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Abstract

Thyroid hormones (TH) play an obligatory role in many fundamental processes underlying brain
development and maturation. The developing embryo/fetus is dependent on maternal supply of
TH. The fetal thyroid gland does not commence THs synthesis until mid gestation, and the adverse
consequences of severe maternal TH deficiency on offspring neurodevelopment are well
established. Recent evidence suggests that even more moderate forms of maternal thyroid
dysfunction, particularly during early gestation, may have a long-lasting influence on child
cognitive development and risk of neurodevelopmental disorders. Moreover, these observed
alterations appear to be largely irreversible after birth. It is, therefore, important to gain a better
understanding of the role of maternal thyroid dysfunction on offspring neurodevelopment in terms
of the nature, magnitude, time-specificity, and context-specificity of its effects. With respect to the
issue of context specificity, it is possible that maternal stress and stress-related biological
processes during pregnancy may modulate maternal thyroid function. The possibility of an
interaction between the thyroid and stress systems in the context of fetal brain development has,
however, not been addressed to date.
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We begin this review with a brief overview of TH biology during pregnancy and a summary of the
literature on its effect on the developing brain. Next, we consider and discuss whether and how
processes related to maternal stress and stress biology may interact with and modify the effects of
maternal thyroid function on offspring brain development. We synthesize several research areas
and identify important knowledge gaps that may warrant further study. The scientific and public
health relevance of this review relates to achieving a better understanding of the timing,
mechanisms and contexts of thyroid programming of brain development, with implications for
early identification of risk, primary prevention and intervention.
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The importance of thyroid function for brain development and cognitive function has been
appreciated for over a century (Curling, 1850, McCarrison, 1909) and is reflected in
initiatives such as the World Health Organization (WHQ)’s salt iodinization program and the
newborn screening program for congenital hypothyroidism, which are now standard
practices in many parts of the world. However, the WHO still considers iodine deficiency,
which leads to hypothyroidism, the single most important preventable cause of brain damage
worldwide (WHO/UNICEF/ICCIDD, 2007). The most vulnerable groups are pregnant and
lactating women and their developing fetuses and neonates, given the crucial importance of
iodine to ensure adequate levels of thyroid hormones (TH) for brain maturation. lodine
deficiency in pregnancy is a prevailing problem not only in developing countries, but also in
western industrialized nations and other countries classified as free of iodine deficiency
(Azizi et al., 2003, Travers et al., 2006, Leung et al., 2013). An explanation may be found in
dietary changes. For example, processed foods in the U.S. are prepared with non-iodized
salt, and consumption of these foods has increased (Council on Environmental Health et al.,
2014). In addition, during pregnancy, iodine requirement is increased by 50-75%, due to a
30-50% increase in renal iodide clearance and trans-placental iodine transfer (Glinoer, 2007,
McLeod and Mclintyre, 2010). However, only 15-20% of pregnant women take iodide
supplements (Council on Environmental Health et al., 2014), which may account for the
finding that both in the U.S. and U.K. approximately one third of pregnant women are at
least mildly iodine deficient according to WHO criteria (Caldwell et al., 2011, Bath et al.,
2013). This circumstance is of prime importance because the fetus receives TH in part from
the mother during gestation. There are several causes for insufficient TH availability during
development, such as congenital hypothyroidism in the child, but the present review focuses
on the impact of maternally-derived THs. During the embryonic and fetal periods of life the
critical importance of THs of maternal origin becomes apparent in light of the consideration
that while the effects of congenital hypothyroidism can be largely prevented by early
postnatal TH substitution therapy, the effects of severe TH deficiency secondary to an
inadequate supply from the mother, which include cognitive and motor defects, growth
retardation, defects of hearing and speech and other defects, are irreversible after birth (this
syndrome is known as neurological cretinism; de Escobar et al., 2004, Gilbert et al., 2012).
Moreover, recent evidence additionally suggests that even more subtle forms of maternal
thyroid dysfunction during pregnancy may impair her offspring’s cognitive and motor

Neuroscience. Author manuscript; available in PMC 2018 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Moog et al.

Page 3

development (Zoeller, 2003, de Escobar et al., 2008, McLeod and Mclintyre, 2010). In
addition to iodine deficiency, maternal thyroid dysfunction can arise from autoimmune
processes (e.g. Hashimoto Thyroiditis) or through environmental contaminants that function
as endocrine disruptors (e.g. phtalates, BPA etc.) (Hartoft-Nielsen et al., 2011).

TH-regulated processes are highly evolutionary conserved, and THs and their metabolites
are widely distributed in the animal and plant kingdoms. Metamorphosis in amphibians (i.e.,
the transition from an aquatic to a terrestrial environment) is regulated by TH, including lung
maturation for air breathing. Similarly, in humans THs are involved in the maturation of
various tissues and organs during transition to extrauterine life (Buchholz, 2015). Even in
non-vertebrates that lack endogenous TH production, exogenous THSs play a role in the
initiation of metamorphosis. For example, in echinoderm larvae, THs from ingested algae
act as a plasticity cue providing signals about the nutritional status of the environment
(Heyland and Moroz, 2005). More generally, the hypothalamic-pituitary-thyroid (HPT) axis
is a complex system that has widespread biological functions during as well as after
development, with TH acting on almost every cell in the organism. The HPT axis plays a
particularly important role in metabolism and energy expenditure (Kim, 2008, Klieverik et
al., 2009) and also interacts with, regulates, and is counter-regulated by signals conveying
information about substrate availability and energy demands such as those provided by the
stress system, including the hypothalamic-pituitary-adrenal (HPA) axis. The thyroid and
adrenal glands both communicate with the hypothalamus and the pituitary gland, and the
hormones produced by these two axes closely regulate and counter-regulate one another.
Thus, dysregulation of either axis is likely to result in an imbalance of the other. It is for this
reason that maternal stress and stress-related biological processes during pregnancy may be
important modulators of thyroid function, however, this interaction has been largely
overlooked in the current literature on the influence of maternal TH on offspring brain
development.

In this review, we first provide a short overview of the HPT axis, its development in the
embryo/fetus, and its functional alterations that occur during gestation. We then review the
existing literature on the influence of TH on brain and/or cognitive development in animals
and humans. In the second part of the review we focus on suboptimal conditions during
pregnancy that may alter or interact with maternal thyroid function, including maternal
stress and maternal-placental-fetal stress biology.

1. The HPT axis

The HPT axis in humans and all other mammals is controlled centrally by neurons located
within the parvocellular region of the paraventricular nucleus of the hypothalamus (PVN)
that synthesize and release thyrotropin-releasing-hormone (TRH) into the median eminence.
TRH stimulates thyroid-stimulating hormone (TSH) release from the anterior pituitary,
which then travels through the peripheral vasculature to stimulate the release of THs from
the thyroid gland. The thyroid gland predominantly produces and secretes the prohormone
thyroxine (T4), which has low biological activity and functions as a reservoir in the
circulation, and to a lesser extent the highly biologically active triiodothyronine (T3).
Hereinafter, the term TH will be used when referring to both T4 and T3. The majority of the
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action of T3 is mediated via a nuclear receptor (thyroid hormone receptor, TR), that exists in
four isoforms, two of which bind THs (TRal and TRB2). TRs regulate transcription both in
the absence and in the presence of ligand. Without the presence of T3, the unliganded
receptor (aporeceptor) recruits corepressors and histone deacetylases, which retain the
chromatin in a compact repressed position (Bernal, 2007). However, in the presence of T3,
the binding of the hormone to TR initiates transcription by the release of corepressors and by
recruiting coactivators and histone acetylases, which assist in the access of transcription
apparatus to the promoter regions (Bernal, 2007, Cheng et al., 2010). It has been suggested
that during brain maturation the aporeceptor represses specific gene expression until T3
becomes available to the cells in a time-specific manner (Patel et al., 2011). Circulating T3
and T4 are, for the most part, bound to binding proteins such as thyroxin binding globulin
(TBG), transthyretin (TTR) or albumin; less than 1% are present in free (unbound) form.
Different tissues modulate the impact of circulating THs according to their current needs via
three iodothyronine deiodinases (D1, D2, and D3). D1 converts T4 to T3 by outer-ring
deiodination and is, as such, responsible for a large fraction of the circulating T3. D1 also is
important in iodine recycling from inactive iodothyronines, its preferred substrate being
reverse T3 (rT3). D2 catalyzes only outer ring deiodination and is responsible for the local
conversion of T4 to active T3 in different tissues including the brain. In fact, approximately
80% of brain T3 is produced locally in the CNS by D2 (Crantz et al., 1982). D3, which is
expressed in particular in the brain and the organs of the feto-maternal interface, catalyzes
only inner ring deiodination and mainly deactivates T3 and T4 to inactive iodothyronines,
such as rT3, which is able to bind to TRs, thus blocking T3 action (Ahmed, 2015, Darras et
al., 2015).

Another form of control over TH action is through selective TH uptake by the tissues. The
transport of T4 and T3 in and out of cells is controlled by several classes of transmembrane
TH-transporters (THTS), including members of the organic anion transporting peptides
family (OATPs), L-amino acid transporters (LATSs) and monocarboxylate transporters
(MCTSs) (Bernal, 2005, Visser et al., 2008). OATP-F is distributed widely in the human brain
and is probably localized in the border of brain capillary endothelial cells and in the choroid
plexus. It preferentially transports T4 and rT3, whereas T3 is less well transported
(Pizzagalli et al., 2002). OATP-F may thus be involved in the transport of T4 through the
blood-brain barrier by facilitating uptake of T4 by astrocytes (where T4 is converted to T3),
as well as through the choroid plexus by facilitating uptake by tanycytes, and also in rT3
clearance (Bernal, 2005). Among the MCT family, monocarboxylate transporter 8 (MCT8)
and MCT10 have been identified as specific TH transporters (Visser et al., 2008). MCT8 is
expressed in neurons, which suggests that neuronal uptake of T3 produced in astrocytes is
facilitated by this transporter (Heuer et al., 2005). In humans, mutation of this transporter is
associated with severe developmental delay and neurological damage from an early age,
together with an unusually altered pattern of thyroid hormone levels in blood, a syndrome
known as Allan-Hernon-Dudley-Syndrome (Friesema et al., 2004, Kurian and Jungbluth,
2014).
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1.1. Changes in THs during gestation — fetal compartment

The onset of thyroid function in the human fetus occurs around 16-20 weeks of gestation (de
Escobar et al., 2004, Williams, 2008). However, even before onset of fetal thyroid function,
significant levels of T3 and thyroid hormone receptors (TR) can be found in the fetal brain,
and levels continue to increase over the course of gestation (Chan et al., 2002, Kester et al.,
2004). Thus, active transport of maternal thyroid hormone across the placenta has to occur
during this early period of gestation, and TH transporters have been identified in human
placental tissue (Chan et al., 2006, Loubiere et al., 2012). Low levels of THs can already be
detected in the coelomic fluid at 6 weeks gestational age, and they correlate with maternal
levels. Although total levels in fetal fluids are more than 100-fold lower than TH
concentrations in the maternal compartment, the unbound fraction is much higher in
comparison and reaches levels that are biologically active in adults (Contempre et al., 1993,
Calvo et al., 2002). Before the onset of fetal thyroid function in mid gestation, the fetus is
completely dependent on maternal TH supply, but a significant transfer of TH from the
mother to the fetus also persists during the second half of gestation (Vulsma et al., 1989).
The fetal thyroid gland reaches full maturation only towards the end of gestation. In terms of
quantity, T4 is the primary TH that gets transferred across the placenta (Calvo et al., 2002),
and T4 enters the brain more readily than T3. In the developing brain, D2 and D3 activity
(D1 is not present in the brain) and the ontogenic profile of iodothyronine concentrations
show time- and region-specific variation (Kester et al., 2004), which suggests that these two
enzymes play a role in ensuring the temporal and spatial availability of T3 to differentiating
systems while preventing premature exposure to T3 in other systems that develop at a later
time point (Dentice et al., 2013). Throughout gestation, T4 and free T4 (fT4) levels in the
fetal circulation steadily increase and reach adult levels towards the beginning of the third
trimester, whereas T3 and free T3 (fT3) levels remain low during fetal life and show a surge
at term (Thorpe-Beeston et al., 1991). Placental D3 activity is highest in the beginning of
pregnancy and declines over gestation, likely serving to prevent the fetus from excess TH.
However, T4 (the hormone mainly transferred) has low biological activity, and its activation
is regulated by and depends on the availability of D2 and D3 in specific tissues, thus
preventing premature TH action. An alternative or additional function of placental D3 may
be to provide the fetal thyroid with iodine recycled from the metabolism of iodothyronines
(Moleti et al., 2014). The fetal thyroid develops the ability to accumulate iodine by 10-12
wks gestation (Burrow et al., 1994). To conclude, maternal T4 levels in early pregnancy
appear to be particularly important in the provisioning of the fetal cortex with THs and
continue to be relevant throughout gestation.

1.2. Changes in THs during gestation — maternal compartment

Gestational hormonal and metabolic changes induce profound adaptations in maternal HPT
physiology. In the first trimester, high levels of human chorionic gonadotropin (hCG) are
secreted by the syncytiotrophoblast cells of the blastocyst, which signals the corpus luteum
to continue progesterone production, which, in turn, is essential for the maintenance of
pregnancy. hCG is structurally similar to TSH and also has thyrotropic effects, leading to a
surge in first trimester fT4 and fT3 and a concurrent suppression of circulating TSH. It has
been suggested that through this mechanism of regulation of the maternal endocrine system
the embryo/fetus ensures adequate levels of substrate for its own development during a time
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at which the fetal thyroid gland still lacks the capability of synthesizing THs (Glinoer, 1997,
Moleti et al., 2014). Rising estrogen concentrations during pregnancy induce increased
hepatic synthesis and enhanced sialylation of TBG, which decreases its metabolic clearance
rate. This results in a two-fold increase in TBG and increased total T4 and T3 levels
throughout pregnancy (accompanied by an enlargement of the maternal thyroid gland by an
average of 18%), whereas for most of gestation the free T4 and T3 concentrations remain
normal or decline slightly (Braunstein, 2011). In addition, there is a demand on the maternal
thyroid through degradation of iodothyronines by D3 in the placenta. To summarize, in order
to maintain adequate levels of free T4 and T3, maternal TH production increases by
approximately 50% during pregnancy. Pregnant women also have an increased need for
iodine for three main reasons: a) increased synthesis of THs by the maternal thyroid gland,
b) increased renal clearance of iodide, and c) transfer of iodine to the fetus across the
placenta. Interestingly, hCG also stimulates iodine transfer across the placenta from the
maternal to the fetal compartment by stimulating the sodium-iodide symporter (NIS) (Arturi
et al., 2002). Overall, the additional dose of iodine intake required in pregnancy by to
provide an adequate supply for both the mother and her fetus is estimated to be 150 ug/day
(Moleti et al., 2014). Insufficient iodine intake leads to a switch towards an increased
thyroidal production of T3 and a reduction of T4 production in order to save iodine. This
may lead to low levels of T4 and fT4, while TSH concentrations are maintained within the
normal range due to the persisting negative feedback of T3. This adaptation may be
beneficial to the mother, however, since T4 is the primary TH that crosses the placenta,
maternal TH supply to the fetus may be compromised (Moleti et al., 2014).

2. Influence of THs on brain and cognitive development

The brain is an important target of thyroid hormones at all stages of life, however, the
maximal vulnerability to an imbalance of thyroid hormone supply occurs during the earliest
stages of brain development. The following section reviews the importance of thyroid
hormones for brain development and cognitive capabilities. The majority of human studies
have been observational in nature, focusing on relatively broad cognitive outcome measures,
whereas the mechanisms and molecular underpinnings of the behavioral changes have
largely been studied in rodent models. Before focusing on the thyroid hormone availability-
related alterations in cortical developmental processes, a short overview is provided below of
normal embryonic and fetal brain development.

2.1. Prenatal brain development

The development of the mammalian central nervous system follows a protracted and highly
orchestrated chain of events. Understanding the timing of neurodevelopmental events is
essential for determining how environmental disturbances during specific developmental
time windows can affect certain structures and functions.

Within the first three weeks after human oocyte fertilization three germ layers are formed in
the embryo — the ectoderm, mesoderm and endoderm. The brain and spinal cord arise from
an area of the ectoderm known as the neural plate. During the formation of these germ
layers, a subset of cells that form the upper layer (the later ectoderm), receive signals from
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migrating cells, which induce their differentiation into neural progenitor cells. First, the
progenitor cells divide in a symmetric fashion to produce more neural progenitor cells.
Then, in the sixth week of development, the cells begin to divide asymmetrically to produce
two different types of cells - another neural progenitor cell, and a neuron. The new neural
progenitor cells continue to divide within the ventricular zone. The neurons, however, begin
a process of migration that results in the anatomical development of the cortex, which
primarily occurs during the fetal period (9 weeks until birth) (Stiles and Jernigan, 2010).

The early fetal period is characterized by ongoing neuronal proliferation and migration,
which leads to the “inside-out” formation of the neocortex into its 6-layered structure. The
first post-mitotic cells that migrate from the ventricular zone form the preplate. Towards the
end of the embryonic period, the cortical plate develops within the preplate, thereby dividing
the preplate into a minor superficial component, the marginal zone containing Cajal-Retzius
neurons that secrete the extracellular protein Reelin (which is required for normal inside-to-
outside positioning of the migrating neurons), and a large deep component, the subplate. The
subplate is assumed to be a key structure in enabling higher inter-cortical connectivity
because its size and duration of existence during development increases along with the
complexity of the brain and is largest in primates, particularly humans (Luhmann et al.,
2009, Kanold and Luhmann, 2010). The first cells to arrive in the cortical plate form the
future layer VI. Later-born cells migrate past the already-present cortical cells (dependent on
Reelin signaling) and form progressively more superficial layers. Towards the end of the
second trimester the six layers of the neocortex are discernible, however, the final form is
reached around developmental week 35, with the disappearing of the subplate (Kriegstein
and Noctor, 2004, ten Donkelaar and van der Vliet, 2006).

After migrating to their final destination, neurons extend axons and dendrites to make
synaptic connections within the developing brain. Outgrowing axons are able to make use of
the scaffold formed by earlier axons, so-called pioneers, giving rise to axon fascicles that
form the neural circuitry (Robichaux and Cowan, 2014). Synaptogenesis accelerates in the
third trimester to approximately 40,000 synapses per minute (Bourgeois, 1997), and around
mid-gestation the process of myelination of the axons begins, allowing for more efficient
cell-to-cell communication (Abraham et al., 2010). These processes play a critical role in the
functional maturation of developing neural circuits and extend well into the postnatal period.

It is important to note that brain change and adaptation are part of a lifelong process. No
other organ system remains as plastic and continues to develop over such a prolonged
period, but the earliest phases of maturation are particularly important. The concept of fetal
programming describes the process by which conditions during critical periods of cellular
proliferation, differentiation, and maturation elicit structural and functional changes in cells,
tissues, and organ systems that may, independently or through interactions with subsequent
developmental conditions, have long-term or permanent consequences. One of the principles
of this concept is that organs undergoing rapid developmental changes are especially
vulnerable to the influences of environmental conditions, which applies particularly to the
brain. First, the embryonic/fetal period is the developmental stage when differentiation of
major brain structures occurs in a relatively short amount of time, thereby conferring a
greater susceptibility for exposure to environmental perturbations, such as alterations in TH
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supply. Second, because brain development entails a cascade of bidirectional interactions
with the environment, even small or subtle alterations in brain structure or function during
fetal life can become progressively and substantially magnified over time to produce long-
lasting or permanent deficits. It is, therefore, conceivable that insufficient TH supply during
fetal development can have long-term consequences for brain anatomy, connectivity and
function.

2.2. Influence of TH deficiency on brain development — evidence from animal studies

A wealth of studies primarily in rodents has characterized the neuroanatomical and
functional consequences of thyroid dysfunction during early development. The majority of
these studies have focused on the effects of experimentally-induced hypothyroidism via
thyroidectomy, administration of an antithyroid drug (methimazole (MMI) or
propylthiouracil (PTU)) to pregnant dams throughout gestation and/or lactation, or,
alternatively, with the use of genetic models of TH insufficiency, such as TH receptor
deletion and mutation. These different methods of inducing TH deficiency during
development in animal models are summarized using the term “developmental
hypothyroidism.” In general, these methods cause drastic reductions in the levels of
circulating T3 and T4, with a corresponding increase in TSH release from the pituitary (a
hormone profile consistent with hypothyroidism in humans, see Box 1). Other models have
examined the effects of low-dose TH synthesis inhibitor (e.g. PTU) administration, leading
to dose-dependent moderate reductions in serum THs, mainly T4 (similar to
hypothyroxinemia in humans, see Box 1) (e.g. Gilbert and Sui, 2006, Goodman and Gilbert,
2007). Evidence from this research suggests widespread effects of THs on neuron
proliferation, neuronal migration and differentiation, neurite outgrowth and guidance,
synaptogenesis and myelination (e.g. Berbel et al., 1994, Hashimoto et al., 2001, Pathak et
al., 2011, Mohan et al., 2012, Shimokawa et al., 2014). A comparatively smaller number of
studies have investigated the specific effect of maternal thyroid dysfunction by inducing only
a transient and often moderate reduction in the maternal thyroid hormone supply before the
onset of fetal thyroid function (e.g. Dowling and Zoeller, 2000, Auso et al., 2004, Opazo et
al., 2008). These studies provide important evidence for the significance of even mild
disruptions in the maternal TH supply for prenatal brain development.

It is important to note that alterations in the expression of genes directly or indirectly
regulated by TH appear to be completely reversible by postnatal TH replacement (Alvarez-
Dolado et al., 1998, Alvarez-Dolado et al., 1999, Gilbert et al., 2007, Jahagirdar et al.,
2012). However, more substantial alterations in brain developmental trajectories such as
migration defects (Auso et al., 2004, Goodman and Gilbert, 2007, Pathak et al., 2011),
neuronal morphological alterations (Ruiz-Marcos et al., 1982, Rami et al., 1986) or impaired
motor coordination and activity (Shimokawa et al., 2014) seem to require TH replacement
starting very soon after the induction of experimental hypothyroidism in order for the effects
to be abolished.

2.2.1. Neuron proliferation—The time window for rodent neocortical neurogenesis is
from embryonic day (E)12 to 18, which is completed before the start of fetal thyroid
function at E17.5. Several genes involved in cell cycle regulation and cell proliferation are
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found to be regulated by TH in the developing brain (Dowling et al., 2000, Bansal et al.,
2005, Morte et al., 2010, Qiu et al., 2010, Wang et al., 2014). In addition, neural progenitors
in the VZ of rats express TRa1, Mct8 transporters and deiodinase 11, and maternal thyroid
hormone deficiency leads to a delay in symmetrical divisions of these progenitors, as well as
a reduced cell cycle length and a corresponding reduction of the progenitor pool (Mohan et
al., 2012). Interestingly, the evolutionary enlargement of the human cerebral cortex (which is
mainly due to an expansion of the surface area, whereas the increase in cortical thickness is
relatively modest) is suggested to be the result of an enlarged progenitor pool. According to
the radial unit hypothesis, an increase in symmetrical divisions of the neural progenitor cells
before the onset of neurogenesis (i.e. a prolongation in duration of the cell cycle) would
result in an exponential increase in the number of founder cells that give rise to a larger
number of radial cortical columns, which, in turn, results in an expanded laminar structure
(Rakic, 2009). In addition, the expansion of a second set of progenitor cells, called basal or
intermediate progenitors (which have also been implied in the evolutionary expansion of the
neocortex) seems to require TH binding to the extracellular matrix protein integrin a,f3, a
T4 cell surface receptor (Stenzel et al., 2014). Consequently, maternal thyroid hormone
deficiency has also been shown to impair the basal or intermediate progenitor pool, which,
in turn, leads to a selective loss of upper layer neurons and reduced cortical thickness
(Mohan et al., 2012). In a somewhat contradictory finding, Chen et al. (2012) identify
maternal thyroid hormones as critical factor for the switch from proliferation to
differentiation of embryonic stem cells, i.e. terminating proliferation and promoting
differentiation, thereby contributing to the neurogenesis in the telencephalon during early
brain development. These discrepancies may be a result of timing-dependent differences of
TH signaling in the developing brain (Quignodon et al., 2004).

2.2.2. Neuron migration—Another well-replicated observation in the offspring of
hypothyroid rats is related to deficits in neuronal migration in the cerebellum and cerebrum.
Heterotopias (i.e. cellular malformations with clusters of neurons in untypical places, a
result of defective migration) in the white matter of the corpus callosum and subcortical
band heterotopias can be detected in offspring of dams with moderate forms of thyroid
disruption (Berbel et al., 2001, Goodman and Gilbert, 2007, Gilbert et al., 2014), and they
remain present in adult animals even after returning to an euthyroid state (Powell, 2012).
Developmental hypothyroidism has been shown to produce a decrease of neurons in cortical
layers I-111 and an increase in layers V-VI, thereby resulting in a reduction of radial glial
density and loss of neuronal bipolarity, which is crucial for neurons to migrate in radial
direction to form the cortical plate (Pathak et al., 2011). Delayed neuronal migration has also
been observed in animals exposed to only a transient maternal TH deficiency before the
onset of fetal thyroid function (Auso et al., 2004). An increased susceptibility to seizures
appears to be a common byproduct of the observed migratory defects (Auso et al., 2004,
Gilbert et al., 2014). Thus, TH seems to affect the process of neuronal migration via multiple
sites of possible regulation. Most importantly, T3 directly regulates the expression of reelin
during development (Alvarez-Dolado et al., 1999, Pathak et al., 2011). Under TH deficiency,
reelin and its cell surface receptors apolipoprotein E receptor 2 (ApoER2) and very low--
density lipoprotein receptor (VLDLR) are significantly reduced in the neocortex (Pathak et
al., 2011). Similarly, in the cerebellum, the expression of reelin and doublecortin (another
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important factor in neuronal migration) is downregulated in perinatally iodine-deficient and
hypothyroid rats (Wang et al., 2012). Reelin is a critical factor in the control of neuronal
positioning, and its lack can be studied in the reeler mouse mutant (Rakic and Caviness Jr,
1995).

2.2.3. Neuron differentiation—In addition to cell migration, thyroid hormones regulate
the differentiation of neurons, oligodendrocytes, astrocytes and microglia. Developmental
hypothyroidism causes decreased expression of the neurotrophin brain-derived neurotrophic
factor (BDNF) and neurotrophic factor-3 (NT-3) (Lindholm et al., 1993, Koibuchi et al.,
1999), insulin-like growth factor-1 (IGF-I) (Elder et al., 2000), actin-related protein 2/3
complex subunit 5 (ARPCS5), and collapsin response mediator protein-2B (CRMP2B) (L.iu et
al., 2013), as well as the presynaptic plasma membrane protein synaptosomal associated
protein of 25 kDa (SNAP-25) (Zhang et al., 2008), all of which are important regulators of
neuronal differentiation, neurite outgrowth and synaptogenesis. In contrast, the expression of
several genes involved in cell adhesion, including tenascin-C, L1/Ng-CAM, TAG-1 and
neural cell adhesion molecule (NCAM) appears to be upregulated by a lack of TH in the
developing brain in a region- and time-specific fashion (Iglesias et al., 1996, Alvarez-Dolado
etal., 1998, Alvarez-Dolado et al., 2000, Alvarez-Dolado et al., 2001). These molecules are
implicated in neuronal migration as well as neurite outgrowth, axonal guidance and
fasciculation. Indeed, L1/Ng-CAM overexpression has been associated with an altered
pattern of fasciculation (Kunz et al., 1998).

The effects of TH on gene expression are paralleled by morphologic alterations, with some
classes of neurons being more strongly affected by hypothyroidism. For example, poor
dendritic arborization, altered distribution of dendritic spines, and fewer synaptic
connections can be observed in the pyramidal cells of the neocortex and hippocampus (Ruiz-
Marcos et al., 1982, Rami et al., 1986) and in the Purkinje cells of the cerebellum
(Hashimoto et al., 2001, Shimokawa et al., 2014).

2.2.4. Myelination—The differentiation of oligodendrocytes, the glial cells that perform
myelination of the axons in the central nervous systems, is strongly TH-dependent
(Rodriguez-Pena, 1999). TH deficiency leads to delayed myelination and decreased
expression of major myelin proteins myelin basic protein (MBP), proteolipid protein (PLP),
myelin-associated glycoprotein (MAG), 2,3 -cyclic nucleotide 3’ -phosphodiesterase (CNP)
(Rodriguez-Pena et al., 1993, Ibarrola and Rodriguez-Pena, 1997). The expression of the
MBP gene is directly regulated by T3 via a TRE in the promoter region (Farsetti et al.,
1992). These alterations affect the maturation of interhemispheric connections, which is
reflected in a substantial decrease in the number of myelinated axons in the anterior
commissure and the corpus callosum in developmentally hypothyroid rats, while the total
number of axons is not affected (Berbel et al., 1994, Ferraz et al., 1994). A reduction in
white matter volume and percent white matter has been observed in developmentally
hypothyroid rats, and these changes largely persist even after the animal is returned to an
euthyroid state (Powell, 2012).

2.2.5. Interneurons and neural circuits—Another population of neurons that is
strongly affected by TH deficiency is -y-aminobutyric acid (GABA)-ergic interneurons in the
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neocortex, hippocampus and cerebellum. GABA is the primary inhibitory neurotransmitter
in the mature CNS, regulating excitatory glutamatergic activity, but during the early stages
of development it mainly acts as an excitatory neurotransmitter and as a trophic factor
involved in developmental processes, including cell proliferation, migration, and
synaptogenesis. In addition, GABAergic interneurons are responsible for the generation of
the first primitive patterns of network activity (Ben-Ari, 2002, Ben-Ari et al., 2007). In
particular, a subpopulation of parvalbumin (PV)-containing GABAergic neurons and their
axonal and dendritic processes is reduced in the hippocampus and neocortex of
developmentally hypothyroid rats and TRa1-deficient or -mutant mice (Berbel et al., 1996,
Guadano-Ferraz et al., 2003, Gilbert et al., 2007, Wallis et al., 2008, Sawano et al., 2013).
This effect persists into adulthood and can be elicited even with more moderate degrees of
TH insufficiency (Gilbert et al., 2007). PV-positive cells consist of basket and chandelier
cells mainly located in the pyramidal cell layer that form dense clusters around pyramidal
cells and contribute to fast-spiking, perisomatic (i.e. they synapse directly on the soma) input
onto pyramidal cells. A reduction in the expression of the Ca2*-binding protein PV and a
impaired development of axonal and dendritic arborization may affect the firing properties
of the cells and decrease the inhibitory control of glutamatergic neurons. Indeed, functional
deficits of the GABA-mediated inhibition (i.e. disinhibition) in the dentate gyrus (DG) have
been demonstrated to accompany these alterations (Gilbert et al., 2007, Wallis et al., 2008).
Transient maternal TH deficiency also alters tangential migration of neurons derived from
the medial ganglionic eminence, which includes PV-positive GABAergic interneurons
(Cuevas et al., 2005). In addition to PV, TH targets both pre- and postsynaptic components
of the GABAergic system in the developing hippocampus. Developmental hypothyroidism
leads to a 50% reduction of glutamic acid decarboxylase 65 (GADG5), the enzyme
responsible for converting glutamate to GABA, along with a 37% reduction in GAD65-
positive cells and processes (Sawano et al., 2013). The rise in K*/CI~ cotransporter (KCC2)
protein, a postsynaptic component essential for the switching of GABAergic
neurotransmission from excitatory to inhibitory (Ben-Ari, 2002), between postnatal day
(P)10 and 15 is absent in hypothyroid animals, suggesting a significant delay in the timing of
the switch (Sawano et al., 2013). TH deficiency also decreases the proliferation and delays
the maturation of the precursors of cerebellar GABAergic interneurons, with effects on the
number of mature GABAergic neurons and GABAergic terminals (Manzano et al., 2007).
Conversely, treatment of neuronal cultures from E16 embryonic rats with T3 results in
functional maturation of early cortical networks with higher spontaneous burst activity,
increased growth of glutamatergic and GABAergic synapses, an increase in the relative
density of GABAergic neurons, as well as increased somatic and axonal growth of large
GABAergic interneurons, due to neurothrophic actions of T3 and T3-mediated increases in
neuronal activity (Westerholz et al., 2010). The effects of TH on PV-expressing GABAergic
interneurons may be partly mediated by their effect on neurotrophin expression.
Neurotrophins have been implicated in regulating survival, differentiation, and maturation of
GABAergic interneurons, as well as their mature inhibitory function (Woo and Lu, 2006).

Tangentially migrating GABAergic neurons also form a subpopulation of subplate neurons,
a transient structure in the developing brain with an important role in the guidance of
ingrowing thalamocortical axons and the maturation of intra- and extracortical circuits
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(Hoerder-Suabedissen and Molnar, 2015). Subplate abnormalities have been shown in rats
with maternal hypothyroidism with likely effects on cortical connectivity (Jahagirdar et al.,
2012, Navarro et al., 2014). Supporting the role of TH for these processes, developmental
hypothyroidism has been associated with a substantial reduction in thalamocortical axonal
arborization, potentially due to an asynchrony in the maturation of thalamocortical afferents
and their cortical targets (Auso et al., 2001, Berbel et al., 2014).

2.2.6. Synaptic plasticity—THs play an important role in synaptic plasticity and long-
term potentiation (LTP). Developmental hypothyroidism or iodine-deficiency decreases the
expression of neurogranin/RC3, a calmodulin-binding protein which is abundant in the
hippocampal regions CA1, CA3 and DG throughout development and which plays a crucial
role in regulating the post-synaptic availability of calmodulin and the subsequent activation
of calmodulin-dependent pathways, including Ca2*/calmodulin-dependent protein kinase 11
(CaMKII) (Dowling and Zoeller, 2000, Dong et al., 2010). Adult rats that were TH-deficient
during development exhibit impairments in synaptic transmission and LTP in the DG and
CAL region, even after relatively moderate disruptions of thyroid function (Gilbert and
Paczkowski, 2003, Gilbert and Sui, 2006, Opazo et al., 2008, Wang et al., 2013).

2.2.7. Neurochemistry—TH may also alter the biochemistry of the brain. Widespread
decreases in monoamines (norepinephrine, epinephrine, dopamine and serotonin) and
acetylcholinesterase, as well as increases in GABA, have been documented in the cerebrum,
cerebellum and medulla oblongata of developmentally hypothyroid rats (Ahmed et al.,
2010).

Taken together, these studies converge to suggest that a lack of THs during prenatal and
early postnatal development can result in significantly altered cortical cytoarchitecture,
delayed cortical maturation, and abnormal intra- and extracortical structural and functional
connectivity.

2.3. Functional consequences of TH deficiency — evidence from animal studies

The described neuroanatomical alterations may well explain the behavioral changes and
cognitive dysfunctions observed in animals exposed to developmental hypothyroidism.

2.3.1. Motor function and activity—Congenitally hypothyroid mutant rawv rats show
severe impairment of motor coordination and balance, a probable result of morphological
alterations in the cerebellum, as well as a general hypoactivity (Shimokawa et al., 2014).
Preweaning hypoactivity and impaired neuromotor competence have also been observed in
offspring of dams with experimentally-induced hypothyroidism, but the hypoactivity may
transition into motor hyperactivity after termination of antithyroid drug treatment (Goldey et
al., 1995, Brosvic et al., 2002, Darbra et al., 2003, Axelstad et al., 2008). Thus, the observed
hypoactivity may be a direct result of a low TH level, which promotes energy conservation
without long-term alterations in brain function. In contrast, the increase in locomotor activity
observed after weaning may be the result of a permanently altered dopamine signaling
(Beninger, 1983).
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2.3.2. Cognition—Changes in the monoaminergic system may also affect attentional
processes, which, in turn, could impair cognitive performance at several levels. For example,
developmental hypothyroidism has been shown to disrupt signal detection performance via
impairment of visual attention (Hasegawa and Wada, 2013). A shorter attention span may
also be the underlying cause of the poor performance of rats exposed to developmental
hypothyroidism in active and passive avoidance learning (Darbra et al., 2003, Negishi et al.,
2005). In addition, the adaption to a change in response requirement (which is tested using a
reversal learning paradigm) appears to be affected in developmentally hypothyroid rats and
persists long after returning to an euthyroid (normal thyroid function) state (Brosvic et al.,
2002, Gilbert and Sui, 2006).

Alternatively, impaired learning may be the result of long-term deficits in memory
consolidation. For example, the effects of developmental TH-deficiency on synaptic
plasticity and LTP may explain the impaired spatial learning in the Morris water maze
observed in adult rats after recovery of their TH-concentrations. Effects have been reported
even in animals with a more subtle TH disruption during development; while most
eventually managed to acquire the task, it took these animals significantly longer time to do
so (Gilbert and Sui, 2006, Opazo et al., 2008). Early postnatal T4 treatment (P7) did improve
learning and memory performance, while late postnatal T4 treatment (P21) failed to show an
effect (Reid et al., 2007), supporting the critical role of TH during certain developmental
time windows.

2.3.3. Affect—Developmentally hypothyroid rats seem to experience less anxiety to
novelty, which may contribute to the impaired avoidance learning observed in these animals
(Darbra et al., 2003, Negishi et al., 2005). In contrast, congenitally hypothyroid mutant raw
rats show increased anxiety and depression in response to novel surroundings, likely a result
of a reduction in monoamines (Shimokawa et al., 2014). Again, these differences could be
due to the current thyroid status in these animals. While rdw rats are permanently
hypothyroid, rats exposed to developmental hypothyroidism are usually euthyroid at the time
of testing.

2.4. Influence of TH deficiency on neurodevelopment — evidence from human studies

Human studies on the neurodevelopmental consequences of TH deficiency are typically
based on various indicators of maternal thyroid dysfunction. Box 1 provides definitions and
prevalence rates during pregnancy of the different forms of thyroid dysfunction that are
associated with TH deficiency. The true prevalence of isolated maternal hypothyroxinemia is
difficult to determine because wide differences exist between studies and regions.
Hypothyroxinemia affects more women in mildly to moderately iodine deficient regions,
where the prevalence may increase over the course of gestation (Moleti et al., 2011). Only a
small proportion (7%) of women with hypothyroxinemia are thyroid autoantibody positive,
whereas thyroid autoantibodies have been detected in approximately half of women with
subclinical hypothyroidism (SCH) and 80% of women with overt hypothyroidism (OH)
(Moleti et al., 2011, Stagnaro-Green et al., 2011). In addition, thyroid autoantibodies are
detectable in 10-20% of euthyroid women. These women are more likely to develop
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increased TSH concentrations over the course of pregnancy as well as postpartum thyroiditis
(Stagnaro-Green et al., 2011).

We first provide here an overview of cognitive changes and motor development in the
children of mothers with TH deficiency. Next, we review the available child imaging data on
changes in brain morphology, and finally we summarize observations on child
psychopathological conditions.

2.4.1. Cognition and motor development—Support in humans for an influence of
prenatal maternal thyroid dysfunction on child behavior, motor and cognitive ability comes
from a wide range of primarily observational studies, summarized in Table 1. Findings
suggest that different forms of moderate or mild maternal thyroid dysfunction are associated
with a range of child neurodevelopmental outcomes, including intelligence or general
cognition, verbal development, reaction time, and motor performance. In addition, the
timing during gestation of exposure to maternal TH deficiency seems to be an important
modulator of these effects. In particular, maternal hypothyroxinemia (i.e. fT4 concentrations
below the normal limits with normal TSH concentrations) appears to have a larger effect
when it is present during early pregnancy. All but one of the studies (i.e., Grau et al., 2015)
that investigated the effect of low maternal fT4 levels around the end of the first trimester
(12/13 weeks gestational age (i.e., before onset of fetal thyroid function) report impaired
cognitive and motor functioning in exposed children (Pop et al., 1999, Pop et al., 2003,
Kooistra et al., 2006, Henrichs et al., 2010, Costeira et al., 2011, Finken et al., 2013, Julvez
etal., 2013, Ghassabian et al., 2014a). In contrast, studies examining maternal
hypothyroxinemia in mid- or late pregnancy reveal mixed results. A study comparing 99
hypothyroxinemic women in the second trimester with 99 matched euthyroid controls did
not observe an effect on the children’s scores of the Bayley Scales of Infant Development at
2 years of age (Craig et al., 2012). This association was, however, observed in children of
women with first trimester hypothyroxinemia (Pop et al., 2003, Costeira et al., 2011). In
these studies, fT4 concentrations later in pregnancy were not independently associated with
child cognitive outcomes, however, in one study the lowest developmental scores were
observed in the children of mothers whose fT4 levels were low in the first trimester and
decreased further over pregnancy (Pop et al., 2003). Four other studies report no associations
between low fT4 levels in the second or third trimester and cognitive or motor functioning in
children of different ages (Pop et al., 1999, Kooistra et al., 2006, Chevrier et al., 2011, Grau
et al., 2015). However, a study in a small sample (Vermiglio et al., 2004) did find a positive
correlation between maternal T4 levels in mid-pregnancy and IQ scores in the offspring,
and another study (Suarez-Rodriguez et al. 2012) measured fT4 levels at term (37 weeks
GA) and observed a mean difference of 6.1 points on the general cognitive index of the
McCarthy Scales between children of hypothyroxinemic mothers and control children. A
recent meta-analysis (that did not distinguish effects between different assessment time
points) concluded that low maternal fT4 concentrations are associated with an
approximately three-fold increased risk of delayed child cognitive development (Wang et al.,
2015).

Results on the consequences of maternal total T4 on child cognitive development are mixed.
In a study from China, children of women with T4 concentrations < 2.5 percentile in the
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early second trimester had significantly lower scores on both the mental developmental
index (MDI) and the psychomotor developmental index (PDI) of the Bayley Scales of Infant
Development in early childhood compared to children whose mothers had normal T4
concentrations during pregnancy (Li et al., 2010). Likewise, a study in a relatively small
sample of mother-child dyads from a severely iodine-deficient region in Papua New Guinea
found maternal prenatal T4 levels to be positively associated with test scores on cognitive
and motor performance tasks (Pharoah et al., 1984). In contrast, two other studies found no
association between low T4 levels in early pregnancy (Oken et al., 2009) or at delivery
(Williams et al., 2012) and child cognitive functioning. It is likely that total T4 levels in the
maternal circulation do not adequately reflect the supply with TH to the fetus because the
vast majority of circulating T4 is bound to carrier proteins. An assessment of fT4 seems to
be preferable in order to estimate the effect of a low maternal TH status on child
neurodevelopment.

To date, research in humans has not focused strongly on the effects of maternal
hypothyroidism (defined as elevated TSH levels with (overt) or without (subclinical) a
corresponding decrease in circulation fT4 levels). In fact, the majority of studies
investigating maternal hypothyroxinemia, use elevated TSH concentrations as an exclusion
criterion in accordance with the definition of isolated hypothyroxinemia. Based on the rather
sparse evidence, increased TSH levels usually appear to be associated with poorer child
cognitive outcome irrespective of the assessment time point (Haddow et al., 1999, Klein et
al., 2001, Vermiglio et al., 2004, Li et al., 2010, Murcia et al., 2011, Williams et al., 2012,
Finken et al., 2013), although one study observed better cognitive performance with
increasing maternal TSH (Chevrier et al., 2011). The effect in this latter study is likely
driven by very low rather than high TSH levels, because only approximately 5% of the
women had TSH concentrations > 2.5 mU/I and none had TSH > 5.2 mU/I, whereas 15% of
women had TSH levels < 0.8 mU/I (Chevrier et al., 2011). Thus, high concentrations of
maternal TSH at any point during pregnancy appear to negatively impact child
neurodevelopment.

Other maternal conditions that are associated with TH deficiency such as iodine deficiency
and thyroid autoimmunity have also been related to poorer child cognitive outcomes (Pop et
al., 1995, Bath et al., 2013). Ghassabian et al. (2014b) did not find a clear relationship
between low maternal urinary iodine levels in early pregnancy and child cognitive outcomes,
which may be due to the low prevalence of even mild iodine deficiency in the study
population.

There have been only a few interventional studies examining the effects of maternal iodine
supplementation on infant neurocognitive function (reviewed in Taylor et al., 2014), and
only one randomized control trial (RCT) comparing children of hypothyroid or
hypothyroxinemic mothers that received L-thyroxine supplementation during pregnancy
with children of mothers with thyroid dysfunction that did not receive a treatment (Lazarus
etal., 2012). All of the studies investigating iodine supplementation were conducted in
Spain, which is considered to have adequate iodine status in the general population, although
some areas are mildly iodine-deficient (Lazarus, 2014). Velasco et al. (2009) report that
children of euthyroid mothers supplemented with 300 pg of iodine from the first trimester
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and throughout lactation showed better behavioral and psychomotor performance than
children of untreated mothers. Likewise, Berbel et al. (Berbel et al., 2009) observed a higher
developmental quotient in children whose mothers received iodine supplementation from the
beginning of pregnancy (group 1) compared to children of women receiving treatment from
the beginning of the 2" trimester (group 2) or the end of gestation through lactation (group
3). However, these effects could as likely be the result of maternal hypothyroxinemia as that
of iodine supplementation, because group 1 included only women with fT4 > 20t percentile
whereas groups 2 and 3 included mildly hypothyroxinemic women (thus the results could
have been due to their lower fT4 levels instead of their delayed substitution with iodine).
The single RCT did not find an association between maternal iodine supplementation and
child neurocognitive development (Santiago et al., 2013). Likewise, Lazarus et al. (2012) did
not observe a benefit of maternal treatment of thyroid dysfunction with 150 pg of L-
thyroxine (L-T4) per day on child 1Q at age 3 years. The study was criticized for having
started treatment too late in pregnancy to potentially exert a positive effect on infant
neurocognitive development (median 13 weeks 3 days gestational age) and to have used only
a very global measure of cognitive function, namely 1Q (Brent, 2012). As of now, the
evidence provided by the few existing clinical intervention trials is insufficient to make any
clear inferences of the putative benefits of iodine of T4 supplementation during pregnancy to
women with milder forms of thyroid dysfunction.

Based on the evidence reviewed above, it seems reasonable to generally conclude there is an
association of maternal thyroid dysfunction with suboptimal child neurodevelopmental
outcomes, however it is important to note there is considerable heterogeneity across studies.
These studies differ with respect to the study populations; some studies have subjects from
iodine-deficient regions (Pharoah et al., 1984, Costeira et al., 2011), one study only includes
children born preterm (Williams et al., 2012) and there also are large differences in ethnicity
across studies, which is a source of variability of TH levels (Aoki et al., 2007, Korevaar et
al., 2013). In addition, the criteria used to define hypothyroidism or hypothyroxinemia differ
widely across studies. For example, Craig et al. (2012) define maternal hypothyroxinemia as
fT4 concentrations < 3 percentile and TSH levels < 3.5 mU/I, whereas in the study by Pop
et al. (2003) hypothyroxinemia was defined as fT4 levels < 10! percentile and TSH < 2.0
mU/I, and the Suarez-Rodriguez et al. (2012) study considered TSH concentrations < 5.0
mU/l as normal. Thus, the same subjects may be classified as subclinically or overtly
hypothyroid, hypothyroxinemic or normal depending on the respective cut-offs used across
studies. Another major contributor to the heterogeneity is the timing of the assessment in not
only maternal thyroid function in pregnancy but also age of assessment of child
neurodevelopmental outcomes (the latter ranging between 3 weeks (Kooistra et al., 2006)
and 9 or 10 years of age (Haddow et al., 1999, Vermiglio et al., 2004) with only a few
having longitudinal follow-up assessments at later ages (Pop et al., 2003, Oken et al., 2009,
Henrichs et al., 2010, Chevrier et al., 2011, Costeira et al., 2011, Grau et al., 2015)). These
differences across studies make it very difficult to disentangle the differential effects of the
pre- and postnatal environment on the developing brain. Having a baseline
neurodevelopmental assessment at or shortly after birth and several follow-up assessments
over infancy, childhood and potentially longer would be the optimal way to differentiate the
impact of maternal thyroid dysfunction during pregnancy from postnatal factors such as
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postnatal iodine deficiency, child thyroid function, and effects of other postnatal exposures.
On the other hand, alterations in neurocognitive and psychomotor functioning may not be
observable in newborns, either because differences may be only modest at birth but may
become larger over time and thus only become apparent in later childhood, or because the
underpinnings of cognitive function cannot be reliably measured in newborns. It is important
to appreciate that the absence of overt behavioral abnormalities at birth does not imply the
absence of underlying brain structural or functional abnormalities. For example, an
examination of post-mortem brains from a 30 week old fetus as well as a child with a
mutation in the MCT8 transporter (which leads to TH deficiency selectively in the brain)
showed that brain damage is already present during the fetal period, while behavioral
alterations may become apparent only at later stages of life (Lopez-Espindola et al., 2014).

2.4.2. Brain Morphology—Obvious limitations preclude the study of the developing
human brain at a cellular or molecular level. However, rapid advances over the last two
decades in imaging techniques now afford the opportunity in human fetuses, newborns,
infants and children to characterize many aspects of structural and function brain maturation
and development. As yet, such research is lacking on the association of maternal thyroid
dysfunction in pregnancy on newborn and infant brain structure. A recent study by Samadi
et al. (2015) found morphological alterations in the corpus callosum of 9-12 year old
children born to mothers who were hypothyroid prior to or during pregnancy and did not
receive the recommended L-T4 dose increase in pregnancy (Stagnaro-Green et al., 2011). In
the same cohort, two studies by Willoughby et al. (Willoughby et al., 20144, b) reported
smaller left and right hippocampal volumes in children of mothers diagnosed with
hypothyroidism, which, in turn, were associated with deficits in memory function. However,
Ghassabian et al. (2014a) did not observe an association between maternal
hypothyroxinemia in early pregnancy and global brain measures including brain volume,
cortical thickness, and surface area in 8 year old children. Clearly, more imaging studies are
needed, and preferably longitudinal studies with a baseline assessment in newborns, to
elucidate the specific effects of maternal thyroid dysfunction on child neurodevelopment. Of
particular importance are imaging studies investigating the effect of maternal thyroid
function on structural and functional network development, because THs seem to have a
critical impact on early circuit formation and myelination, and the maturation of the white
matter is assumed to be the underlying factor of the emerging cognitive capabilities during
development (Nagy et al., 2004).

2.4.3. Psychopathology—Maternal thyroid dysfunction during pregnancy has been
linked to an increased risk for neurodevelopmental disorders in the offspring, particularly,
autism spectrum disorders (ASD) and attention-deficit hyperactivity disorder (ADHD) (see
Table 2). Increased maternal TSH levels, maternal hypothyroxinemia, elevated titers of
TPO-antibodies, and mild iodine deficiency have been associated with child ADHD
diagnosis or symptoms such as impaired executive functions (Vermiglio et al., 2004,
Ghassabian et al., 2011, Ghassabian et al., 2012, van Mil et al., 2012, Pakkila et al., 2014,
Modesto et al., 2015). Interestingly, a human mutation in the thyroid receptor-p (TRpB) gene
that underlies the “resistance to thyroid hormone” (RTH) syndrome also is closely
associated with ADHD (Hauser et al., 1993). Transgenic mice expressing a human mutant
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TRp display all the defining symptoms of ADHD, including inattention, hyperactivity, and
impulsivity (Siesser et al., 2006) — behavior that also is exhibited in rodents exposed to
perinatal hypothyroidism, as discussed earlier (Darbra et al., 2003, Negishi et al., 2005). It is
possible that these observed associations are a consequence of the long-lasting changes in
the dopaminergic and/or noradrenergic system produced by an early deficiency of TH
(Ahmed et al., 2010).

Maternal hypothyroidism and maternal hypothyroxinemia also have been related to
development of ASD in their children (Roman et al., 2013, Andersen et al., 2014a). One
study, however, reported an inverse association between mid-pregnancy TSH and ASD risk
(Yau et al., 2015). The relationship between thyroid dysfunction and ASD may underlie
alterations in the GABAergic systems, which is strongly influenced by prenatal THs and
which has been implicated as a pathophysiological mechanism in ASD (Coghlan et al.,
2012). Interestingly, neonates with low levels of BDNF are at increased risk of developing
ASD later in life (Abdallah et al., 2013). BDNF regulates the maturation and function of
GABAergic interneurons (Woo and Lu, 2006), and is itself regulated by TH (Koibuchi et al.,
1999). BDNF also up-regulates KCC2 expression during development (Aguado et al., 2003),
which controls the excitatory-inhibitory shift of GABAergic transmission (Sawano et al.,
2013). A defect in this switch has been observed in two different animal models of autism
(Tyzio et al., 2014).

The GABAergic system is also assumed to play a role in the etiology of schizophrenia
(Gonzalez-Burgos et al., 2010). To date there are no studies on the association of maternal
thyroid function during pregnancy and offspring schizophrenia risk, however, Andersen et
al. (2014b) reported an increased risk for prescription of anxiolytics and antipsychotics in
children of prenatally hypothyroid mothers.

2.4.4. Summary of human research—Maternal thyroid function during pregnancy is
robustly associated with child neurodevelopment, as reflected by impaired cognitive and
psychomotor functioning and increased risk for neurodevelopmental disorders such as
ADHD and ASD. Preliminary evidence also suggests an influence of maternal TH
deficiency on brain morphology (one limitation of these studies is that brain morphology
was characterized in late childhood rather than at or soon after birth). The nature and size of
the effect may depend, in part, on the timing of TH insufficiency. Low fT4 concentrations
during early gestation may have the largest adverse effects, whereas the effects of high TSH
levels do not seem to vary as a function of stage of gestation. The underlying mechanism of
these differential effects are not clear and may possibly involve different etiological
pathways. It also is likely that the autoimmune processes that produce common forms of
hypothyroidism (OH and SCH; as indicated by the high titers of thyroid autoantibodies) may
exert additional effects on pregnancy and fetal neurodevelopment over and beyond those of
maternal thyroid dysfunction (Pop et al., 1995, Thangaratinam et al., 2011, Ghassabian et
al., 2012). Isolated hypothyroxinemia, on the other hand, appears to be caused primarily by
mildly or moderately insufficient iodine intake, which, as intrathyroidal iodine stores are
progressively depleted over gestation (due to the increased demands from mother and fetus),
may result in increased thyroidal T3 production at the expense of T4. T3 exerts sufficient
negative feedback to the anterior pituitary to maintain TSH in the normal range, while at the
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same time fT4 levels decrease (Moleti et al., 2011). This decrease may be most harmful
before the onset of fetal thyroid function.

We note that TH levels in maternal plasma do not provide a direct indicator of fetal TH
status. While maternal and fetal circulating TH levels are correlated (Shields et al., 2011,
Velasco et al., 2013), the relationship is likely influenced by fetal characteristics including
genetic variants implicated in TH synthesis, action, transport and regulation (Medici et al.,
2015). Additional studies are warranted to improve our understanding of the relationship
between maternal and fetal thyroid function.

There are several knowledge gaps and questions that need to be addressed by future studies.
These include the determination of the specific cognitive functions and the specific
underlying changes in brain structure and function in children exposed to maternal thyroid
dysfunction during gestation. A special focus should be placed on elucidating the impact of
maternal hyperthyroidism, in order to make an informed decision about the advisability of
L-T4 substitution therapy in cases of milder maternal TH deficiency (Andersen et al., 20144,
Yau et al., 2015).

Another important knowledge gap relates to the paucity of information about the interaction
of the HPT axis with other endocrine systems and environmental conditions. The next part
of this review addresses the effects of various gestational states and conditions that may
interact with the maternal HPT axis and moderate the association of maternal thyroid
dysfunction with child neurodevelopment.

3. Gestational states and conditions that may alter or interact with maternal

thyroid function

3.1. Stress

The association of gestational states and conditions related to maternal stress and stress
biology during pregnancy with child neurodevelopment is well established (Buss et al.,
2004, O'Donnell et al., 2009, Buss et al., 2011, Buss et al., 2012b). Most studies of prenatal
stress and brain development have focused on mechanisms primarily related to the
hypothalamus-pituitary-adrenal (HPA) axis (Buss et al., 2012a). We propose here that it may
be important to also consider the HPT axis when examining the effects of prenatal stress on
fetal development for the following three reasons: (1) the HPT system itself is stress-
sensitive; (2) the HPA and the HPT axes interact at multiple levels to regulate and counter-
regulate one another; and (3) THs may program the regulation of the HPA axis during early
development.

Accordingly, the following sections summarize the effects of stress on the HPT axis,
describe HPAHPT interactions (see also Figure 1) after as well as during development, and
discuss the relevance of these issues in the specific context of pregnancy and fetal brain
development.

3.1.1. Acute Stress—The HPT axis is a stress-responsive system. Most research suggests
that in rodents, circulating peripheral TH concentrations decrease in response to severe,
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uncontrollable stressors such as restraint stress or inescapable foot- or tailshocks (Langer et
al., 1983, Bianco et al., 1987, Servatius et al., 2000, Helmreich et al., 2005, Helmreich et al.,
2006, Helmreich and Tylee, 2011). These changes are likely due to a reduced secretion of
these hormones by the thyroid gland (Helmreich and Tylee, 2011), but low T3 levels may
also be the result of decreased activity of D1 in liver and kidney (Bianco et al., 1987). In
contrast, T3 levels may be higher in the brain after stress (Baumgartner et al., 1998,
Friedman et al., 1999), which may be due to an increase in D2 activity or increased
expression of the TH-transporter transthyretin in the cerebro-spinal fluid (CSF) in response
to acute stress (Baumgartner et al., 1998, Martinho et al., 2012). Instead of showing a
compensatory increase, TSH and TRH appear to be decreased as well, which suggests a
central downregulation (Bianco et al., 1987, Cizza et al., 1996, Helmreich and Tylee, 2011).
Functionally, a stress-induced decrease in thyroid function may reflect a conservation of
energy and resources by peripheral tissues in an unpredictable or threatening environment.

3.1.2. Chronic stress and depression—Chronic stress has been associated in most
studies with decreased TH levels in mice (Cremaschi et al., 2000, Silberman et al., 2002).
One study, however, found that in response to chronic mild stress TH levels were, instead,
increased or unchanged, depending on the rat strain (Kioukia et al., 2000). It appears that a
chronic central down-regulation of HPT activity may occur only in a subgroup of animals
that have a greater sensitivity to stressful stimuli, perhaps due to a genetic predisposition,
and that only these animals also exhibit accompanying behavioral or psychological changes
(Kilburn-Watt et al., 2010). In human refugees, severe chronic psychological stress has been
related to a general dampening of HPT activity, with reduced concentrations of TSH, T4,
fT4, T3 and rT3 (Bauer et al., 1994). All of these subjects had been diagnosed with some
form of psychological disease, most frequently affective disorders.

There is a clear link between thyroid function and affective or mood disorders. THs have
been used since over half a century to accelerate or potentiate antidepressant treatments
(Aronson et al., 1996, Baumgartner, 2000). The specific mechanisms and functional
pathways for these effects are yet to be understood. While depressive symptoms (i.e., fatigue
and psychomaotor slowing) are frequent features in hypothyroidism (symptoms that are
generally reversible with return to euthyroid status), only a fraction of patients with major
depression show biomedical signs of thyroid dysfunction (Bauer et al., 2008, Hage and Azar,
2012). 25-30% of depressed patients show a blunted TSH response to TRH (Loosen, 1985).
Together with reports of elevated TRH levels in depressed patients (Banki et al., 1988) these
findings suggest a chronic TRH hypersecretion by the PVN leading to a downregulation of
pituitary TRH receptors, which may be mediated by elevated levels of cortisol.

THs also interact with neurotransmitter systems involved in mood regulation, including the
serotonergic and noradrenergic systems (Henley and Koehnle, 1997, Bauer et al., 2002). In
addition, thyroid hormone receptors are abundant in many limbic structures, which are
associated with the pathogenesis of affective disorders and stress regulation (e.g. amygdala
and hippocampus) (Ruel et al., 1985). Interestingly, treatment of rodents with
antidepressants results in an increase of T3 in the amygdala, an essential structure in
emotion regulation (Prengel et al., 2000, Pinna et al., 2003). Tricyclic antidepressants and
SSRIs have been shown to enhance the activity of D2, resulting in an increased conversion
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of T4 into active T3 in the brain (Baumgartner et al., 1994, Campos-Barros et al., 1994,
Campos-Barros et al., 1995). This finding is consistent with the hypothesis that depression is
related to brain hypothyroidism together with systemic euthyroidism (Jackson, 1998),
perhaps secondary to a cortisol-related decrease in D2 activity (Hidal and Kaplan, 1988). On
the other hand, acute stress has been shown to increase D2 activity, particularly in the brain
(Baumgartner et al., 1998). It is possible that this D2 activation may be a transient effect that
disappears or is reversed in response to chronic stress or chronically increased cortisol
levels. Depression is, of course, a very heterogeneous condition, and it is possible that
thyroid dysfunction may play a role in its pathogenesis in only a subgroup of individuals.

3.1.3. Traumatic stress—In contrast to other forms of acute and chronic stress, stress
associated with traumatic exposures (e.g., PTSD, childhood abuse) has generally been
associated with an activation of thyroid function and thyrotoxicosis. As summarized by
Wang (2006), elevated T3 concentrations have been reported in several samples of combat
veterans with PTSD, including World War I1, Vietnam, Israeli and Croatian samples.
Increased T3 and/or decreased TSH levels were also found in civilian trauma patients (OIff
et al., 2006) and survivors of childhood sexual abuse (Friedman et al., 2005). However, some
studies have found the reverse biomedical symptomatology. Haviland et al. (2006) report
lower levels of T3 among sexually abused adolescent girls, and Sinai et al. (2014) observed a
lower fT3/fT4 ratio in women with borderline personality disorder (BPD) exposed to
interpersonal violence during childhood. The reasons for these observed differences may
include comorbid depression, the sex of the individual, as well as type, timing and duration
of trauma exposure.

Interestingly, PTSD patients often show decreased HPA activation, whereas acute or chronic
stress and depression is generally associated with an /ncrease in HPA activity (Miller et al.,
2007). This suggests a close relationship and a certain antagonism between HPA and HPT
axis.

3.2. HPA-HPT-Interactions

3.2.1. Effect of GC administration and adrenal dysfunction on HPT function—
In humans, glucocorticoid (GC) administration decreases plasma TSH levels and attenuates
the pituitary TSH response to TRH stimulation (Faglia et al., 1973, Banos et al., 1979,
Ahlquist et al., 1989, Taylor et al., 1995). In addition, GCs enhance the negative feedback
effect of T3 on TSH release (Ahlquist et al., 1989). The inhibitory actions of GCs on TSH
release seem to involve an lipocortin 1 (LC1) dependent mechanism (Taylor et al., 1995),
which is also an important factor in the anti-inflammatory effect of GCs (Perretti and
D'Acquisto, 2009). GCs do not seem to affect the sensitivity of the thyroid to TSH
stimulation (Vigneri et al., 1975, Banos et al., 1979). Nevertheless, increased levels of GCs
lead to a reduction in T3 and a concomitant increase in rT3 concentrations in the blood,
while T4 levels are either unaltered or slightly reduced (Duick et al., 1974, Chopra et al.,
1975, Vigneri et al., 1975, Burr et al., 1976, Degroot and Hoye, 1976, Banos et al., 1979). A
decrease in serum T3 is also observed in athyreotic patients on L-T4 substitution therapy
(Duick et al., 1974, Chopra et al., 1975, Degroot and Hoye, 1976), which suggests that these
changes are, at least in part, due to a GC induced shift in the metabolism of T4, whereby
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conversion of T4 to T3 is reduced in favor of a conversion of T4 to the inactive metabolite
rT3. In addition, although GCs have been found to have a stimulatory effect on the NIS (that
mediates the active iodide uptake in the thyroid gland (Unterholzner et al., 2006)), they
probably inhibit the secretory activity of the thyroid (Chopra et al., 1975, Woltz et al., 1983).
This may explain the decrease in serum T4 observed in some studies (Vigneri et al., 1975,
Degroot and Hoye, 1976, Banos et al., 1979). An alternate explanation may be the tonic
inhibitory effect of GCs on the synthesis of TBG, which is abolished by adrenalectomy
(Banos et al., 1979, Emerson et al., 1993). Lower TBG binding of T4 would lead to an
increase in the fT4 fraction, which, in turn, may enhance negative feedback but also increase
renal clearance of T4. Administration of ACTH also reduces HPT activity, however the
effect appears to be mediated by an increase in adrenal GC secretion (Brown-Grant, 1956,
Banos et al., 1979).

To conclude, GCs generally inhibit thyroid function (see Figure 1). However, more recent
evidence suggests that while this so in adult individuals, the effect may be in the reverse
direction during embryonic or fetal development. In sheep, maternal or fetal administration
of GCs in late pregnancy increases plasma T3 and rT3 but not T4 concentrations, which is
probably due to an increase in renal and hepatic D1 activity and a decrease in renal and
placental D3 activity (Thomas et al., 1978, Wu et al., 1978, Forhead et al., 2006, Forhead et
al., 2007). In addition, prenatal GCs appeared to have a maturational effect on the fetal rat
thyroid gland (Manojlovic-Stojanoski et al., 2014) and pituitary TSH-cells (Manojlovic-
Stojanoski et al., 2010). In contrast to the effect in the fetus, in the ewes (mothers)
dexamethasone treatment reduced plasma concentrations of T3 and T4 and increased rT3
without any change in tissue deiodinase activity (Forhead et al., 2007). Since T3 has
important maturational effects in the fetus, including on lung function, thermogenesis and
gluconeogenesis, it has been suggested that these changes in T3 availability may mediate
some of the effects of antenatal GC treatment (Forhead et al., 2007). In fact, administration
of dexamethasone and T3 together to pregnant rats has been shown to have additive effects
on phospholipid synthesis in the fetal lung (Gross et al., 1984).

The maturation-promoting effects of GCs on the HPT axis, which may strengthen the
offspring’s chance of survival in uncertain times, come at the cost of decreased proliferation
and a possibly permanently reduced thyroid size and number of pituitary TSH-cells
(Manojlovic¢-Stojanoski et al., 2010, Manojlovic-Stojanoski et al., 2014), which likely limits
the future capacity of the thyroid gland. Maternal GCs have, indeed, been shown to have
long-term effects on the function of their offspring’s HPT axis (Slone-Wilcoxon and Redei,
2004). High levels of maternal GCs may, therefore, promote premature maturation of the
HPT axis and other tissues, partly mediated by elevated fetal T3 concentrations, with long-
term implications for offspring thyroid function.

3.2.2. Effect of TH administration and thyroid dysfunction on HPA function—
Conversely, administration of THs to rats produces hypertrophy of the adrenal gland and
increases in corticotrophin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH)
and GC secretion and/or production (Boler and Moore, 1982, Shi et al., 1994, Johnson et al.,
2005, Johnson et al., 2013). The same phenomenon is seen in hyperthyroid patients (Felber
etal., 1959, Hellman et al., 1961, Kenny et al., 1967), although there may be a decreased
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adrenocortical reserve in the chronic state, which results in a lower GC response to ACTH
stimulation (Tsatsoulis et al., 2000, Johnson et al., 2005). The effect of TH on HPA activity
may be partly mediated by an increased metabolic clearance of cortisol from the blood in the
hyperthyroid state (Brown et al., 1958, Kenny et al., 1967), or the preferential metabolism of
cortisol into its biologically inactive form, cortisone (indicated by increased urinary
concentrations of the cortisone metabolite THE) (Hellman et al., 1961, Hoshiro et al., 2006).
THs also induce CBG-binding of corticosterone in the rat (Fortier et al., 1970, Johnson et
al., 2013). All of these alterations may lead to a decreased negative feedback on HPA axis
activity and, consequently, HPA hyperactivity (see Figure 1).

The opposite phenomenon is seen in thyroidectomized or PTU-treated rats as well as in
human patients with hypothyroidism. Absence of TH results in decreased adrenal weight
(Kamilaris et al., 1991, Tohei, 2004), decreased production of CRH, ACTH and GCs
(Hellman et al., 1961, Kenny et al., 1967, Fortier et al., 1970, Shi et al., 1994), a reduced
adrenocortical response to ACTH (Kamilaris et al., 1991, Tohei, 2004), and a compensatory
increase in the ACTH response to CRH (Kamilaris et al., 1991, Tohei, 2004). However, in
the hypothyroid state there seems to be also a decreased clearance of cortisol (Brown et al.,
1958, Kenny et al., 1967) and a relative increase of cortisol metabolites as compared to
cortisone metabolites (THF/THE ratio) (Hellman et al., 1961, Hoshiro et al., 2006). The
latter is also seen in patients with mineralocorticoid excess (AME), which is caused by the
inability of the enzyme 11b-hydroxysteroid dehydrogenase type 2 (11p-HSD2) to inactivate
cortisol to cortisone (Turpeinen et al., 2006). This suggests that TH may stimulate the
activity of this enzyme, whereas a lack of TH impairs its function. Further indirect support
for an influence of TH on the activity of 118-HSD?2 is provided by two studies that
administered radioactively labeled cortisol and cortisone to investigate the reaction rates of
the cortisol-cortisone-interconversion, which appears to be generally slower in hypothyroid
subjects. Ichikawa et al. reported a shift towards an altered equilibrium between these
steroids in favor of cortisol (Ichikawa et al., 1977), whereas Zumoff et al. showed that the
reverse was true for hyperthyroid subjects (Zumoff et al., 1983). In line with these findings,
Iranmanesh et al. (1990) observed significantly elevated concentrations of cortisol in
hypothyroid men (the study obtained a blood sample every 20 minutes for a 24-hr period).
The effect was due to the prolonged half-life of cortisol and was largely reversible with T4
treatment (Iranmanesh et al., 1990). Interestingly, absence of TH also reduces the GC
response to stress (Fortier et al., 1970, Rodriguez et al., 2003).

In the developing rat, a stress hypo-responsive period occurs within the first two weeks after
birth, during which time the basal function of the HPA axis and the HPA response to stress
are markedly reduced. Neonatal hypothyroidism impairs the maturation of hypothalamic
parvocellular CRF and AVP gene expression during this period (Dakine et al., 2000a) and
delays the onset of mature ACTH and corticosterone responses to stress (Walker et al.,
1989). On the other hand, perinatal T4 treatment induces an increase in CRH mRNA
expression in the whole population of CRH synthesizing cells of the PVN (Dakine et al.,
2000b), positively influences the development of the HPA diurnal rhythm (Lengvari et al.,
1977), and accelerates a mature adrenocortical response to stress (Poland et al., 1979,
Walker et al., 1989). Perinatal THs also influence GR concentrations in the adult
hippocampus, which are important for the regulation of the HPA response to stress and
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enhance GC negative feedback sensitivity. Administration of T4 or T3 to neonatal rat pups
increases GR levels whereas PTU-treatment decreases hippocampal GR concentrations
(Meaney et al., 1987). Furthermore, the sustained effect of early environmental factors, such
as handling and maternal care, on the development of HPA axis regulation, appear to be
dependent on stimulation-induced T3 release or an increased conversion of T4 to T3, which,
in turn, increases serotonergic activity and NGFI-A levels in the hippocampus (Meaney et
al., 2000, Hellstrom et al., 2012). Thus, high levels of THs may accelerate HPA axis
maturation, whereas a lack of THs may delay HPA axis maturation. Based on these
observations it appears that HPT dysregulation in early life may permanently program the
HPA axis, with important consequences for the susceptibility to stress-related disease. In
contrast to the developmental trajectory of the rodent HPA axis, the human HPA axis is quite
mature by the time of birth, so these same effects of high or low TH concentrations on HPA
maturation may occur in humans during the prenatal (as opposed to postnatal) period of
development.

3.2.3. Functional interaction of thyroid and adrenal hormones—A well-
characterized functional interaction between THs and GCs has been documented for the
stimulation of growth hormone (GH) synthesis in the pituitary. While GCs alone seem to
have a small or no effect on GH production /n vitro, they appear to potentiate the action of
T3 (Martial et al., 1977, Samuels et al., 1977). This synergistic effect appears to be
dependent on the simultaneous presence of both GR and TR in the cell nucleus and requires
GR binding to DNA (Leers et al., 1994). THs and GCs also cooperate in the induction of
cAMP-induced synthesis of hepatic phosphoenolpyruvate carboxykinase (PEPck), a rate-
limiting enzyme in gluconeogenesis (Hoppner et al., 1986). So, although there appears to be
a certain antagonism of THs and GCs with respect to their effect on the respective other axis,
the hormones seem to have synergistic actions on other target tissues. Thus, a balance in the
activity of both axes may be of critical importance for the bodily homeostasis.

3.3. Relevance in pregnancy

In the human fetus, GCs and THs in adequate levels may have a synergistic effect on fetal
tissue maturation, which is reflected in the co-occurrence of the T3 and cortisol surges at
term and further rise through labor. Both hormones have important functions in preparing
the fetus for extrauterine life but may also permanently affect the development of the CNS if
an imbalance occurs during intrauterine development. Maternal stress and/or chronically
increased cortisol concentrations most likely reduce maternal circulating THs. At the same
time, administration of GCs to the mother may increase fetal T3 levels, although, to date,
this effect has only been examined in late pregnancy in sheep (Wu et al., 1978, Forhead et
al., 2006, Forhead et al., 2007). Administration of GCs a couple of weeks or days before
birth may prepone the timing of the naturally occurring surge in cortisol and T3 that is
observed in sheep and humans. This effect appears to be mediated by an increased fetal D1
activity, a decreased placental D3 activity, as well as a premature maturation of the thyroid
gland (Forhead et al., 2006, Manojlovic-Stojanoski et al., 2014). It is conceivable that part of
the programming effects of prenatal stress or glucocorticoid administration in cases of
imminent preterm birth on the function of various tissues (Cottrell and Seckl, 2009) may be
mediated by a premature switch from proliferation to differentiation and the resultant
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reduction in cell numbers as a result of an untimely excess of T3 levels. However, it is
important to note that the fetal thyroid only becomes functional around mid-gestation, and
fetal D1 activity is very low relative to D3 activity during most of gestation (Darras et al.,
1999), so that the effect of GCs on fetal T3 concentrations in early or mid gestation may in
fact be very different from the effects seen at term. Furthermore, the vast majority of brain
T3 is not derived from circulation but from local conversion of T4 to T3 by D2 (Crantz et
al., 1982). Chronically elevated GCs or chronic stress may lead to less T4 in the fetal
circulation, secondary to a decrease of T4 concentrations in the maternal compartment, and
thus to lower concentrations of T3 in the fetal brain.

Both low T3 and high GCs adversely impact fetal brain development. It is not only possible
but probable that their combined effect on the developing brain is either additive or
multiplicative in nature. Brain areas likely to be particularly impacted include the developing
hippocampus, which is highly sensitive to both hormones (Gould et al., 1991). The
hippocampus is an important structure for cognitive processes such as memory and learning,
and it also is involved in stress and emation regulation.

In addition, low maternal thyroid function may decrease cortisol clearance from blood and
reduce metabolism into inactive cortisone, potentially by impairing 11p-HSD2 activity. 11p-
HSD2 is also highly expressed in the placenta, presumably to limit placental transfer of
maternal GC to the fetal compartment. It is plausible that placental metabolism of cortisol
may also be impaired by a lack of TH, thereby causing greater and/or premature exposure of
cortisol in the fetus, however this has not yet been studied. Thus, in these ways, some of the
effects of high maternal GCs on fetal brain development may be modulated by maternal
thyroid status.

4. Summary and conclusion

THs affect multiple maturational processes of the central nervous system, and these effects
are already apparent very early in the developmental process. During this time, even small or
subtle alterations in brain structure or function can become progressively and substantially
magnified during subsequent developmental periods to produce long-lasting or permanent
deficits, which are largely irreversible by postnatal T4 treatment. Because the fetus is
dependent on maternal TH supply in the first half of gestation and continues to be partially
dependent on maternal supply until the end of gestation, it is of significant clinical
importance to determine the specific effects of maternal thyroid dysfunction on the
development of the fetal brain. The overview of the existent literature provided here suggests
that even more moderate forms of thyroid dysfunction such as maternal hypothyroxinemia,
particularly in the beginning of pregnancy, may have a long-lasting influence on child
cognitive development and on the risk of developing neurodevelopmental disorders.
Furthermore, adverse conditions that the mother may experience during pregnancy, such as
various forms of stress, also may negatively affect her thyroid function. The HPT axis is
stress-sensitive and may itself be involved in the development of stress-regulatory systems in
the brain. Thus, optimal levels of maternal THs may not only be relevant for child cognitive
function but may also be involved in the fetal programming of stress-related phenotypes and
diseases.
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To date, information is lacking regarding the interactive effect of maternal prenatal adverse
conditions, such as chronic stress, and maternal thyroid function on the development of the
fetal brain. To elucidate the nature of this interaction and potential sensitive periods during
fetal brain development, future research studies should include serial assessments of
maternal thyroid function as well as her psychological state and HPA axis activity over the
entire course of pregnancy. A better understanding of HPT-HPA interactions during
gestation may eventually result in a more optimal management of maternal thyroid
dysfunction, and this may also include aspects of stress management, in order to minimize
the detrimental effect of TH deficiency on fetal neurodevelopment.

In addition, knowledge gaps exist regarding the (preceding) changes in brain structure and
function that underlie cognitive impairments observed in the children of TH deficient
mothers. Because the cognitive impairments due to severe maternal TH deficiency are
known to be refractory to T4 substitution after birth, it is critical to elucidate the specific
nature and timing of the putative effects of more moderate forms of maternal thyroid
dysfunction, and to separate them from influences of the postnatal environment. Multi-
modal magnetic resonance imaging assessments, performed shortly after birth to obtain a
“baseline” measure of brain developmental status that is not confounded by postnatal
influences, may shed more light about the specific neurodevelopmental consequences of
prenatal TH deficiency. A focus on anatomy, structural and functional connectivity of the
sensorimotor and fronto-limbic networks (including the hippocampus), as well as the default
mode network (DMN), would be of interest and relevance given the role THs play in
development of brain circuits in general, and because disrupted development of these
specific circuits may underlie changes in cognition and psychomotor function as well as
neurodevelopmental (e.g. autism, ADHD) and psychiatric (e.g. depression) conditions
(Geuze et al., 2005, Woodward et al., 2006, Zhang and Raichle, 2010).

The majority of the existing studies, particularly in humans, have focused solely on the
effects of maternal TH deficiency. Very little is known about the effects of maternal TH
excess on fetal brain development and function. This aspect warrants more attention, since
accelerated maturation may prove to be just as detrimental as delayed maturation. Another
knowledge gap exists with respect to gene-environment interactions on brain developmental
trajectories. Serum thyroid parameters exhibit substantial inter-individual variability, and the
heritability of the HPT set-point has been estimated to be 40-60% (Medici et al., 2015).
However, the impact of polymorphisms in TH pathway genes on offspring
neurodevelopment has not yet been considered in the literature.

lodine deficiency continues to affect millions of people worldwide, and the problem is not
restricted to developing countries (WHO/UNICEF/ICCIDD, 2007). Furthermore,
hypothyroidism caused by autoimmune processes such as Hashimoto thyroiditis is one of
the most frequent endocrine disorders, affecting primarily the female population
(Vanderpump, 2011). The cognitive impairments in children produced by severe maternal
TH deficiency during pregnancy are well-established and clearly evident. Of even greater
public health relevance, however, could be the effects of the even more frequent, milder
forms of maternal thyroid dysfunction, since their initial effects may be less pronounced und
thus easily disregarded. Gaining a better understanding of the independent contribution of
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conditions may inform screening and intervention and screening strategies at a time when
the brain is still highly plastic.
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118-HSD2 11b-hydroxysteroid dehydrogenase type 2

ACTH
ADHD
ASD
BDNF
CNS
CRH
D

DG
T4
T3
GABA
GC
hCG
HPA
HPT
KCC2
LAT
LTP
MCT
MDI
MMI

NIS
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adrenocorticotropic hormone
attention-deficit hyperactivity disorder
autism spectrum disorder
brain-derived neurotrophic factor
central nervous system
corticotropin-releasing hormone
deiodinase

dentate gyrus

free thyroxine

free triiodothyronine
y-aminobutyric acid
glucocorticoid

human chorionic gonadotropin
hypothalamic-pituitary-adrenal
hypothalamic-pituitary-thyroid
K*/CI~ cotransporter

L-amino acid transporter
long-term potentiation
monocarboxylate transporter
mental development index
methimazole

sodium-iodide symporter
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OATP organic anion transporting peptide
OH overt hypothyroidism
PDI psychomotor development index
PTSD post-traumatic stress disorder
PTU propylthiouracil
PV parvalbumin
PVN paraventricular nucleus
RCT randomized control trial
rT3 reverse T3
SCH subclinical hypothyroidism
T3 triiodothyronine
T4 thyroxine
TBG thyroxine-binding globulin
TH thyroid hormone (T3 and T4)
THT transmembrane thyroid hormone-transporter
TPO thyroid peroxidase
TR thyroid hormone receptor
TRH thyrotropin-releasing hormone
TSH thyroid-stimulating hormone
TTR transthyretin
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Box 1:
Definitions and prevalence of maternal thyroid dysfunction
Hypothyroxinemia (1.5 — 25%0)

Serum T4 level in the lower 5t or 10t percentile of the reference range with normal
TSH concentrations

Overt hypothyroidism (OH, 0.3 — 0.5%)

Elevated serum TSH level in conjunction with a decreased fT4 concentration
Subclinical hypothyroidism (SCH, 2 — 2.5%)

Elevated serum TSH levels with normal fT4 concentrations

Thyroid autoimmunity (10 — 20%o)

Presence of TPO- and/or TG-antibodies in the serum, with or without changes in TSH
and fT4 concentrations
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Highlights

. Thyroid hormones (TH) are crucial for key maturational processes
during early brain development.

. Maternal TH deficiency during pregnancy may result in impaired
offspring cognitive development.

. Gestational conditions related to stress may modulate maternal thyroid
function.
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Figure 1.
Interactive relationship between hormones of the hypothalamic-pituitary-thyroid axis (HPT)

and the hypothalamic-pituitary-adrenal (HPA) axis.

Depicted are the HPT and HPA axes and the regulatory circuits within the respective
systems, as well as the effect of alterations on the level of the adrenal (red arrows) on HPT
function and the thyroid (blue arrows) on HPA function. Solid lines represent positive
associations, and dashed lines represent negative associations. Increased levels of cortisol
have an inhibitory effect on the release of TSH from the pituitary and THs (T4 and T3) from
the thyroid, as well as on the synthesis of the carrier protein TBG. Cortisol also promotes a
switch within D1 activity towards a preferential inactivation of T4 into rT3, instead of an
activation of T4 into T3. Increased availability of THs is associated with a general activation
of the HPA axis on all levels and increased levels of the carrier protein CBG. However, THs
also promote renal clearance and the metabolism of cortisol into its inactive form cortisone.
Abbreviations. 11p-HSD2 = 11B-hydroxysteroid dehydrogenase 2; ACTH =
adrenocorticotropic hormone; CBG = cortisol-binding globulin; CRH = corticotropin-
releasing hormone; D1 = deiodinase 1; rT3 = reverse T3; T3 = triiodothyronine; T4 =
thyroxine; TBG = thyroxine-binding globulin; TRH = thyrotropin-releasing hormone; TSH
= thyroid-stimulating hormone.
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