increase in the electron density of the major dense line,
accompanied by a significant increase in its width
(Marta et al., 2003). Quite probably, the impaired myelin
compaction found in both brain and optic nerves from
apoTf-treated rats is directly related to the abnormal
myelin composition that have been previously described
in theses animals (Escobar Cabrera et al., 1994). Myelin
basic protein and PLP are fundamental ultrastructural
constituents of the dense and intraperiod lines respec-
tively, and observations showing that the electron den-
sity and the width of the major dense line was markedly
increased, while the intraperiod line was difficult to
observe, could be a direct consequence of the signifi-
cantly higher MBP/PLP ratio present in the myelin
membrane of apoTf-treated rats.

The effects of apoTf on OLGcs differentiation in
in vitro experiments were also studied and yielded similar
results to those obtained in vivo. In the presence of
apoTf, OLGcs in culture developed a multipolar mor-
phology and showed an increased expression of MBP
and MAG as well as enhanced reactivity to O4 and O1
compared to controls. Migration studies using the aga-
rose drop assay showed that addition of apoTf strongly
inhibited oligodendrocyte precursor cell migration. This
effect was abolished with an antibody against the trans-
ferrin receptor. These results suggest that apoTf added
in vitro to cultured OPCs inhibits first their migration
and then enhances their differentiation (Paez et al.,
2002). The differentiation process is mediated by the
transferrin receptor and by different signal transduction
molecules, with the participation of the cytoskeleton.
Increase in cAMP and CREB phosphorylation occurs
when Tf is added to OLGcs in culture and/or when
transferrin is intracranially injected in newborn rats
(Marta et al., 2002; Garcia et al., 2003).

As mentioned before apoTf has been shown to increase
the expression of different components of the myelin cy-
toskeleton (Baracskay et al., 2002). When OLGcs in cul-
ture are treated with apoTf, this glycoprotein has a
punctate distribution pattern along the OLGcs proc-
esses. Treatment with colchicine, cytochalasin, or taxol
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induced a displacement of the immunoreactivity of apoTf
towards the OLGcs soma. Analysis of the effects of
apoTf on the cell distribution of tyrosinated and detyro-
sinated tubulin and STOP (stable tubule only polypep-
tide), showed it promoted changes suggesting a stabiliz-
ing effect on the microtubules (MT) at the tip of the
processes. Kinesin and dynein were found to colocalize
with the apoTf, suggesting that these motors participate
in the transport of the added glycoprotein. Moreover, af-
ter treatment with apoTf, clathrin immunoreactivity
was displaced from the OLGcs body toward the cell proc-
esses. The results indicated that apoTf seems to be
transported in clathrin coated vesicles from the cell body
to the tips of the OLGcs processes where it promotes
their stabilization. This mechanism may be of impor-
tance in the increased formation of the myelin mem-
brane (Ortiz et al., 2005).

The mechanisms involved in the effect of Tf on OLGcs
are complex and not understood. In studies in which the
progression of the cell cycle was analyzed in primary
cultures of OPCs treated with apoTf and/or with differ-
ent combinations of mitogenic factors, apoTf decreased
the number of BrdU1 cells and increased the cell cycle
time, while the number of cells in S phase was
decreased. The cell cycle inhibitors p27kip1, p21cip1 and
p53 were increased, and in agreement with these
results, the activity of the complexes involved in G1-S
progression (cyclin D/CDK4, cyclin E/CDK2), was dra-
matically decreased. Apotransferrin also inhibited the
mitogenic effects of PDGF and PDGF/IGF on OPCs, but
did not affect their proliferation rate in the presence of
bFGF, bFGF/PDGF or bFGF/IGF. These results indi-
cated that inhibition of the progression of the cell cycle
of OPCs by apoTf, even in the presence of PDGF, leads
to an early beginning of the differentiation program,
evaluated by different maturation markers (O4, GC and
MBP) and by morphological criteria. The modulation by
apoTf of the response of OPCs to PDGF supports the
idea that this glycoprotein might act as a key regulator
of the OLGcs lineage progression (Paez et al., 2006).

The studies on apoTf suggest that apoTf should be
considered as a possible useful factor which alone or in
combination with other growth/differentiation factors,
could promote remyelination in demyelinating pathologi-
cal processes. As an example of this concept, Adamo
et al. (2006) recently demonstrated that feeding Wistar
rats a diet containing cuprizone the animals showed his-
tological and biochemical evidence of marked demyelin-
ation. Treatment of these animals with a single intracra-
nial injection of apoTf (350 ng) at the time of cuprizone
withdrawal was associated with a marked increase in
myelin deposition and significant improvement in
remyelination compared to spontaneous recovery. Immu-
nocytochemical studies of the oligodendroglial cell
population at the time of cuprizone termination and at
different times thereafter showed that there was a
marked increase in the number of NG2-BrdU-positive
precursor cells together with a marked decrease in MBP
expression at the peak of cuprizone-induced demyelin-
ation. The amount of precursor cells decreased markedly

during spontaneous remyelination and was accompanied
by an increase in MBP reactivity. In the apoTf-treated
animals, these phenomena occurred much faster, and
remyelination was much more efficient than in the
untreated controls.

A critical question in the apoTf studies is whether or
not the apoTf has acquired iron once it is injected
in vivo or from the cell culture media. The presence of
iron is ubiquitous and compounded with the high affin-
ity of apoTf for iron is (association constant of 1022 M21)
suggest that even small concentrations of iron would
rapidly bind to injected apoTf (Aisen and Listowsky,
1980). However, most of the soluble iron in any biologi-
cal system is in the ferrous form, and would have to be
converted to ferric iron before it would bind to Tf. The
elevated production of myelin is consistent with elevated
myelination associated with over-expression of Tf by oli-
godendrocytes (Saleh et al., 2003, Sow et al., 2006).

To determine if the apoTf injections were effective in
an iron-deficient environment in the brain, apoTf was
injected intracranially to study the possibility of revers-
ing the hypomyelination processes produced by iron de-
privation. At PND 24, all the myelin components were
markedly diminished in the ID rats and the ICI of apoTf
in this case was only able to partially correct the effects
of iron deprivation, since with the exception of proteins,
none of the various constituents studied reached normal
values. These data suggest that adequate iron in the
brain, at least at some point during the intervention,
are required for the full apoTf effect.

Many factors could impact the results of the intracra-
nial injections on the iron-deficient rats. Therefore,
OLGcs were isolated from control and ID animals. The
cultures of OLGcs isolated from ID rats had fewer differ-
entiated cells relative to controls measured by the
number of MBP positive cells (from 39% to 17%) and
compared with the undifferentiated PSA-NCAM positive
cells (from 5% to 8%) (Badaracco et al., 2008). When
OLGcs isolated from ID rats in culture were treated
with apoTf, there was an increase in the number of
MBP (differentiated) positive cells (from 16.5% to 32%)
(Badaracco et al., 2008). On the other hand, the number
of PSA-NCAM (undifferentiated) positive cells dropped
from 8% in the ID-OLGcs to 4% in the OLGcs isolated
from ID rats that were treated with apoTf. The in vitro
treatment with apoTf produced a correction in the differ-
entiation of OLGcs isolated from ID rats consistent with
in vivo experiments (Ortiz et al., 2005).

Despite of the apparent importance of transferrin for
oligodendrocytes, mature oligodendrocytes in the adult
white matter express much lower levels of transferrin
receptor than other parts of the brain including cortex.
Several studies have independently failed to detect Tf
receptor in white matter tracts in adult animals with
different technical approaches. Immunohistochemical
studies assessing distribution of transferrin receptor in
the brain have shown strong staining of cortex and the
neurons, but found none or at most faint staining of Tf
receptors in the oligodendrocytes (Giometto et al., 1990;
Connor and Menzies, 1995). In situ hybridization
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detected abundant transcripts of Tf receptor mRNA in
adult mouse cortex, but low to none in the white matter
tracts (Han et al., 2003). The levels of transferrin recep-
tor mRNA in white matter did not increase even in con-
ditions of severe iron deficiency (Han et al., 2003).
Radiolabeled transferrin binds gray matter, but not
white matter tracts in adult mouse, rat and human
brains (Mash et al., 1990) (Hill et al., 1985; Hulet et al.,
1999). In vitro oligodendrocyte progenitors express
transferrin receptors, but if they are allowed to differen-
tiate into mature oligodendrocytes, transferrin receptor
protein expression becomes undetectable by Western
blot (unpublished data). These data are consistent with
studies that have shown that indices of myelination
(MBP, CNPase activity, PLP) can be increased by injec-
tions of apotransferrin into mice at PND 3, but not at
PND 20 (Escobar Cabrera et al., 1994; Marta et al.,
2000). It appears that there is a ‘‘critical temporal win-
dow’’ in the mouse brain development in which oligoden-
drocytes are responsive to apotransferrin injections can
be explained by presence of transferrin receptors on
early OPCs. When oligodendrocytes reach maturation at
PND 20 their complete downregulation of transferrin re-
ceptor makes them no longer responsive to exogenous
transferrin (Hulet et al., 2002).

Despite their lack of transferrin receptor, mature oligo-
dendrocytes continue to remain the principal cell in the
brain that stains for iron. Presumably there is a contin-
ued need for iron uptake given that iron deficiency in the
adult can lead to loss of myelin (Beard et al., 2003). In
support of this idea, despite having transferrin levels of
less than 1% of normal controls in the brain, hypotrans-
ferrinemic mice are not hypomyelinated (Dickinson and
Connor, 1995, 1998). These mice even have higher than
normal levels of iron in white matter. Because these mice
require transferrin injections for survival; they cannot be
used to argue that transferrin is not required for iron
delivery to oligodendrocytes. Indeed the human transfer-
rin used to replace the transferrin in these mice can be
detected in brain and in oligodendrocytes (Dickinson and
Connor, 1995). Nonetheless, uptake of iron into the brain
continued in the absence of transferrin (Takeda et al.,
1998), while in oligodendrocytes cultured in media lack-
ing transferrin, both normal and oligodendrocytes isolated
from hypotransferrinemic mice actually increased inter-
nalization of Fe-59 from culture media (Takeda et al.
1998). These data prompted us to consider alternatives to
transferrin for delivery of iron into oligodendrocytes.

Ferritin: Role in Iron Storage, Transport, and
Oligodendrocyte Function

Ferritin is a high capacity iron storage protein; theoret-
ically capable of binding over 4,500 iron atoms (Harrison
and Arosio, 1996). Ferritin has been classically thought of
as a cytosolic iron buffer because of its ability to sequester
excess iron thereby preventing iron-mediated free radical
toxicity. Existence of extracellular ferritin suggested that
the function of this protein extends beyond its role as an
intracellular iron buffer, and may provide the opportunity

for ferritin to function as an iron delivery protein. Ferri-
tin is a 24 subunit protein, composed of heavy (H) and
light (L) chains which can associate to form either homo-
or heteromers, the ratio of which is tissue and cell type-
specific (Harrison and Arosio, 1996). Although the brain
has twice the amount of H-ferritin than L-ferritin, the
exact ratio of H- and L-ferritins is dependent on the spe-
cific region of the brain, the age and specific cell type in
question (Connor and Menzies, 1996). For example, neu-
rons express mainly H-ferritin, while microglia express
mainly L-ferritin. Oligodendrocytes express a mixture of
both L- and H-ferritins (Blissman et al., 1996; Connor
and Menzies, 1996). Distribution of ferritin subunits in
these cells is consistent with their function and pattern of
iron utilization: L-ferritin is the predominant type in
microglia, and associated with iron storage, while neurons
and oligodendrocytes, which are high in H-ferritin have a
high metabolic rate and also high iron turnover (Connor
and Menzies, 1996). Blissman et al. (1996) showed that in
the developing pig brain accumulation of iron coincides
with the appearance of immunostainable H-ferritin in
CNPase positive cells, a standard marker of mature oligo-
dendrocytes (Blissman et al., 1996). Even though only a
subset of all CNPase positive cells were also Fe/H-ferritin
positive, only Fe/H-ferritin positive cells expressed MBP
(Blissman et al. 1996). This latter in vivo study and a cell
culture study by Sanyal et al. (1996) were the first to sug-
gest that accumulation of H-ferritin in oligodendrocytes
might be an important pre-requisite for myelination.

The importance of H-ferritin for oligodendrocyte func-
tion was also explored using an H-ferritin knockout mouse
model. The null mutation for H-ferritin is embryonically
lethal between PNDs 3.5 and 10.5 post-fertilization
(Ferreira et al., 2000, 2001). The H-ferritin heterozygote
(1/2) mice have approximately 20% of the normal levels
of H-ferritin in the brain accompanied by significant
decreases in galactolipids, cholesterol and phospholipids,
and PLP in their myelin compared to 1/1 controls
(Ortiz et al., 2004). Therefore, the myelin profile in the
H-ferritin deficient mice is similar to the dietary iron
deficiency models. The brain iron concentration of these
animals is normal, however, and iron staining in the oli-
godendrocytes could be demonstrated, although the
amount of iron is not known. Initially, we interpreted
the decreased myelin profile in the H-ferritin deficient
mice as resulting from a compromised ability to handle
the intracellular iron and these data support the notion
that H-ferritin accumulation by oligodendrocytes is im-
portant for myelination. However, now that H-ferritin
has been identified as a potential iron delivery protein
for oligodendrocytes (Hulet et al., 2000) an alternative
interpretation that the hypomyelination in these mice is
due to decreased iron delivery by H-ferritin.

The Case for an H-Ferritin Receptor on
Oligodendrocytes

In 1974 while studying liver uptake of injected Fe-59
in rats, Unger and Hershko (Unger and Hershko, 1974)
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first hinted at the possibility of existence of plasma
membrane receptor for ferritin in liver. Since then, ferri-
tin receptors have been reported in binding studies in
variety of cell types including rat (Mack et al., 1985),
pig (Adams et al., 1988) and human hepatocytes (Adams
et al., 1988), guinea pig reticulocytes (Blight and Mor-
gan, 1987), Molt4 T lymphoid cells (Moss et al., 1992),
K562 erythroleukemia cell line (Fargion et al., 1988),
HL-60 promyelocytic cell line (Covell and Cook, 1988), T
lymphocytes (Fargion et al., 1991) and erythroid precur-
sors (Gelvan et al., 1996). In a series of binding experi-
ments, Hulet et al. showed that saturable and specific
H-ferritin receptor(s) existed in white matter tracts of
the rodent and human brain and demonstrated in cell
culture studies that ferritin receptors were unique to oli-
godendrocytes (Hulet et al. 1999, 2000, 2002). Develop-
mentally, H-ferritin binding followed the spatial and
temporal sequence associated with myelinogenesis
(Hulet et al. 2002). The binding constant (Kd) for H-fer-
ritin in the brain and on oligodendrocytes was 4.65 nM,
comparable to those in non-CNS tissue suggesting that
the putative receptor in the brain may be the same pro-
tein (Hulet et al., 1999). These results suggest that two
alternative iron delivery mechanisms exist in the adult
brain: transferrin in grey matter and neurons, and ferri-
tin in white matter and oligodendrocytes. The advantage
of a separate iron delivery for oligodendrocytes in form
of H-ferritin may be avoiding competition for transfer-
rin-bound iron with the neurons and other brain cells
that primarily use transferrin system while still preserv-
ing iron supply to oligodendrocytes in form of H-ferritin.

The possibility that H-ferritin could play a significant
role as an iron delivery protein in the brain and specific
to oligodendrocytes represents a paradigm shift from the
traditional thinking that iron delivery to cells is trans-
ferrin mediated. A critical question that required imme-
diate attention was to find the source of H-ferritin. Cur-
rently, two potential sources have been identified (see
Fig. 6). One potential source is direct transport of H-fer-
ritin across the BBB (Fisher et al., 2007). The second
potential source is from microglia (Zhang et al., 2006).
Even before myelination begins, microglia begin to accu-
mulate iron in white matter (Connor and Menzies, 1996;
Zhang et al., 2006), indeed, the onset of microglial stain-
ing for iron and ferritin during development precedes
that of oligodendrocytes (Cheepsunthorn et al., 1998)
and ameboid microglia stain strongly for Tf receptors in
corpus callosum of 1–10-day-old rat, just prior to peak
myelination (Kaur and Ling, 1995). The suggestion that
microglia express Tf receptors should be viewed with
caution because this study did not control for Fc recep-
tor binding of the secondary antibody by microglia, but
it is consistent with the observed relatively high levels
of iron and ferritin in these cells prior to onset of myeli-
nation. When myelination begins, microglia decrease the
amount of stainable iron, while iron-positive oligoden-
drocytes and iron staining in the newly synthesized
myelin begin to appear and increase over time (Chee-
psunthorn et al., 1998). Collectively these findings sug-
gest that in early post-natal period, microglia first accu-

mulate iron, serving as a sort of a iron capacitor, and
releasing it to developing OPCs during myelination
when the oligodendrocyte requirement for iron is the
highest (see Fig. 6). This concept was further explored
in vitro showing that media from iron-loaded primary
rat microglia contained factors that promoted survival of
developing primary rat OPCs in culture (Zhang et al.,
2006). Of the iron related proteins, H-ferritin, but not L-
ferritin or transferrin, was elevated in the media from
the iron-loaded microglia. Transfection of these cells
with siRNA directed to H-ferritin abolished the trophic
effect of microglia conditioned media on OPCs, strongly
suggesting that the trophic factor is H-ferritin (Zhang
et al., 2006). Collectively, these studies suggest that
microglia play an important role in supporting oligoden-
drocyte development and that they may contribute iron
for the myelination process, mainly in form of H-ferritin.

The other major question if H-ferritin was an iron
source for oligodendrocytes was the identity of the H-fer-
ritin receptor. The identity of H-ferritin receptor in any
cells was unknown until recently when Chen et al.
(2005) demonstrated that overexpression of Tim-2 (T cell
immunoglobulin mucin domain 2) protein in a T-cell line
confers these cells the ability to endocytose H-ferritin.
Tim-2 is expressed in the brain on oligodendrocytes and
that blocking Tim-2 abates H-ferritin binding to primary
rat oligodendrocytes (Todorich et al., 2008).

In conclusion, there is compelling evidence that iron is
essential for normal myelin production and maintenance
and iron accumulation by oligodendrocytes is an early
event in the development of oligodendrocytes. Iron deliv-
ery to oligodendrocytes is mediated by transferrin ini-

Fig. 6. Schematic of current understanding of iron sources for devel-
oping oligodendrocytes in CNS. Transferrin delivers iron to oligodendro-
cyte progenitor cells (OPCs). The source of transferrin for these cells is
not known but is thought to come across the blood–brain barrier (BBB)
from serum. The transferrin made by oligodendrocytes is reportedly not
secreted (see text) and the only other source of transferrin in the brain
is the choroid plexus. In parallel, H-ferritin with its iron is transported
across BBB (Fisher et al., 2007) and microglia also release this protein
(Zhang et al., 2006) and delivers iron both to OPCs and mature oligo-
dendrocytes (Hulet et al., 2000).

475OLIGODENDROCYTES AND MYELINATION: ROLE OF IRON

GLIA



tially and subsequently by H-ferritin (see Fig. 6). The
role of H-ferritin and transferrin in both iron delivery
and intracellur iron handling further emphasizes the
importance of these proteins and iron in oligodendrocyte
function. Knowledge of the timing of H-ferritin and
transferrin expression will be essential for developing
therapeutic strategies for treating iron deficiency related
hypomyelination and supporting reparative mechanisms
for treating dysmyelinating disorders.

REFERENCES

Adamo AM, Paez PM, Escobar Cabrera OE, Wolfson M, Franco PG,
Pasquini JM, Soto EF. 2006. Remyelination after cuprizone-induced
demyelination in the rat is stimulated by apotransferrin. Exp Neurol
198:519–529.

Adams PC, Mack U, Powell LW, Halliday JW. 1988. Isolation of a porcine
hepatic ferritin receptor. Comp Biochem Physiol B 90:837–841.

Adams PC, Powell LW, Halliday JW. 1988. Isolation of a human hepatic
ferritin receptor. Hepatology 8:719–721.

Aisen P, Listowsky I. 1980. Iron transport and storage proteins. Annu
Rev Biochem 49:357–393.

Algarin C, Peirano P, Garrido M, Pizarro F, Lozoff B. 2003. Iron defi-
ciency anemia in infancy: long-lasting effects on auditory and visual
system functioning. Pediatr Res 53:217–223.

Badaracco ME, Soto EF, Connor JR, Pasquini JM. 2008. Effect of trans-
ferrin on hypomyelination induced by iron deficiency. J Neurosci Res.
May 5.

Baracskay KL, Duchala CS, Miller RH, Macklin WB, Trapp BD. 2002.
Oligodendrogenesis is differentially regulated in gray and white mat-
ter of jimpy mice. J Neurosci Res 70:645–654.

Bartlett WP, Li XS, Connor JR. 1991. Expression of transferrin mRNA
in the CNS of normal and jimpy mice. J Neurochem 57:318–322.

Bartzokis G. 2002. Schizophrenia: breakdown in the well-regulated life-
long process of brain development and maturation. Neuropsychophar-
macology 27:672–683.

Bartzokis G, Lu PH, Tishler TA, Fong SM, Oluwadara B, Finn JP,
Huang D, Bordelon Y, Mintz J, Perlman S. 2007a. Myelin breakdown
and iron changes in Huntington’s disease: pathogenesis and treat-
ment implications. Neurochem Res 32:1655–1664.

Bartzokis G, Tishler TA, Lu PH, Villablanca P, Altshuler LL, Carter M,
Huang D, Edwards N, Mintz J. 2007b. Brain ferritin iron may influ-
ence age- and gender-related risks of neurodegeneration. Neurobiol
Aging 28:414–423.

Bartzokis G, Tishler TA, Shin IS, Lu PH, Cummings JL. 2004. Brain
ferritin iron as a risk factor for age at onset in neurodegenerative dis-
eases. Ann N Y Acad Sci 1012:224–236.

Beard J. 2007. Recent evidence from human and animal studies regard-
ing iron status and infant development. J Nutr 137:524S–530S.

Beard JL, Dawson H, Pinero DJ. 1996. Iron metabolism: a comprehen-
sive review. Nut Rev 54:295–317.

Beard JL, Wiesinger JA, Connor JR. 2003. Pre- and postweaning iron
deficiency alters myelination in Sprague-Dawley rats. Dev Neurosci
25:308–315.

Beard JL, Wiesinger JA, Li N, Connor JR. 2005. Brain iron uptake in
hypotransferrinemic mice: influence of systemic iron status. J Neuro-
sci Res 79:254–261.

Benkovic SA, Connor JR. 1993. Ferritin, transferrin, and iron in
selected regions of the adult and aged rat brain. J Comp Neurol 338:
97–113.

Blight GD, Morgan EH. 1987. Transferrin and ferritin endocytosis and
recycling in guinea-pig reticulocytes. Biochim Biophys Acta 929:18–24.

Blissman G, Menzies, Beard J, Palmer C, Connor J. 1996. The expres-
sion of ferritin subunits and iron in oligodendrocytes in neonatal por-
cine brains. Dev Neurosci 18:274–281.

Bloch B, Popovici T, Levin MJ, Tuil D, Kahn A. 1985. Transferrin gene
expression visualized in oligodendrocytes of the rat brain by using in
situ hybridization and immunohistochemistry. Proc Natl Acad Sci
USA 82:6706–6710.

Burdo JR, Martin J, Menzies SL, Dolan KG, Romano MA, Fletcher RJ,
Garrick MD, Garrick LM, Connor JR. 1999. Cellular distribution of
iron in the brain of the Belgrade rat. Neuroscience 93:1189–1196.

Cabrera OE, Bongiovanni G, Hallak M, Soto EF, Pasquini JM. 2000.
The cytoskeletal components of the myelin fraction are affected by a
single intracranial injection of apotransferrin in young rats. Neuro-
chem Res 25:669–676.

Cammer, W. 1984. Oligodendrocyte associated enzymes. In: Norton WT,
editor. Oligodendroglia. New York: Plenum. p 199–232.

Cheepsunthorn P, Palmer C, Connor JR. 1998. Cellular distribution of
ferritin subunits in postnatal rat brain. J Comp Neurol 400:73–86.

Chen TT, Li L, Chung DH, Allen CD, Torti SV, Torti FM, Cyster JG,
Chen CY, Brodsky FM, Niemi EC, Nakamura MC, Seaman WE,
Daws MR. 2005. TIM-2 is expressed on B cells and in liver and kidney
and is a receptor for H-ferritin endocytosis. J Exp Med 202:955–965.

Connor JR. 1994. Iron acquisition and expression of iron regulatory
proteins in the developing brain: manipulation by ethanol exposure,
iron deprivation and cellular dysfunction. Dev Neurosci 16:233–247.

Connor JR. 2004. Myelin breakdown in Alzheimer’s disease: a commen-
tary. Neurobiol Aging 25:45–47.

Connor JB, JR. 2002. Mechanisms of iron transport in the brain. In:
Templeton D, editor. Cellular and molecular mechanisms of iron
transport. New York: Marcel Dekker.

Connor JR, Menzies SL. 1995. Cellular management of iron in the
brain. J Neurol Sci 134(Suppl):33–44.

Connor JR, Menzies SL. 1996. Relationship of iron to oligodendrocytes
and myelination. Glia 17:83–93.

Connor JR, Pavlick G, Karli D, Menzies SL, Palmer C. 1995. A histo-
chemical study of iron-positive cells in the developing rat brain.
J Comp Neurol 355:111–123.

Connor JR, Roskams AJ, Menzies SL, Williams ME. 1993. Transferrin
in the central nervous system of the shiverer mouse myelin mutant.
J Neurosci Res 36:501–507.

Covell AM, Cook JD. 1988. Interaction of acidic isoferritins with human
promyelocytic HL60 cells. Br J Haematol 69:559–563.

Curnes JT, Burger PC, Djang WT, Boyko OB. 1988. MR imaging of
compact white matter pathways. AJNR 9:1061–1068.

de Arriba Zerpa GA, Saleh MC, Fernandez PM, Guillou F, Espinosa de
los Monteros A, de Vellis J, Zakin MM, Baron B. 2000. Alternative
splicing prevents transferrin secretion during differentiation of a
human oligodendrocyte cell line. J Neurosci Res 61:388–395.

de Benoist B. 2001. Iron deficiency anemia: reexamining the nature
and magnitude of the public health problem. J Nutr 131:563S–703S.
Proceedings of a conference at Belmont, ML, May 21–24, 2000.

Dickinson TK, Connor JR. 1995. Cellular distribution of iron, transferrin,
and ferritin in the hypotransferrinemic (Hp) mouse brain. J Comp Neu-
rol 355:67–80.

Dickinson TK, Connor JR. 1998. Immunohistochemical analysis of
transferrin receptor: regional and cellular distribution in the hypo-
transferrinemic (hpx) mouse brain. Brain Res 801:171–181.

Dwork AJ, Schon EA, Herbert J. 1988. Nonidentical distribution of
transferrin and ferric iron in human brain. Neuroscience 27:333–345.

Erb GL, Osterbur DL, LeVine SM. 1996. The distribution of iron in the
brain: a phylogenetic analysis using iron histochemistry. Brain Res
Dev Brain Res 93:120–128.

Escobar Cabrera OE, Bongarzone ER, Soto EF, Pasquini JM. 1994. Sin-
gle intracerebral injection of apotransferrin in young rats induces
increased myelination. Dev Neurosci 16:248–254.

Escobar Cabrera OE, Zakin MM, Soto EF, Pasquini JM. 1997. Single intra-
cranial injection of apotransferrin in young rats increases the expression
of specific myelin protein mRNA. J Neurosci Res 47:603–608.

Espinosa-Jeffrey A, Kumar S, Zhao PM, Awosika O, Agbo C, Huang A,
Chang R, De Vellis J. 2002. Transferrin regulates transcription of the
MBP gene and its action synergizes with IGF-1 to enhance myelino-
genesis in the md rat. Dev Neurosci 24:227–241.

Espinosa de los Monteros A, Foucaud B. 1987. Effect of iron and trans-
ferrin on pure oligodendrocytes in culture; characterization of a high-
affinity transferrin receptor at different ages. Brain Res 432:123–130.

Espinosa de los Monteros A, Kumar S, Zhao P, Huang CJ, Nazarian R,
Pan T, Scully S, Chang R, de Vellis J. 1999. Transferrin is an essen-
tial factor for myelination. Neurochem Res 24:235–248.

Espinosa de los Monteros A, Pena LA, de Vellis J. 1989. Does transferrin
have a special role in the nervous system? J Neurosci Res 24:125–
136.

Espinosa de los Monteros A, Sawaya BE, Guillou F, Zakin MM, de
Vellis J, Schaeffer E. 1994. Brain-specific expression of the human
transferrin gene. Similar elements govern transcription in oligoden-
drocytes and in a neuronal cell line. J Biol Chem 269:24504–24510.

Fargion S, Arosio P, Fracanzani AL, Cislaghi V, Levi S, Cozzi A,
Piperno A, Fiorelli G. 1988. Characteristics and expression of binding
sites specific for ferritin H-chain on human cell lines. Blood 71:753–
757.

Fargion S, Fracanzani AL, Brando B, Arosio P, Levi S, Fiorelli G. 1991.
Specific binding sites for H-ferritin on human lymphocytes: modula-
tion during cellular proliferation and potential implication in cell
growth control. Blood 78:1056–1061.

Ferreira C, Bucchini D, Martin ME, Levi S, Arosio P, Grandchamp B,
Beaumont C. 2000. Early embryonic lethality of H ferritin gene dele-
tion in mice. J Biol Chem 275:3021–3024.

476 TODORICH ET AL.

GLIA



Ferreira C, Santambrogio P, Martin ME, Andrieu V, Feldmann G,
Henin D, Beaumont C. 2001. H ferritin knockout mice: a model of
hyperferritinemia in the absence of iron overload. Blood 98:525–532.

Fisher JL, Devraj K, Ingram J, Slagle-Webb B, Madhankumar A, Liu
X, Klinger M, Simpson IA, Connor J. 2007. Ferritin—A novel mecha-
nism for delivery of iron to the brain and other organs. Am J Physiol
Cell Physiol 293:C641–C649.

Garcia CI, Paez P, Soto EF, Pasquini JM. 2003. Differential effects of
apotransferrin on two populations of oligodendroglial cells. Glia
42:406–416.

Gelvan D, Fibach E, Meyron-Holtz EG, Konijn AM. 1996. Ferritin
uptake by human erythroid precursors is a regulated iron uptake
pathway. Blood 88:3200–3207.

Giometto B, Bozza F, Argentiero V, Gallo P, Pagni S, Piccinno MG,
Tavolato B. 1990. Transferrin receptors in rat central nervous sys-
tem. An immunocytochemical study. J Neurol Sci 98:81–90.

Glinka Y, Gassen M, Youdim MBH, Connor JR. 1999. Iron and neuro-
transmitter function in the brain: Metals and oxidative damage in
neurological disorders. 1–22.

Grantham-McGregor S, Ani C. 2001. A review of studies on the effect
of iron deficiency on cognitive development in children. J Nutr
131:649S–666S; discussion 666S–668S.

Han J, Day JR, Connor JR, Beard JL. 2003. Gene expression of trans-
ferrin and transferrin receptor in brains of control vs. iron-deficient
rats. Nutr Neurosci 6:1–10.

Harris SJ, Wilce P, Bedi KS. 2000. Exposure of rats to a high but not
low dose of ethanol during early postnatal life increases the rate of
loss of optic nerve axons and decreases the rate of myelination.
J Anat 197(Part 3):477–485.

Harrison PM, Arosio P. 1996. The ferritins: molecular properties, iron
storage function and cellular regulation. Biochim Biophys Acta
1275:161–203.

Harrison PM, Arosio P. 1996. The ferritins: molecular properties, iron
storage function and cellular regulation. Biochim Biophys Acta 1275:
161–203.

Harry GJ, Goodrum JF, Bouldin TW, Wagner-Recio M, Toews AD,
Morell P. 1989. Tellurium-induced neuropathy: metabolic alterations
associated with demyelination and remyelination in rat sciatic nerve.
J Neurochem 52:938–945.

Hill J. 1989. The distribution of iron in the brain. In: Youdim MBH,
Lowenberg W, Tipton KR, editors. Topics in neurochemistry and neu-
ropharmacology, Vol. 2, London: UK: Taylor & Francis pp. 1–24.

Hill JM, Ruff MR, Weber RJ, Pert CB. 1985. Transferrin receptors in
rat brain: neuropeptide-like pattern and relationship to iron distribu-
tion. Proc Natl Acad Sci USA 82:4553–4557.

Hill JM, Switzer RC. 1984. The regional distribution and cellular local-
ization of iron in the rat brain. Neuroscience 11:595–603.

Hulet SW, Hess EJ, Debinski W, Arosio P, Bruce K, Powers S, Connor
JR. 1999. Characterization and distribution of ferritin binding sites
in the adult mouse brain. J Neurochem 72:868–874.

Hulet SW, Heyliger SO, Powers S, Connor JR. 2000. Oligodendrocyte
progenitor cells internalize ferritin via clathrin-dependent receptor
mediated endocytosis. J Neurosci Res 61:52–60.

Hulet SW, Menzies S, Connor JR. 2002. Ferritin binding in the develop-
ing mouse brain follows a pattern similar to myelination and is unaf-
fected by the jimpy mutation. Dev Neurosci 24:208–213.

Hulet SW, Powers S, Connor JR. 1999. Distribution of transferrin and
ferritin binding in normal and multiple sclerotic human brains.
J Neurol Sci 165:48–55.

Jeejeebhoy KN, Phillips MJ, Bruce-Robertson A, Ho J, Sodtke U. 1972.
The acute effect of ethanol on albumin, fibrinogen and transferrin
synthesis in the rat. BiochemJ 126:1111–1124.

Kaur C, Ling EA. 1995. Transient expression of transferrin receptors
and localisation of iron in amoeboid microglia in postnatal rats.
J Anat 186:165–173.

Lange SJ, Que L Jr. 1998. Oxygen activating nonheme iron enzymes.
Curr Opin Chem Biol 2:159–172.

Larkin EC, Rao GA. 1990. Importance of fetal and neonatal iron: ade-
quacy for normal development of central nervous system. In: Dobbing
J, editor. Brain, behavior and iron in the infant diet. London:
Springer-Verlag. pp 43–63.

Leveugle B, Faucheux BA, Bouras C, Nillesse N, Spik G, Hirsch EC,
Agid Y, Hof PR. 1996. Cellular distribution of the iron-binding pro-
tein lactotransferrin in the mesencephalon of Parkinson’s disease
cases. Acta Neuropathol (Berl) 91:566–572.

LeVine SM, Macklin WB. 1990. Iron-enriched oligodendrocytes: a reex-
amination of their spatial distribution. J Neurosci Res 26:508–512.

Lozoff B, Beard J, Connor J, Barbara F, Georgieff M, Schallert T. 2006.
Long-lasting neural and behavioral effects of iron deficiency in
infancy. Nutr Rev 64(5 Part 2):S34–S43; discussion S72–S91.

Lozoff B, Georgieff MK. 2006. Iron deficiency and brain development.
Semin Pediatr Neurol 13:158–165.

Mack U, Storey EL, Powell LW, Halliday JW. 1985. Characterization of
the binding of ferritin to the rat liver ferritin receptor. Biochim Bio-
phys Acta 843:164–170.

Malecki EA, Cook BM, Devenyi AG, Beard JL, Connor JR. 1999. Trans-
ferrin is required for normal distribution of 59Fe and 54Mn in mouse
brain. J Neurol Sci 170:112–118.

Marta CB, Davio C, Pasquini LA, Soto EF, Pasquini JM. 2002. Molecu-
lar mechanisms involved in the actions of apotransferrin upon the
central nervous system: Role of the cytoskeleton and of second mes-
sengers. J Neurosci Res 69:488–496.

Marta CB, Escobar Cabrera OE, Garcia CI, Villar MJ, Pasquini JM,
Soto EF. 2000. Oligodendroglial cell differentiation in rat brain is
accelerated by the intracranial injection of apotransferrin. Cell Mol
Biol (Noisy-le-grand) 46:529–539.

Marta CB, Paez P, Lopez M, Pellegrino de Iraldi A, Soto EF, Pasquini
JM. 2003. Morphological changes of myelin sheaths in rats intracra-
nially injected with apotransferrin. Neurochem Res 28:101–110.

Mash DC, Pablo J, Flynn DD, Efange SM, Weiner WJ. 1990. Character-
ization and distribution of transferrin receptors in the rat brain.
J Neurochem 55:1972–1979.

Miller MW, Roskams AJ, Connor JR. 1995. Iron regulation in the devel-
oping rat brain: effect of in utero ethanol exposure. J Neurochem 65:
373–380.

Moos T, Morgan EH. 1998. Kinetics and distribution of [59 Fe-12S]
transferrin injected into the ventricular system of the rat. Brain Res
790:115–128.

Morath DJ, Mayer-Proschel M. 2001. Iron modulates the differentiation
of a distinct population of glial precursor cells into oligodendrocytes.
Dev Biol 237:232–243.

Moss D, Powell LW, Arosio P, Halliday JW. 1992. Effect of cell prolifera-
tion on H-ferritin receptor expression in human T lymphoid (MOLT-
4) cells. J Lab Clin Med 120:239–243.

Ortiz E, Pasquini JM, Thompson K, Felt B, Butkus G, Beard J, Connor
JR. 2004. Effect of manipulation of iron storage, transport, or avail-
ability on myelin composition and brain iron content in three differ-
ent animal models. J Neurosci Res 77:681–689.

Ortiz EH, Pasquini LA, Soto EF, Pasquini JM. 2005. Apotransferrin
and the cytoskeleton of oligodendroglial cells. J Neurosci Res 82:822–
830.

Oski FA, Honig AS. 1978. The effects of therapy on the developmental
scores of iron-deficient infants. J Pediatr 92:21–25.

Oski FA, Honig AS, Helu B, Howanitz P. 1983. Effect of iron therapy on
behavior performance in nonanemic, iron-deficient infants. Pediatrics
71:877–880.

Ozer E, Sarioglu S, Gure A. 2000. Effects of prenatal ethanol exposure
on neuronal migration, neuronogenesis and brain myelination in the
mice brain. Clin Neuropathol 19:21–25.

Paez PM, Garcia CI, Soto EF, Pasquini JM. 2006. Apotransferrin
decreases the response of oligodendrocyte progenitors to PDGF and
inhibits the progression of the cell cycle. Neurochem Int 49:359–371.

Paez PM, Marta CB, Moreno MB, Soto EF, Pasquini JM. 2002. Apo-
transferrin decreases migration and enhances differentiation of oligo-
dendroglial progenitor cells in an in vitro system. Dev Neurosci 24:
47–58.

Pinero D, Connor JR. 2000. Iron in the brain: An important contributor
in normal and diseased states. Neuroscientist 6:435–453.

Rajan KS, Colburn RW, Davis JM. 1976. Distribution of metal ions in
the subcellular fractions of several rat brain areas. Life Sci 18:423–
431.

Roncagliolo M, Garrido M, Walter T, Peirano P, Lozoff B. 1998. Evi-
dence of altered central nervous system development in infants with
iron deficiency anemia at 6 mo: delayed maturation of auditory brain-
stem responses. Am J Clin Nutr 68:683–690.

Saleh MC, Espinosa de los Monteros A, de Arriba Zerpa GA, Fontaine
I, Piaud O, Djordjijevic D, Baroukh N, Garcia Otin AL, Ortiz E,
Lewis S, Fiette L, Santambrogio P, Belzung C, Connor JR, de Vellis
J, Pasquini JM, Zakin MM, Baron B, Guillou F. 2003. Myelination
and motor coordination are increased in transferrin transgenic mice.
J Neurosci Res 72:587–594.

Sanyal B, Polak PE, Szuchet S. 1996. Differential expression of the
heavy-chain ferritin gene in non-adhered and adhered oligodendro-
cytes. J Neurosci Res 46:187–197.

Skoff RP, Toland D, Nast E. 1980. Pattern of myelination and distribu-
tion of neuroglial cells along the developing optic system of the rat
and rabbit. J Comp Neurol 191:237–253.

Sow A, Lamant M, Bonny JM, Larvaron P, Piaud O, Lecureuil C, Fon-
taine I, Saleh MC, Garcia Otin AL, Renou JP, Baron B, Zakin M,
Guillou F. 2006. Oligodendrocyte differentiation is increased in trans-
ferrin transgenic mice. J Neurosci Res 83:403–414.

Takeda A, Devenyi A, Connor JR. 1998. Evidence for non-transferrin-
mediated uptake and release of iron and manganese in glial cell cul-
tures from hypotransferrinemic mice. J Neurosci Res 51:454–462.

477OLIGODENDROCYTES AND MYELINATION: ROLE OF IRON

GLIA



Taylor EM, Morgan EH. 1990. Developmental changes in transferrin
and iron uptake by the brain in the rat. Brain Res Dev Brain Res
55:35–42.

Todorich BM, Connor JR. 2004. Redox metals in Alzheimer’s disease.
Ann NY Acad Sci 1012:171–178.

Todorich B, Zhang X, Slagle-Webb B, Seaman WE, Connor JR. 2008.
Tim-2 is the receptor for H-ferritin on oligodendrocytes. J Neurochem
(in press).

Unger A, Hershko C. 1974. Hepatocellular uptake of ferritin in the rat.
Br J Haematol 28:169–179.

Wagner-Recio M, Toews AD, Morell P. 1991. Tellurium blocks choles-
terol synthesis by inhibiting squalene metabolism: preferential vul-

nerability to this metabolic block leads to peripheral nervous system
demyelination. J Neurochem 57:1891–1901.

Yu GS, Steinkirchner TM, Rao GA, Larkin EC. 1986. Effect of prenatal
iron deficiency on myelination in rat pups. Am J Pathol 125:620–
624.

Zhang X, Surguladze N, Slagle-Webb B, Cozzi A, Connor JR. 2006. Cel-
lular iron status influences the functional relationship between
microglia and oligodendrocytes. Glia 54:795–804.

Zoeller RT, Butnariu OV, Fletcher DL, Riley EP. 1994. Limited post-
natal ethanol exposure permanently alters the expression of mRNAS
encoding myelin basic protein and myelin-associated glycoprotein in
cerebellum. Alcohol Clin Exp Res 18:909–916.

478 TODORICH ET AL.

GLIA


