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Suggested use of sensitive measures of memory to detect functional
effects of maternal iodine supplementation on hippocampal

development'+?
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ABSTRACT

Maternal hypothyroxinemia secondary to iodine deficiency may
have neurodevelopmental effects on the specific neurocognitive
domain of memory. Associated disruption of thyroid hormone—
dependent protein synthesis in the hippocampus has the poten-
tial to result in compromised development of the structure with
consequential impairments in memory function. Despite links
between maternal iodine deficiency during gestation and lacta-
tion and abnormal hippocampal development in rat fetuses and
pups, there has been little research on the specific function of
memory in human infants and young children born to iodine-
deficient mothers. Several candidate measures have proven to
be sensitive to the effects of gestational iron deficiency on mem-
ory function in infants and young children, including habitua-
tion and dishabituation, imitation-based tasks, and event-related
potentials. Such measures could be used to test the effects of
maternal iodine supplementation on the specific neurocognitive
domain of memory in infants and young children. Furthermore,
progress in understanding the effects of maternal iodine supple-
mentation on neurocognitive development could be accelerated by
the development of a nonhuman primate model to complement the
rodent model. Am J Clin Nutr 2016;104(Suppl):935S-40S.
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INTRODUCTION

In humans and other animals, thyroid hormone is required for
normal physical development and neurodevelopment. In humans,
the mother is the sole source of thyroid hormone until the fetal
thyroid develops in the second trimester of gestation, and con-
tinues to be a supplementary source in late gestation (1). Iodine
bound to tyrosine is an intrinsic component of thyroid hormone.
Adequate intake of dietary iodine is required for effective pro-
duction of thyroid hormone, including the primary circulating
form, thyroxine. Hypothyroxinemia (below-normal circulating
concentrations of thyroxine in the presence of otherwise normal
thyroid function) is a more frequent consequence of pregnancy-
associated iodine deficiency than either clinical or subclinical
hypothyroidism (2).
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It is clear that the infants of women with severe iodine de-
ficiency during pregnancy are at risk of cognitive deficits and that
this risk is decreased by iodine supplementation (3). In the US
population, nearly all pregnancy-associated iodine deficiency is
in the mild to moderate range (4). There is less information on the
neurodevelopmental effects of these lower levels of iodine de-
ficiency during pregnancy (3). Indirect evidence of negative
effects on neurocognitive development comes from a recent
meta-analysis of studies in international populations in regions
of mild to moderate iodine deficiency. The results indicated
improvements in aspects of cognitive function in school-aged
children whose mothers received iodine supplementation dur-
ing pregnancy, with less recovery when supplementation was
postnatal (5).

The specific neurocognitive functions that are negatively af-
fected in cases of maternal hypothyroxinemia secondary to iodine
deficiency—and thus that may benefit from iodine supplementation—
are unknown. Memory is a strong candidate function. The hip-
pocampus, which is involved in learning and memory, is rich
in thyroid hormone receptors (6). In rat models, insufficient
thyroid hormone during fetal development produces changes in
the hippocampus that adversely affect neural growth and de-
velopment (7). Similar effects in human fetuses could be ex-
pected to result in memory impairments (8). In this article we
elaborate the basis for this specific concern and make recom-
mendations for measures that could be used to test the potential
effects of maternal iodine supplementation on the specific neu-
rocognitive domain of memory in infancy and early childhood.

IMPORTANCE OF THE HIPPOCAMPUS TO MEMORY
FUNCTION

The hippocampus is a compound neural structure located in the
medial aspect of the temporal lobe. It is critical for the formation
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of new memories and for retrieval of old memories. The hip-
pocampus plays a central role in the specific form of memory
known as explicit or declarative. Declarative memory supports
learning and retention of names, dates, places, and concepts (9); it
is the type of learning assessed in academic settings, on which
professional success depends (10, 11). It also underlies the ability
to remember specific events and experiences, including those that
are personally relevant and significant (12). The hippocampus is
not required for many other forms of memory, for example, motor
learning.

The role of the hippocampus in declarative memory function
has been established through multiple lines of research. First,
patients with lesions to the hippocampus and surrounding struc-
tures or with diseases that compromise the structure are impaired
on tasks that require new declarative learning, especially when
testing takes place after a delay (13). Second, rodents and non-
human primates with physical or neurochemical lesions to the
hippocampus manifest impaired performance on analogous tasks
(14, 15). Third, in intact humans, neuroimaging studies that use
positron emission tomography and fMRI show activations in the
hippocampus during the encoding of new declarative memories
and the retrieval of established memories (16).

DEVELOPMENT OF THE HUMAN HIPPOCAMPUS

The hippocampus is made up of 4 differentiated cell fields and
the dentate gyrus. The CA1 and CA3 cell fields of the hippo-
campus mature relatively early in humans (17). The first neurons
appear at 36-38 embryonic days. Different subfields of the
hippocampus are discernable by the 10th gestational week; by
the 32nd gestational week, the cells have migrated to their adult
locations. There is some evidence of myelination of the neurons
by the 39th gestational week.

The dentate gyrus of the human hippocampus undergoes
a longer course of development. As in the cell fields, the first
neurons appear at 36-38 embryonic days. Yet, there is still a high
rate of cell proliferation between 16 and 22 postnatal weeks.
Cell migration occurs as late as 8—11 mo. Within the dentate
gyrus, the rise to the peak number of synapses is delayed until
9-12 mo and adult numbers are not reached until 4-5 y of age.
Mpyelination begins in the fifth postnatal month and continues
until =11 y of age (17).

The long course of development means that the hippocampus
is vulnerable to insults such as nutrient deficiencies throughout
gestation, as well as postnatally. Moreover, disruption confined to
the prenatal period can have a cascading negative impact on later
development because the later-developing dentate gyrus receives
its inputs through the earlier-developing cell fields. If neuronal
signaling from an earlier-developing region is disrupted, the
experience on which the later-developing structure depends will
be attenuated, with resulting compromise. Thus, an insult to the
developing fetus may have long-lasting effects, even on structures
that continue to develop postnatally.

RAT MODELS FOR THE EFFECTS OF MATERNAL
IODINE DEFICIENCY AND DRUG-INDUCED
HYPOTHYROIDISM ON HIPPOCAMPAL DEVELOPMENT

Rats are an appropriate model for understanding the effects of
insufficient thyroid hormone during fetal development because
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the rat hippocampus undergoes protracted development analo-
gous to that of the human hippocampus. For comparison, a rat pup
on postnatal day 0 is developmentally equivalent to a human fetus
at the start of the third trimester. Viewed the other way around,
a newborn human infant is developmentally equivalent to a rat
pup on postnatal day 10 (18).

Rat models of developmental hypothyroidism have been used
to study the expression of developmentally significant proteins
in the hippocampus. For example, one research group found that
hypothyroidism produced by a severely iodine-deficient diet or
treatment with the antithyroid drug propylthiouracil from ges-
tational day 6 through postnatal day 28 resulted in under-
expression or downregulation of doublecortin, a protein involved
in neuronal differentiation and migration (7), and of p35,
a protein involved in neuronal cell adhesion (19). By contrast, the
180 kDa isoform of neural cell adhesion molecule (NCAM-
180),% which plays a role in synaptic remodeling and long-term
potentiation (persistent strengthening of synapses on the basis of
recent activity), was found to be overexpressed or upregulated
by the same researchers (7). These changes were observed through-
out the CAl, CA3, and dentate gyrus regions, both pre- and
postnatally. In the rat model, even marginal maternal iodine
deficiency can adversely affect protein synthesis important to
hippocampal development. Postnatal expression of early growth
response 1 (EGR1) protein and brain-derived neurotrophic factor
(BDNF) in the hippocampus was observed to be downregulated in
the pups of marginally or moderately iodine-deficient rat dams,
and the extent of this downregulation was in proportion to the
degree of iodine deficiency (20).

Possibly as a result of dysregulated protein synthesis, hypo-
thyroidism produced by gestational through postnatal iodine
deficiency or propylthiouracil treatment as described above has
been observed to result in structural differences in the hippo-
campi of rat pups. In one study, granule neuron maturation was
reported to be heavily delayed (19). In another, nerve fibers
seemed to be more fragile and more frequently broken in addition
to being disordered, bundled, and/or fused with one another (7).
Maternal hypothyroxinemia secondary to mild iodine deficiency
has been found to reduce the immunofluorescence intensity of
collapsing response mediator protein 2 (CRMP2) and Taul, 2
indicators of axonal outgrowth, in rat fetuses on gestational day
19; changes in the expression of CRMP2 and various regulatory
proteins (downregulation of some, upregulation of others) sup-
port the authors’ conclusion that axonal growth was impaired
(21). The investigators found analogous evidence for impaired
axonal growth in pups that were continued on a regimen of mild
iodine deficiency throughout lactation (21). The same model of
maternal hypothyroxinemia secondary to mild iodine deficiency
during gestation and lactation has been found to yield decreases
in the immunofluorescence of myelin basic protein and the
staining of myelin sheaths in the hippocampi of rat pups, evi-
dence of decreased myelination (22). Perhaps as a result of
adverse effects on axonal growth and myelination, decreased
excitability of hippocampal neurons was observed in the 4- to

3 Abbreviations used: BDNF, brain-derived neurotrophic factor; CRMP2,
collapsing response mediator protein 2; EGRI1, early growth response 1;
ERP, event-related potential; IDM, infant of diabetic mother; NCAM-180,
the 180 kDa isoform of neural cell adhesion molecule.
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6-mo-old offspring of iodine-deficient rat dams, despite having
been fed an iodine-sufficient diet since weaning (23). Whether
the observed changes contributed to impaired overt behavior is
less clear, however. In the face of persistent reductions in ex-
citatory synaptic transmission, the same study reported that
maternal iodine deficiency during gestation and lactation did not
affect the performance of the offspring on the Morris water
maze (a spatial memory task) or trace fear conditioning tasks,
both of which are dependent on hippocampal function.

EFFECTS OF CONGENITAL HYPOTHYROIDISM AND
MATERNAL HYPOTHYROIDISM ON HUMAN
HIPPOCAMPAL STRUCTURE AND MEMORY FUNCTION

In contrast to the sizable body of research on the effects of
different degrees of maternal iodine deficiency on hippocampal
development in the rat, there are no comparable studies in
humans. Given the lack of a reliable biomarker for assessing
iodine status in individuals (24), it would be difficult to design
and conduct such a study. However, reliable means for ascer-
taining thyroid status are widely available. A few studies have
addressed the effect of either congenital hypothyroidism or
maternal hypothyroidism on hippocampal development, most in
children and adolescents aged =9 y.

Congenital hypothyroidism is an endocrine disorder charac-
terized by insufficient endogenous thyroid hormone production in
late gestation (i.e., when the fetal thyroid normally begins to
function) and after birth (25). Congenital hypothyroidism has
been found to be associated with reduced hippocampal volume
in children and adolescents (26). In some reports, memory
performance of children and adolescents with congenital hypo-
thyroidism was not found to be different from that of controls
(27), whereas in others it was found to be significantly impaired
(28, 29).

Children whose mothers were diagnosed with (and treated
for) hypothyroidism at some point during pregnancy may have

TABLE 1
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experienced thyroid hormone insufficiency earlier in gesta-
tion, before the initiation of treatment. In one longitudinal
study, the children (9-15 y of age) of mothers diagnosed
with hypothyroidism during pregnancy were found to recall
fewer episodic details than control children in the context of
an autobiographical memory interview, suggesting hippo-
campally related memory impairment (29). A follow-up study
in a sample drawn from the same study population reported
reduced hippocampal volume (as measured by MRI) in
children aged 9-12 y whose mothers experienced hypothy-
roidism during their pregnancies (30). As shown in Table 1,
volume reductions were apparent throughout the hippocam-
pus. A similar pattern has been observed in adults with adult-
onset hypothyroidism (6). In addition, as shown in Table 1,
despite reductions in hippocampal volume, the children per-
formed on par with control children on a number of stan-
dardized measures of memory function, even on tasks that
involved a delay. Nevertheless, they differed from controls on
a parent-report measure of everyday memory behavior, sug-
gesting deficits in memory function not tapped by standard-
ized measures (30).

The finding by Willoughby et al. (30) of a dissociation be-
tween the outcomes for hippocampal volume (reduced) and
performance on standardized measures of memory (largely
unaffected) is surprising in light of the results of neuroimaging
and behavioral studies in healthy children. In such studies,
lower hippocampal volume (which has typically been observed
in younger relative to older children) was found to be associated
with lower levels of performance on behavioral measures of
memory (31), as well as with lower levels of activation of the
hippocampus during memory encoding and retrieval (32). A
major difference between the approaches is the use of stan-
dardized memory measures in the study by Willoughby and
coworkers in contrast to the use of potentially more sensitive
experimental measures in neuroimaging studies of typical
development.

Hippocampal volume and memory task performance in children of mothers with hypothyroidism during pregnancy and

children of control mothers'

Hypothyroid Control P
Hippocampal volumes, mm?®
Total right hippocampus 1828 *= 264 1982 * 244 0.012
Total left hippocampus 1728 *= 239 1862 = 218 0.019
Memory task performance over a delay in hypothyroid
and control groups
CMS dot locations
Short-delay recall® 102 £ 2.8 109 £ 2.9 NS
Long-delay recall® 104 = 3.0 113 £ 28 NS
CMS stories: delayed recall® 12.0 £ 2.1 123 £ 2.8 NS
TML word selective reminding, delayed? 10.0 £ 2.5 104 £ 1.5 NS
TML visual selective reminding, delayed® 103 £ 1.5 104 £ 1.6 NS
TML face memory, delayed” 103 £ 14 109 £ 1.3 NS
Rey-Osterrieth, delayed recall® 145 £ 6.5 148 £ 5.5 NS
BRIEF working memory? 177 £ 59 144 £ 49 0.04
EMQ total® 499 = 182 66.2 = 30.4 0.04

'"Values are means = SDs. Data are from reference 30. BRIEF, Behavioral Rating Inventory of Executive Function;
CMS, Children’s Memory Scale; EMQ, Everyday Memory Questionnaire; TML, Test of Memory and Learning.

“Presented as scale scores.
3Presented as raw scores.

810z Jaquieoa( | uo 1sanb Aq 6/295H/SSE6/S 1ddns/y0 | Aoensge-ajonie/uole/woo dno-oiwspese//:sdiy woll papeojumoq



938S

SENSITIVE MEASURES OF MEMORY FUNCTION IN
INFANCY AND EARLY CHILDHOOD

The literature on the development of memory is replete with
measures that are highly sensitive to age-related and group
differences in memory function (33). Here we focus on measures
for infants and young children, populations most at risk of
memory deficits that are a direct result of maternal iodine de-
ficiency during pregnancy. There are 3 broad categories of
memory measures applicable to infants and children too young to
be tested with the verbal means typically used with older children
(including standardized tests).

The first category of memory measures applicable to infants
and young children involves assessment of looking or listening. It
is well documented that with increasing familiarity with
a stimulus, infants (as well as older children and adults) begin to
prefer to look or listen to a novel stimulus. This tendency is
exploited in measures of visual and auditory habituation and
dishabituation and the related task of paired comparison. As
depicted in Figure 1, in these tasks, a visual (or auditory)
stimulus is presented repeatedly until looking (or listening) time
decreases to a pre-established level. The familiar stimulus then
is replaced with a novel stimulus (or is presented next to a novel
stimulus). Memory of the original stimulus is inferred by dif-
ferential looking (or listening) to the familiar and novel stimuli.
The task can be used almost from birth. Measures of memory
derived from looking-time tasks in infancy correlate with as-
sessments of intelligence quotient in children as old as 11 y of
age (34).

The second category of memory measures for infants and
young children involves the use of demonstration and imitation.
Infants readily attempt to imitate behaviors that they find in-
teresting. This tendency is exploited in imitation-based tasks in
which props are used by an adult to demonstrate an interesting
action or sequence of actions (35). Either immediately or after
a delay (ranging from a few minutes to months), infants are given
the props and permitted to imitate. Differences in performance in
the postdemonstration phase relative to a predemonstration
baseline are taken as evidence that the infant remembered the
actions of the model. This task has been adapted for inclusion in
the NIH Toolbox Picture Sequence Memory Task (11, 36). The

Looking time

1 2 3 4 5 6 New stimulus onset
Stimulus presentation repetitons

FIGURE 1 Schematic illustration of stimuli and pattern of looking in
a habituation and dishabituation paradigm. Looking time decreases as the
original stimulus (dog) is repeated and recovers with the presentation of
a new stimulus (cat).
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imitation-based version of the task can be used as early as the
second half of the first year of life and well into the preschool
years. Measures of imitation-based task performance in the
second year of life correlate with standardized assessments of
memory at age 6y (37).

The third category of memory measures for infants and young
children involves the use of event-related potentials (ERPs),
which are scalp-recorded electrical signals associated with
postsynaptic potentials. ERPs are time-locked to a visual or
auditory stimulus (e.g., mother’s voice or face compared with
a stranger’s voice or face, or props used in an imitation-based
task). The electrical signal is amplified and averaged over many
trials. Typical measures are as follows: /) mean amplitude of
a response to a stimulus, which is reflective of the size of the
population of neurons firing in synchrony to the stimulus, and 2)
latency to peak amplitude of a response to a stimulus. Differ-
ences in amplitude and/or latency of response to stimuli in 2
classes (e.g., mother’s voice compared with a stranger’s voice)
or more are indicative of differentiation of the stimuli. ERPs can
be recorded even in newborns (38). They can be used alone or in
conjunction with measures of looking or listening to differen-
tiate familiar from novel stimuli (39).

APPLICATION OF SENSITIVE MEASURES OF MEMORY
FUNCTION TO GESTATIONAL IRON DEFICIENCY

Poorly controlled maternal diabetes during pregnancy causes
intrauterine hypoxia, which can lead to increased fetal erythro-
poiesis and consequent depletion of fetal iron stores (40). Tasks
from all 3 of the broad categories of memory measures described
above have been used to assess potential memory deficits in the
infants and young children of women with poorly controlled
diabetes (as evidenced by elevated blood glucose) during preg-
nancy. These measures have proven to be sensitive to differences
in memory above and beyond the variance explained by the
Bayley Scales of Infant Development; they have also proven to be
sensitive to memory deficits in infants born before term, infants
adopted from institutional care, and infants neglected by their
caregivers (8).

To show the utility of the above-described measures as sen-
sitive tests of memory function, we summarize reported longi-
tudinal assessment results for infants of diabetic mothers (IDMs)
and control infants at 3 time points in the first year of life. First,
10-12 d after birth, each infant listened to her or his mother’s
voice or a stranger’s voice uttering the word “baby” over and
over again. ERPs were recorded for each stimulus category.
Control infants and IDMs responded comparably to the sound of
the stranger’s voice. However, control infants differentiated the
stranger’s voice from the mother’s voice, whereas IDMs did not
(41). Second, at 8 mo of age, infants were tested for visual
recognition of an object they previously had felt with their hands
but had never seen (cross-modal recognition). Control infants
differentiated between familiar and novel stimuli in their be-
havior and in their ERP responses. In contrast, IDMs did not
differentiate the 2 classes of stimuli (42). Third, at 12 mo of age,
infants were tested for imitation of a novel sequence of action
immediately and after a 10-min delay. The immediate imitation
performance of the 2 groups did not differ. Over the delay, the
control infants retained their memories such that delayed per-
formance did not differ from immediate performance. IDMs
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evidenced significantly lower memory after the delay relative to
immediate performance and relative to controls (43). In sum-
mary, in each of 3 tests of memory function during the first year
of life, IDMs (born iron deficient but supplemented at birth) had
lower levels of memory performance relative to control infants.
At birth and at 8 mo of age, infants who experienced prenatal
iron deficiency failed to show evidence of memory for a stimu-
lus; at 12 mo of age, they showed immediate memory but sig-
nificant forgetting over a 10-min delay.

SUGGESTED APPLICATION OF SENSITIVE MEASURES
OF MEMORY FUNCTION FOR INVESTIGATING
NEURODEVELOPMENTAL OUTCOMES OF IODINE
SUPPLEMENTATION IN PREGNANT WOMEN

The successful detection of memory function impairments in
IDMs during the first year of life shows the promise of applying
the same sensitive measures to test the potential effects of ma-
ternal iodine supplementation on memory function in infants and
young children. We recommend pilot testing a battery of tasks
modeled after those used in the case of iron deficiency, with tests
shortly after birth to assess initial status and over the course of the
first year or longer to assess persistence of effects. In the hours
and days after birth, ERPs are optimal for assessment because
they make no performance demands on the infants. Indeed, ERPs
to sounds can be recorded while infants sleep (44). Auditory
stimuli are especially well suited to tests in neonates because they
bypass the less well-developed visual system.

As infants gain more control over their neck and hands and
become able to sit upright and bring objects to their eyes for
inspection, tests that use visual stimuli and matches between
stimuli inspected visually and haptically (i.e., perceived through
touch) become developmentally appropriate. Ideally, the test
battery would incorporate both familiar and novel stimuli,
thereby enabling testing of the recognition of information that
should already have been encoded by the infant (e.g., the
mother’s face or a favorite toy) as well as the recognition of
information that must be newly encoded at the time of testing
(e.g., a novel toy). Combining behavioral and ERP measures
maximizes the sensitivity of the battery. As infants approach the
end of the first year of life and beyond, they can be tested with
tasks that allow them to use their better developed and con-
trolled motor skills to actively manipulate objects. In the case of
imitation-based tasks, inclusion of both immediate and delayed
tests affords the opportunity to measure encoding processes
(tests of immediate imitation) as well as long-term recall pro-
cesses (tests of imitation after a delay). Delays of even 10 min
are highly sensitive to memory impairment in infants (43) as
well as in adults (13). Imitation-based tasks can be used
throughout the preschool years (37, 45), after which time the
transition can be made to the analogous task in the NIH Tool-
box, the Toolbox Picture Sequence Memory Task (11, 36).

CONCLUSIONS

Research in children and adolescents with congenital hypo-
thyroidism or whose mothers were hypothyroid during pregnancy
indicates that impairment of memory function is a possible
outcome of maternal iodine deficiency. Because, at present, there
is no rapid, reliable means for assessing the iodine status of
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individuals, it is not currently feasible to identify individual
women who are iodine-deficient in pregnancy and study the
memory function of their offspring. However, memory function
testing in infants and young children as an outcome measure of
maternal iodine supplementation could be undertaken. The lit-
erature on cognitive development in infancy and early childhood
features several candidate measures that have proven to be
sensitive to memory function in the infants and young children of
diabetic mothers (born iron deficient but supplemented at birth).
We recommend that these tasks be pilot tested as a means to study
the specific neurocognitive domain of memory in infants and
young children whose mothers received iodine supplementation
while pregnant.

In the absence of a rapid, reliable means for assessing the
iodine status of individuals, the development of a nonhuman
primate model should be considered as a means of testing the
effect of maternal iodine deficiency on the neurocognitive do-
main of memory. To date, the primary model of gestational iodine
deficiency is the rat. This model is limited by virtue of the fact
that much of rat hippocampal development takes place post-
natally, such that the newborn rat is developmentally equivalent
to a human fetus in the fourth to fifth gestational month (18).
Hippocampal development in nonhuman and human primates is
more closely aligned. Moreover, the larger memory system of
nonhuman primates (including connections with the prefrontal
cortex) is more analogous to that of humans (14). As such,
manipulations of the timing, severity, and duration of maternal
iodine deficiency in nonhuman primate models could be espe-
cially revealing of its effect on memory. The dual approach of
applying tests of the specific neurocognitive domain of memory,
early in development, in both human and nonhuman primates is
an especially promising avenue for investigating the effects of
maternal iodine deficiency and supplementation on children’s
hippocampal structure and function.
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