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Infants are at high risk for iron deficiency and iron-
deficiency anemia. This review summarizes evidence
of long-term effects of iron deficiency in infancy.
Follow-up studies from preschool age to adolescence
report poorer cognitive, motor, and social-emotional
function, as well as persisting neurophysiologic dif-
ferences. Research in animal models points to mech-
anisms for such long-lasting effects. Potential mech-
anisms relate to effects of iron deficiency during brain
development on neurometabolism, myelination, and
neurotransmitter function.
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INTRODUCTION

Iron deficiency is the most common single nutrient
disorder in the world,' and infants are at particular risk
due to their rapid growth and limited dietary sources of
iron.” Iron is involved in many central nervous system
processes that could affect infant behavior and develop-
ment.> Our focus here is on long-lasting effects and
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possible explanatory mechanisms, drawing on studies in
the human infant and the developing rodent.

HUMAN INFANT STUDIES

Alterations During or Soon After the Period of
Iron Deficiency

Differences in mental, motor, social/emotional, and
neurophysiologic functioning observed while infants are
iron deficient will be briefly summarized to lay the
groundwork for considering long-term effects and ex-
planatory mechanisms. Considerable research on iron
deficiency in the human infant has involved otherwise
well-nourished, healthy 6- to 24-month-old babies born
at term with normal birth weights and without perinatal
problems. At least 27 such studies (of varying quality)
have been conducted in countries around the world.
Case-controlled studies and preventive trials published
before 2001 have been summarized in an excellent re-
view by Grantham-McGregor and Ani,* and most are not
individually cited here. Studies involving infants at risk
for stunting have often been controlled trials of supple-
mental iron in developing countries, generally combined
with other micronutrients.”"'? They will not be discussed,
since there are no published long-term follow-up studies
as yet. This body of research is also summarized in
recent reviews.'>'*

In almost all case-control studies comparing other-
wise healthy full-term infants with iron-deficiency ane-
mia to infants with better iron status, their mental devel-
opment test scores averaged 6 to 15 points lower. Of the
few available preventive trials, our study in Chile was the
only one to show the effects of iron supplementation on
mental functioning.'” Infants who did not receive sup-
plemental iron had longer looking times on a visual
recognition memory task, suggesting poorer high-speed
information processing on a measure that predicts later
IQ. Among case-control studies that included an assess-
ment of motor development, most found that infants with
iron-deficiency anemia received lower motor test scores,
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averaging 6 to 17 points lower. A new study with
9-month-old infants in Detroit shows linear effects of
iron status on gross motor development and motor coor-
dination/sequencing.'® A population study in the UK
found that hemoglobin (Hb) levels under 95 g/L at 8
months predicted poorer locomotor development at 18
months.'” Among five preventive trials with well-nour-
ished term infants, three showed motor benefits of iron
supplementation.'>'8:1°

Virtually every case-controlled study that examined
social-emotional behavior found differences in iron-de-
ficient anemic infants (e.g., more wary, hesitant, solemn,
unhappy, kept closer to their mothers). Two of three
randomized trials to prevent iron deficiency that assessed
this domain reported social-emotional differences as
well. Infants who did not receive prophylactic iron re-
ceived poorer scores in the personal/social domain in one
trial.*° In our Chile study, more of the group that did not
receive supplemental iron showed no social interaction,
no positive affect, no social referencing, an inability to
be soothed by words or objects, and a lack of protest
when toys were taken away.'> One preventive trial did
not find social-emotional effects.'® In the few studies
(case-controlled) to include neurophysiologic measures,
differences have been observed in the speed of neural
transmission in the auditory system,*'~*? rapid eye move-
ment density in active sleep,” recognition memory with
event-related potentials (ERP),>* and EEG frontal asym-
metry.”> One study did not find altered auditory system
neurotransmission.?® Differences between home and lab-
oratory results in spontaneous motor activity in the Chile
study suggest that iron-deficient anemic infants respond
differently to context—with a reduction in motor activity
associated with the stress or unfamiliarity of the labora-
tory.2728

Many of the case-controlled studies have included
assessments before and immediately after iron therapy.
Most studies report that differences in behavior and
development persist in the majority of iron-deficient
anemic infants even after a full course of iron treatment
(2-6 months, depending on the study).*'* However,
three studies reported improvements, sometimes dra-
matic, in mental and/or motor test scores after iron
therapy.”"!

Perinatal (i.e., late fetal and neonatal) iron defi-
ciency has received little attention, due in large part to
previous thinking that infants are protected from mater-
nal iron deficiency unless the mother is markedly ane-
mic.*? Two studies related perinatal iron deficiency to
newborn temperament-like behaviors. One reported
higher levels of irritability in infants whose mothers were
iron deficient.>® In the other,** lower levels of neonatal
Hb and serum iron (and ferritin to a lesser degree) were
correlated with higher levels of negative emotionality
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and lower levels of alertness and soothability. A small
randomized, controlled trial involving breast-fed infants
in Canada showed a benefit of early (between 1 and 6
months of age) iron supplementation on motor develop-
ment and visual acuity at 12 months.'’

Some groups of newborns are at risk for iron defi-
ciency, even without maternal iron deficiency. These
include infants of diabetic mothers, growth-restricted
newborns, and preterm infants.*® In the only develop-
mental study of iron-deficient premature infants, a num-
ber of reflexes were less mature in those with iron
deficiency anemia.*® Full-term newborn infants of dia-
betic mothers had poorer recognition memory as mea-
sured by ERP and/or behavioral tests as newborns and
throughout the first 12 months.*’~° Effects were most
prominent in those infants with low cord ferritin concen-
trations.*

Long-Lasting Effects Beyond Infancy

Global Outcomes

There are several studies, again of varying quality,
of the long-term effects of early postnatal iron defi-
ciency. These studies, most of which have been con-
ducted at late preschool or early school age, followed
children who had anemia (presumably due to iron defi-
ciency), iron-deficiency anemia, or other indications of
chronic severe iron deficiency in infancy. Because iron
deficiency is likely to occur under disadvantaged family
circumstances,*' control for background factors is an
important consideration in interpreting follow-up results
and will be specified in reviewing each study.

There are at least six follow-up studies at late pre-
school age. One included a relatively large group of
Israeli children who had Hb determinations at 9 months
and assessed their development at 2, 3, and 5 years (N =
873, 388, and 239, respectively).** Although Hb was the
only measure of iron status, iron deficiency was wide-
spread and anemia was presumed to be due to iron
deficiency. After statistical control for the influence of
basic background characteristics, Hb at 9 months corre-
lated with IQ at 5 years (trends at 2 and 3 years were
suggestive). At 5 years, each 10 g/L increment in Hb was
associated with a 1.75 point-higher IQ score.*> Another
study of a primarily immigrant population in France
followed children from 10 months to 4 years of age (N =
147).** Tron deficiency anemia at 10 months did not
correlate with later development, but the iron measures
utilized can be difficult to interpret in infants less than a
year of age. However, mean cell hemoglobin concentra-
tion at 2 years, controlling for a limited set of back-
ground factors, was positively associated with overall
developmental, motor, and social quotients at 2 years and
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with overall developmental quotient at 4 years. Yet
another preschool follow-up was conducted in Yugosla-
via in conjunction with a study on elevated lead levels.
Children were followed from birth to 4 years, with
hematology at 6, 12, 18, and 24 months,** and 3 and 4
years*> (N= 392 in infancy, 388 at 3 years, and 332 at 4
years). Hb at 6 months predicted IQ at 4 years, as did Hb
at 36 months. All findings controlled for a comprehen-
sive set of background variables that included Home
Observation for Measurement of the Environment
(HOME) score, maternal IQ, and lead levels, as well as
commonly considered factors such as birth weight, sex,
parental education, and occupation.

Two preschool follow-up studies were similar in
their test batteries, comprehensive background data, and
multiple measures of iron status. Our study in Costa Rica
assessed S-year-old children who varied in iron status as
infants.*® All those with iron deficiency were treated
with a full course of iron in infancy, and none had iron
deficiency anemia after treatment or at subsequent fol-
low-ups. Of the original sample of 191 infants, 163
(85%) were tested at 5 years. After controlling for
background variables including maternal 1Q, HOME,
and infant lead level, the group with moderate iron-
deficiency anemia (n = 30) showed lower test scores on
performance IQ; quantitative, preschool cluster, percep-
tual speed, and visual matching subtests of the Wood-
cock Johnson; visual motor integration; and gross and
fine motor performance. In addition, children with Hb
levels over 100 g/L in infancy whose biochemical indi-
cators of iron deficiency had not been fully corrected
with iron therapy (n = 18) had a similarly poor perfor-
mance. These groups were combined to form a chronic,
severely iron-deficient group in subsequent analyses. In a
structured mother-child interaction task at 5 years, they
displayed lower levels of physical activity, positive af-
fect, verbalization, and reciprocal interaction.*’ The
study by De Andraca et al.*® assessed 77 Chilean 5- to
6-year-old children, 41 with iron-deficiency anemia in
infancy and 29 who had been non-anemic. The former
iron-deficient anemic group tested lower in IQ, psycho-
educational abilities, visual motor integration, and lan-
guage abilities. They were also more neurologically
immature, as assessed by a highly skilled neurologist.
Controlling for neurologic maturity and background fac-
tors, differences in psycho-educational, language, and
fine motor abilities were still statistically significant.*®

The above preschool follow-up studies involved
infants who were identified as having iron deficiency in
the infant/toddler period, presumably as a function of
low dietary intake, rapid growth, and perhaps lower iron
stores at birth. Only one study has related a direct
measure of iron status at birth (cord ferritin concentra-
tion) to development years later.*” In this sample of 278
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US children, those with cord ferritin concentrations in
the lowest quartile received lower scores for language
ability, fine-motor skills, and tractability at 5 years.

There are at least four reports of outcome in school-
aged children. The very earliest study, published only in
abstract form,’° assessed 7-year-old US children who, as
full-term infants, had received intramuscular iron and
had not been anemic in infancy (n = 29) or who
developed anemia (Hb = 61-95 g/L) between 6 and 18
months (n = 32). The formerly anemic children were
more likely to show soft neurologic signs, such as clum-
siness, and be more inattentive and hyperactive, and their
IQs averaged 6 points lower. In the Israeli study de-
scribed above, a subset was reassessed in 2nd grade.5 !
Teacher ratings of behavior were obtained for 20 chil-
dren who had been anemic at 9 months (Hb < 105 g/L)
and 56 who had been non-anemic (Hb > 115 g/L).
Controlling for a comprehensive set of background char-
acteristics, including maternal IQ, HOME score, and lead
levels, teachers rated the formerly anemic group as
significantly lower in learning and positive task orienta-
tion.”!

Another important study of long-term outcome was
conducted statewide in Florida.’®> Anemia in infancy,
based on Hb screening in the Women, Infant, and Chil-
dren (WIC) program, was associated with special edu-
cation placement at 10 years, based on the criteria used
by the Florida Department of Education for mild or
moderate mental retardation. Although this study was
limited in that Hb was the sole measure of iron status, it
is exceptional in relating anemia in infancy (presumably
due to iron deficiency) to increased risk of mental retar-
dation or special education placement among school-
aged children in an entire population (N = 3771). After
controlling for a basic set of background characteristics,
the risk of placement for special education increased by
1.28 for each unit lower Hb at entry into the WIC
program.

There is only one follow-up study past 10 years of
age. In early adolescence (11-14 years), we reevaluated
167 of the children in the Costa Rica cohort described
above (87% of the original infant sample).”® Again
controlling for a comprehensive set of background fac-
tors, the 48 children who had been treated for severe,
chronic iron deficiency in infancy still tested lower in
arithmetic and writing achievement and motor function
compared with 114 children with good iron status in
infancy before and/or after treatment. The proportion that
had repeated a grade or been referred for special educa-
tion or tutoring was 2 to 3 times higher. Affective and
social/emotional differences were still observed. The
parents and teachers of formerly iron-deficient children
rated their behavior as more problematic in several areas,
agreeing in increased concerns about anxiety/depression,
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social problems, and attention problems. Growth curve
analyses (hierarchical linear modeling) controlling for a
comprehensive set of background factors showed no
catch-up in motor scores through 11 to 14 years (last
time of assessment)>* and a widening gap for mental
scores through 19 years of age.’>° These patterns were
observed regardless of whether scores in infancy had
been average or low. The widening gap in mental scores
was particularly marked for children from more disad-
vantaged families.

Neurocognitive and Neurophysiologic Outcomes

Global tests give little indication about the spe-
cific processes that might be affected by iron defi-
ciency in infancy. To provide information on neuro-
cognitive and neurophysiologic outcomes, we have
included such measures in our follow-up studies in
Costa Rica and Chile. Both of these longitudinal
studies now use a similar brain-behavior framework.
In both Chile and Costa Rica, children with iron
deficiency anemia or some other indication of chronic,
severe iron deficiency in infancy had poorer perfor-
mance on tests of some specific cognitive functions.
For the Costa Rica sample at 11 to 14 years, poorer
performance was observed for tachistoscopic thresh-
old, spatial memory, and selective attention.”® At 5
and 10 years in the Chile follow-up and 19 years in the
Costa Rica follow-up, formerly iron-deficient children
did worse on executive function tasks, particularly
ones that require inhibition and planning.’’~®

In the Chile study, we evaluated the children at 4
years using auditory brainstem response (ABR) and
visual evoked potentials (VEP).>® The formerly iron-
deficient anemic group (n = 41 ) showed longer ABR
and VEP latencies compared with children who had
been non-anemic in infancy (n = 43). The magnitude
of effects was large: 1 to 1.2 SD. Polysomnographic
recordings were obtained during an overnight sleep
study for 27 formerly iron-deficient anemic children
and 28 children who had been non-anemic in infancy.
There were many differences in measures of the sleep/
wake cycle, including REM latency, duration of REM
episodes and their pattern through the night, the du-
ration of slow-wave sleep episodes early in the night,
both the isolated REMS and non-isolated REMS indi-
ces, and inter-REM intervals.®® We also assessed
spontaneous motor activity over a 48-hour period
using an actigraph. The main finding was an overall
increase in intra-individual variability in formerly
iron-deficient anemic children, especially for the du-
ration of different states during both day and night.®’
The overnight sleep studies and the actigraph record-
ings indicate that iron-deficiency anemia can alter key
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components of the internal temporal order within the
24-hour cycle. The ABR and VEP findings indicate
long-lasting alterations in neurotransmission in two
sensory systems that are essential for learning from the
physical and social environment.

Thus, studies from countries around the world
have yielded generally consistent results regarding
long-term outcome. Children who had iron-deficiency
anemia, chronic severe iron deficiency, or anemia
presumably due to iron deficiency in infancy continue
to perform less well then peers who had good iron
status in infancy. They have done worse on tests of
overall mental, motor, and social/emotional function-
ing and on specific neurocognitive tests at preschool,
school age, and adolescence. Neurophysiologic differ-
ences have been observed through the preschool pe-
riod, and the 10-year follow-up of the Chile sample
suggests that differences still persist. Iron deficiency
typically occurs in disadvantaged environments, but
the findings from several follow-up studies have been
statistically significant after controlling for back-
ground factors in a wide variety of different settings.
Nonetheless, the confluence of iron deficiency with a
disadvantaged environment means that causal infer-
ences cannot be made with confidence from case-
controlled, long-term follow-up studies. The consis-
tency of the findings, however, suggests that effects
are due to severe, chronic iron deficiency or some
closely associated but unidentified factor.

DEVELOPING A RODENT MODEL OF EARLY
IRON DEFICIENCY

Animal studies offer the possibility of studying the
effects of iron deficiency that is experimentally induced
while controlling for other environmental conditions.
They thus play a special role in determining whether iron
deficiency causes immediate and long-lasting changes in
behavior and development. Animal models also provide
direct information about the effects of iron deficiency on
the developing central nervous system, and thus help
interpret some long-term findings in humans. A burst of
basic scientific research has provided important new
information. These studies show not only that iron defi-
ciency during gestation and lactation in the rat results in
reduced brain iron, but also that the degree varies greatly
by brain region.>**%® This research also points to possi-
ble mechanisms for long-lasting effects. The processes
under consideration are interconnected, but for the sake
of simplicity are summarized under metabolism, myeli-
nation, and neurotransmitter function. It is important to
point out, however, that new research also shows altered
gene and protein profiles.®*
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Iron Deficiency and Brain Metabolism during
Development

Periods of peak development and metabolic activ-
ity®> render some brain regions and processes more
vulnerable to deficiencies of substrates that support me-
tabolism. One such substrate, we hypothesize, is iron.
The most well-documented effects of iron deficiency are
post-translational, resulting from the failure of iron in-
corporation into protein structures (e.g., cytochromes or
iron-sulfur proteins), with subsequent degradation of the
protein and loss of function. This perspective leads us to
predict that the brain and behavioral consequences of
iron deficiency will be a function of timing, severity, and
duration®® overlaid on the metabolic map of the brain.

Iron deficiency in the human is most prevalent in the
late infancy/toddler period. This time period is charac-
terized by peak hippocampal and cortical regional devel-
opment, as well as myelinogenesis, dendritogenesis, and
synaptogenesis in the brain. Studies in the rat point to the
vulnerability of the developing hippocampus to early
iron deficiency. The neuronal metabolic marker cyto-
chrome ¢ oxidase (CytOx) loss was most marked in the
highly metabolic hippocampal areas CA1 and CA3 and
in the frontal lobes of the cortex in the iron-deficient rat
brain.®” Subsequently, nuclear magnetic resonance
(NMR) spectroscopy showed that iron deficiency-
induced metabolic changes in the hippocampus at rest
were pervasive and long-lasting—all the way through
puberty.®® Iron deficiency also resulted in altered den-
dritic structure—a highly energy-dependent process—in
pyramidal cells in hippocampal area CAl during mid-
lactation and in young adulthood, following iron reple-
tion. The results suggest that iron deficiency causes
abnormal protein scaffolding for microtubule extension
and retraction in brain regions involved in recognition
memory processing.®” Thus, there appears to be a high
rate of local iron regulation for the processes of dendritic
extension and remodeling during synaptogenesis, which
underlie synaptic plasticity.”® It remains to be deter-
mined whether the iron deficiency-mediated metabolic
and structural changes seen in hippocampus and cortex
apply to other brain regions as well. Nonetheless, it is
reasonable to postulate that deficits in hippocampus and
cortex underlie the deficits in spatial learning observed in
rats with iron deficiency in infancy (see below).

Iron Deficiency during Development and
Myelination

In the developing rat, iron deficiency has direct
effects on myelin, including a decrease in myelin lipids
and proteins.”'””> Again, the effects appear to be long-
lasting.”® Rats that had been developmentally iron defi-
cient still manifested myelin deficits at 6 months (adult-
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hood in the rat). In addition to a general decrease in
myelin content, there were also differential effects on
individual myelin proteins and phospholipids that are
involved in compaction of myelin, as well as other
functions. These persisting myelin deficits were observed
despite normal concentrations of iron in the myelin
fraction and total brain in adulthood. Thus, these data
indicate that the timing of iron deficiency and/or aspects
of iron delivery during early brain development are more
important than ultimately reaching normal concentra-
tions of iron in the brain.

One potential explanation for these long-term mye-
lin effects is that developmental iron deficiency results in
a decrease in the number of oligodendrocytes in the adult
brain. Accumulating evidence suggests that iron defi-
ciency impacts the proliferation of oligodendrocyte pre-
cursor cells and the generation of oligodendrocytes.”’
Iron deficiency also reduces transferrin and transferrin
mRNA, which depend on a normal population of oligo-
dendrocytes in the brain.”®’® However, it is not yet
known whether fewer oligodendrocytes are available to
myelinate axons, or if the metabolism of the oligoden-
drocytes has been compromised because of a lack of iron
availability at crucial periods of development. This is a
critical point to be addressed in future studies, because
fewer oligodendrocytes might limit the effectiveness of
therapeutic interventions.

Iron Deficiency during Development and
Neurotransmitter Function

Neurotransmitter systems are maturing during key
periods of high risk for iron deficiency, and iron is
essential for a number of enzymes involved in neuro-
transmitter synthesis.®® These include tryptophan hy-
droxylase (serotonin) and tyrosine hydroxylase (norepi-
nephrine and dopamine). Research over the past 10 years
in rodent models has established that: 1) dopaminergic
neurons are co-localized with iron throughout the brain;
2) extracellular dopamine and norepinephrine are ele-
vated in brains of iron-deficient rats; 3) the density of D,
and D, receptors and dopamine transporters are altered
by dietary iron deficiency; and 4) the degree of alteration
in these parameters is tightly connected to the extent of
iron loss in the examined brain regions.> Newer studies
also demonstrate that the serotonin transporter and nor-
epinephrine transporter densities are altered by dietary
iron deficiency,®*%**!%2 thus expanding the effect of
iron deficiency to all monoamine transporters. The per-
sistence of these alterations into adulthood after iron
repletion has recently been examined.®> Findings indi-
cate that the D,R density remains lower in the substantia
nigra, while the serotonin transporter SERT remains
lower in lateral and reticular thalamic nuclei and in the
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zona incerta. At the cellular level, iron chelation causes
a rapid loss of dopamine transporters from cells, while
the turnover of other proteins remains normal.®?

The effects of early iron deficiency on brain iron and
neurotransmitters depend on when they are assessed and
on the severity of the iron deficiency. For instance,
modest iron deficiency during gestation does not lead to
marked changes in rat pup brain iron content until the
latter part of lactation.®®> There are, however, elevations
in striatal dopamine transporters, D,R, and cat-
echolamines that precede measurable changes in regional
iron. By weaning, both brain iron and catecholamines are
reduced to levels 20% to 30% below controls, suggesting
that earlier elevations are an “adaptive” response to iron
deficiency.

Some of these neurotransmitter alterations may re-
late to the recently observed effects of early iron defi-
ciency on the neuronal surface protein Thyl, which is
iron responsive.®* In the dietary iron-deficiency model,
Thy1 was decreased in the brains of iron-deficient rats.®
Thy1 deficiency may affect the release of neurotransmit-
ters and the synaptic efficacy and could contribute to a
variety of abnormal neuron-neuron communications in
the iron-deficient rat. The decrease in Thyl presumably
occurs during the development process, suggesting that
adverse effects of iron deficiency have been “wired” into
the brain and thus may be difficult to overcome.

Long-Term Behavioral Alterations in the Rat

Some long-term behavioral alterations in the devel-
opmental rat model of early deficiency closely parallel
prior experimental studies of specific early dopaminergic
insults. Neonatal insults to dopamine neurons result in
chronic spatial learning and attentional deficits in adult-
hood.®®® In a water maze with a submerged platform
away from the pool wall, animals with early loss of
dopamine terminals persevere in the initial response of
searching for an escape route along the walls. This same
pattern is observed in rats with developmental iron de-
ficiency and in adult rats with injury to the hippocam-
pus.® The prepotent response interferes with more adap-
tive behaviors and learning to locate the platform, and is
thought to reflect behavioral inflexibility,®® which is
possibly associated with increased anxiety.®>° Other
behavioral tests that tap the capacity to inhibit a prepo-
tent response also show that animals with damage to
dopaminergic terminals are impaired in what has been
referred to as “executive function.”%®

Early dopaminergic insults affect emotional re-
sponses as well as cognitive functioning. Rats with
neonatal dopamine depletion are hesitant to enter a novel
environment or to engage in new tasks outside the home
environment. Neonatal dopamine terminal damage leads
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to a lifelong hyperreactivity to novel objects and expe-
riences in an unfamiliar environment, but normal re-
sponses to the same stimuli in the home cage. Again, this
pattern of behavior is observed in the rat model of
developmental iron deficiency.®® Neonatal dopaminergic
or cortical injury also leads to chronic vulnerability to
distraction, particularly in an unfamiliar situation.®%°'-
Thus, early alterations in dopamine and associated path-
ways have long-term effects on context-dependent atten-
tional and affective responses.

Specific perinatal damage to nigrostriatal dopamine
neurons or intrinsic striatal or corticostriatal neurons,
whether induced by early iron deficiency or pharmaco-
logic injury, results in fine motor, gross motor, motor
sequencing, and sensory deficits in rats 6386889396
These data further support the hypothesis that iron defi-
ciency in infancy leads to a chronic disorder of dopami-
nergic and corticostriatal function. Moreover, it is pos-
sible that, despite iron repletion, the brains of affected
animals would be more chronically vulnerable to subse-
quent insults, such as stress or age-associated forebrain
degenerative events.®®

RELATING BASIC SCIENCE FINDINGS TO
LONG-TERM EFFECTS IN THE HUMAN

In the available long-term follow-up studies of iron
deficiency in the human infant, the findings that seem
most tightly linked to alterations in myelination are
slower conduction in the auditory and visual systems.”
Both of these sensory systems are rapidly myelinating
during the period of iron deficiency, and they are critical
for learning and social interaction. The loss of myelin
compaction could directly contribute to long-lasting,
slower conduction for auditory potentials and VEPs. It is
also likely that there are other intracerebral effects, given
that so many brain systems are myelinating during this
period. Thus, impaired myelination could underlie other
poorer outcomes.

The findings of poorer recognition memory in in-
fants at high risk for iron deficiency (due to maternal
diabetes) appear to fit with an effect of iron deficiency on
the hippocampus and related components of the central
nervous system.*® With regard to alterations in neuro-
transmitter functioning, some of the social/emotional and
neurocognitive findings appear to make sense in terms of
effects of early iron deficiency on the dopamine system
and the hippocampus. Dopamine plays a major role in
the systems of behavioral activation and inhibition and
the degree to which individuals experience inherent re-
ward. The affective changes in iron-deficient anemic
infants (wariness, hesitance, absence of positive affect),
their lack of social referencing, and the observation that
toys can be taken away from them without protest all
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seem to make sense in this context. In addition, differ-
ences between home and laboratory in spontaneous mo-
tor activity suggest that the iron-deficient anemic chil-
dren respond differently to context—with a reduction in
motor activity after the stress or unfamiliarity of the
laboratory.

It is therefore plausible that iron deficiency, through
reduced energy, impaired glial function, altered activa-
tion of monoamine circuits, etc., alters experience-de-
pendent processes such as dendritic arborization that are
critical to brain structure and function during early de-
velopment.®®** While iron deficient, the developmental
trajectory may be put “on hold” or progress more slowly
or out of synchrony, causing a delay or disruption in
brain development. As long as the processes remain
capable of plasticity, recovery post iron deficiency re-
mains more or less possible. Ultimately, however, the
developmental windows of opportunity end, and if po-
tential metabolic reprogramming of genes induced by
iron deficiency is not relieved, those programs poten-
tially become more permanent.

Altered behavior and development in infancy can
also result in altered interactions with the care-giving
environment. In the human infant with chronic, severe
iron deficiency, delayed or mistimed sensory input, to-
gether with cognitive, motor, and affective changes, may
adversely affect the infant’s interactions with the physi-
cal and social environment, thereby compromising de-
velopment even further.””*° If an iron-deficient infant is
unable to elicit or benefit from nurturant interactions
from a caregiver, the child may have fewer enriching
experiences that foster optimal development. Over time,
direct effects of iron deficiency on the developing brain
and indirect effects via limited environmental input may,
in combination, contribute to poorer long-term behav-
ioral and developmental outcome."?
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