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1. Introduction

Cerebral white matter injury (WMI) is the princi-
pal neuropathological lesion in premature brain [1,
2]. WML is present in more than 50% of very preterm
and extremely preterm infants, [3, 4] and the lesion
and its morphological consequences underlie most
of the subsequent neurological deficits observed
[2]. The central cellular target of the WMI is the
pre-oligodendrocyte (pre-OL), the precursor of the
mature myelin-producing OLs, and injury to the
pre-OL in the premature brain is followed by its
dysmaturation and subsequently hypomyelination.
The pre-OL injury leads to a variety of other dys-
maturational events involving cerebral cortex, axons,
and a variety of other neural structures, as discussed
elsewhere [5]. Because the failure of maturation of
this cell occurs over the ensuing weeks and months,
the possibility of interventions in the premature

*Address for correspondence: Joseph J. Volpe, MD, Depart-
ment of Pediatric Newborn Medicine Brigham and Women’s Hos-
pital, 221 Longwood Avenue, Room 343C, Boston, MA 02115,
USA. Tel.: +1 617 525 4145; E-mail: Joseph.volpe@childrens.
harvard.edu.

period and in early infancy that prevent or correct
this maturational failure, i.e., ‘“neurorestorative”
interventions, have become the focus of considerable
research. Such interventions have included a variety
related to nutritional factors, including quality and
source of milk, components of milk, breastfeeding,
but recent experimental and clinical studies have
renewed focus on two metals, iron and zinc. These
two so-called “transition” metals are the most
abundant metals in human brain, and recent work
indicates that they are critical for differentiation of
pre-OLs to mature myelin-producing OLs. Their
potential as neurorestorative interventions in WMI
is the focus of this Commentary.

2. Pre-OL injury/dysmaturation

Pre-OLs, the principal cellular target in WMI of
the premature infant [1, 2] are generated from OL
progenitors and are the principal phase of the OL lin-
eage during the premature period. Pre-OLs account
for 90% of the lineage during the peak period of WMI
in premature infants. Even at term, pre-OLs account
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for 50% of the lineage in cerebral white matter,
while approximately 50% of the lineage are the more
differentiated “immature” OLs [6]. Mature, myelin-
producing OLs do not develop in human cerebral
white matter to an appreciable degree until post-term,
i.e., in the weeks and months post-term. The pre-
OL begins ensheathment of white matter axons at
approximately 30 weeks’ gestation [7]. This process
is critical for axonal differentiation [2] and, as a con-
sequence, axonal function. The latter is the critical
driving force for cerebral cortical development (see
later), which evolves rapidly as an activity-dependent
process during the third trimester of gestation.

The pre-OL is a highly vulnerable cell, with
particular susceptibility to such insults as hypoxia,
ischemia, inflammation, which lead to death via exci-
totoxic and free radical mediated mechanisms in
cerebral WMI [1]. Notably, however, in the premature
infant with WML, pre-OLs are replenished in the sub-
acute period but fail to differentiate over the ensuing
weeks/months to later phases of the OL lineage. Thus,
as noted above, failure of pre-OL differentiation is
the basis of the subsequent hypomyelination but,
likely also, the neuronal-axonal dysmaturational dis-
turbances that occur. Thus, factors that could enhance
pre-OL differentiation and overcome the block in
cerebral WMI would be of great restorative potential.
As noted above, therein lies the focus on the two most
abundant metals in human brain, iron and zinc, which
now appear to be critical for pre-OL differentiation.

3. Iron and pre-OL maturation/myelination

Iron is the most abundant transition metal in brain,
and the OL contains the highest concentrations of
iron among brain cellular elements [8—10]. Experi-
mental studies have shown that acquisition of iron by
developing OLs is necessary for myelination and that
perinatal iron deficiency results in impaired myelina-
tion [9, 11-14]. The particular importance of iron for
OL development and myelination was illustrated by
recent studies of a genetic model of mucolipidosis IV,
ahuman disorder with impaired myelin development.
The molecular deficit responsible for the disturbance
was shown to involve a lysosomal ion channel nec-
essary for iron uptake into developing OLs [15]. Iron
is necessary for the function of numerous enzymes
involved in OL differentiation and myelination [9].

Iron deficiency in human premature infants is a
common phenomenon that is likely to be associ-
ated with impaired OL maturation and myelination.

Although the data are not entirely consistent, most
studies show impairments of motor, cognitive and
behavioral development in iron-deficient infants
[16-20]. Iron deficiency in the neonatal period is usu-
ally related to dietary deficiency, particularly in the
context of breast-feeding and prematurity [13, 21,
22]. Indeed, as many as 10% of infants in the first
two years of life in the United States and 15% of
breast-fed Canadian infants exhibit iron deficiency.
Because premature birth deprives the infant of the
primary period of fetal iron deposition, i.e., the third
trimester of gestation, the risks are still higher in
such infants. Supportive of an effect on myelin devel-
opment in iron-deficient infants is the finding on
studies of auditory and visual evoked potentials of
prolonged latencies, without impairment of ampli-
tudes [23-26]. (The normal maturational decline in
latencies relates to acquisition of myelin, whereas
changes in amplitude relate more to neuronal devel-
opment [27]). A recent study of delayed umbilical
cord clamping (DCC) in full-term infants suggests a
beneficial effect of iron on MRI-quantitated myelin
at four months of age [28]. Thus, infants followed
after DCC had 48% higher serum ferritin levels and
myelin content at 4 months of age, when compared to
infants who had immediate cord clamping. Moreover,
because infants with higher iron stores at 4 months
of age have been shown to persist with higher stores
later, the findings suggest that the positive effect on
myelination may persist [29]. More data are needed,
but higher iron stores could represent an important
neurorestorative goal in premature infants.

A particular need to assess deficient iron in devel-
oping human brain in vivo is apparent. Recent work
suggests that newly developed MRI methods, cap-
italizing on the potent effects of iron on magnetic
properties of brain, could satisfy that need [9]. It now
appears feasible for such advanced MRI methods to
detect infants with deficient brain iron and thus to
target such infants for iron therapy. Since premature
infants with WMI exhibit impaired OL maturation,
treatment of such infants with iron according to
the quantitative levels of iron present in their white
matter would seem possible and, perhaps, optimal.
Such treatment would probably best be commenced
after the acute/subacute period when exposures to
insults (e.g., ischemia, etc.), that could lead to free
radical production have ceased. This caveat relates
to the capacity of intracellular free iron to lead
to production of superoxide anion [2]. As these
advanced MRI methods evolve further, in the interim
careful attention to iron homeostasis and supplemen-
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tation as needed in premature infants (beyond the
acute/subacute period) could have neurorestorative
potential. This notion demands further research

4. Zinc and pre-OL maturation/myelination

Following iron, zinc is the second most abundant
metal in the brain and is obtained exclusively through
dietary intake [30]. Experimental studies have shown
that zinc is critical for a variety of aspects of brain
development, including OL development [31-35].
The effect is mediated particularly by an OL-specific
zinc finger protein (Zfp 488) that functions as a
transcriptional co-regulator important for OL differ-
entiation [36]. The recent development of synthetic
fluorescent sensors has identified the pre-OL as the
key cell involved in the role of zinc in oligoden-
droglial differentiation. Thus, utilizing such a sensor,
Bourassa et al., [37] have shown recently that zinc
concentrations in developing OLs are relatively high
during differentiation and decline after maturation is
achieved. These findings suggest that the zinc con-
tent of pre-OLs is important for their differentiation.
Notably, as with iron, altered zinc balance is involved
in experimental models of ischemic and excitoxic
death [38—40]. Thus, exogenous zinc should probably
be considered after the acute/subacute period when
ischemic insults are no longer prevalent.

The clinical relevance of this work on zinc and
pre-OL differentiation remains to be clarified fully,
but it is notable that preterm infants are vulnerable
to zinc deficiency because of high zinc requirements,
diminished zinc stores (most zinc stores are acquired
in the last trimester of gestation), and suboptimal zinc
absorption [41-43]. Moreover, zinc concentrations in
human milk are highly variable, and current dietary
guidelines for zinc intake for preterm infants are
based on limited data [42, 44]. More data are needed
in human preterm infants on OL maturation, myelina-
tion and neurological development, in relation to zinc
status, and on ideal amounts of dietary zinc intake.
Nevertheless, on balance, the data raise the real pos-
sibility that zinc intake (beyond the acute/subacute
period) could have restorative potential for prema-
ture infants with WMI and its associated failure of
pre-OL maturation. More data are clearly needed.

5. Conclusions

Recent advances in methodologies to study the sta-
tus of iron and zinc have enabled insight into the

critical roles these two most abundant metals play in
developing brain. The data point to a critical role in
pre-OL differentiation, impairment of which under-
lies the hypomyelination characteristic of premature
infants with cerebral WMI. Premature infants have
high requirements for these metals and have been
deprived of the critical transplacental transfer in the
third trimester. Careful attention to iron and zinc sta-
tus in such infants and appropriate supplementation
after the acute/subacute period could serve as impor-
tant restorative interventions in infants with cerebral
WML
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