in nature, I predict that mice with no
heparan sulfate activity will develop
thrombosis, supporting the concept
that heparan sulfate is antithrombotic.
These mice also should exhibit more
profound intrauterine growth retardation than 3-OST-1 knockouts (15),
thereby demonstrating a biological
gradient for this unexpected finding
depending on the extent to which
heparan sulfate activity is reduced.

Summary
With their studies in 3-OST-1 knockout mice, HajMohammadi and colleagues (15) have advanced our understanding of the pathways that regulate
thrombin. Antithrombin is critical for
thrombin regulation because even partial deficiency is associated with
thrombosis. In contrast, complete deficiency of heparan sulfate activity is necessary to provoke thrombosis. These
findings suggest that small amounts of
residual heparan sulfate activity are
sufficient to catalyze antithrombin or
that other vessel wall glycosaminoglycans can compensate for all but complete lack of heparan sulfate activity.
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We all know that thyroid hormone is
essential for normal brain development, so it is perhaps not surprising
to read the title of the report by Lavado-Autric et al. in this issue of the JCI
(1), indicating that thyroid hormone
affects brain development in the rat.
However, the article addresses two
matters that are central to an ongoing debate about important details
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of thyroid hormone action in the
developing brain.
Lavado-Autric et al. (1) report that
subtle insufficiency of thyroid hormone in the pregnant rat disrupts the
migration of neurons in the fetal cortex and hippocampus, leading to the
presence of neurons in aberrant locations of the adult offspring’s brain
and “blurring” cortical layers. Thus,
the two important issues addressed in
the design of this work are the timing
of thyroid hormone action in the
developing brain and the relative sensitivity of the fetal brain to maternal
thyroid hormone insufficiency. Considering that maternal hypothyroxinemia may be 150–200 times more
prevalent than congenital hypothyroidism (CH), several authors have
recently speculated that screening for
thyroid function should be routine
for women early in their pregnancy
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Figure 1
The “inside-out” gradient of cortical lamina is established by neurons migrating farther as development proceeds. Late-born neurons migrate past early-born neurons, forming six layers. Cortical neurons migrate along scaffolds established by radial glia, which are attached to the basal lamina of the ventricular zone and extend through to layer I. Cajal-Retzius neurons in layer I are the
first neurons to populate the mantle of the cortex, and they produce and secrete Reelin, which is
involved in terminating migration of neurons as they climb the scaffold. The article by LavadoAutric et al. (1) indicates that thyroid hormone plays a role in the process of neuronal migration.
Specifically, rats born to dams with moderately low thyroid hormone have “blurred” cortical lamina, and many neurons do not migrate to their normal destination. Moreover, the action of thyroid hormone in this migration occurs during fetal development. The authors employed this system to show that maternal hypothyroxinemia can produce specific abnormalities in the
cytoarchitecture of the cortex during fetal brain development. RG, radial glia; SC, subcortical white
matter; BL, basal lamina; VI, layer VI. Adapted with permission from ref. 21.

(2) or for nonpregnant women of
reproductive age.

Timing of thyroid hormone action
in the developing brain
Historically, clinical and experimental
work has focused on the role of thyroid hormone in postnatal brain development. This work led to the institution of mandatory neonatal screening
to rapidly identify and treat infants
with CH (3), which occurs at a rate of
approximately one in 3,000–4,000 live
births. Because CH is difficult to diagnose on the basis of clinical symptoms
alone, this screening program can prevent severe neurological deficits. For
example, one analysis found that the
percentage of CH infants with an intelligent quotient (IQ) above 85 was 78%
when the diagnosis was made within 3
months of birth, 19% when it was
made between 3 and 6 months, and 0%
when it was made after 7 months of
age (3). To understand the mechanism
by which severe thyroid hormone
insufficiency produces brain damage
in untreated CH infants, a large body
of experimental literature has focused

on the role of thyroid hormone on the
postnatal rodent brain (4).
The importance of thyroid hormone
to fetal brain development has taken
longer, and has been experimentally
more difficult, to recognize. Early
work suggested that thyroid hormone
is not transferred from the mother to
the fetus; this suggestion was based
largely on the observations that
human placenta and fetal membranes
contain high levels of tyrosyl ring deiodinases that would degrade thyroid
hormones and prevent such transfer
(5, 6). However, Vulsma et al. reported
in 1989 that newborns with a genetic
incapacity to synthesize thyroid hormones have thyroxine (T4) levels of
35–70 nmol in cord blood at birth,
compared with 80–170 nmol in normal newborns (7). So, despite the high
levels of deiodinase activity, the fetus
obtains a considerable proportion of
its T4 from maternal circulation during late gestation, and it is likely to do
so throughout gestation.
However, the observation that T4
reaches the human fetus in biologically relevant concentration (2) does not,
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in itself, demonstrate that T4 is affecting brain development. Likewise, the
observation that thyroid hormone
receptors are present in the human
fetus by 8 weeks of gestation (the earliest time examined) does not in itself
demonstrate that thyroid hormone
affects fetal brain development (8, 9).
To address this, epidemiological studies have identified an association
between maternal thyroid status and
neurological outcome of the offspring.
For example, a recent report by Haddow et al. (10) associated maternal
hypothyroxinemia with neurological
outcome of the offspring. This group
studied the children of women who
had elevated thyrotropin (TSH) during the second trimester of pregnancy.
They found that children whose mothers had elevated TSH at 16 weeks of
gestation were significantly more likely to exhibit lower IQ (<1 SD below the
mean). Previous work by Pop and colleagues in the Netherlands measured
mothers’ free T4 and thyroperoxidase
antibody levels at 12 and 32 weeks of
gestation and studied these mothers’
children at 10 months of age. The
strongest predictor of infant mental
development was found to be the
mothers’ free T4 levels at 12 weeks of
gestation (11). In addition, infants of
women whose free T4 levels were low
at both 12 and 32 weeks of gestation
exhibited a poorer outcome than
infants of women whose free T4 levels
were low only at 12 weeks. These findings are supported by studies finding
similar relationships, beginning with
those of Evelyn Man in the 1960s and
1970s (12, 13).
Despite this growing clinical literature demonstrating an association
between maternal thyroid status and
the neurological outcome of the offspring, the experimental literature has
lagged behind in offering a causal or
mechanistic explanation for these
findings. For example, the first report
designed specifically to evaluate the
effect on adult behavior of maternal
thyroid hormone insufficiency during
fetal development was published in
2000 (14). In the same year, Dowling et
al. reported that thyroid hormone of
maternal origin can selectively regulate
the expression of several genes expressed in the ventricular zone of the
fetal cortex (15). Thus, both clinical
and experimental evidence supports
the concept that thyroid hormone
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exerts important actions on the developing brain both in utero and postnatally. However, the experimental
literature does not address the developmental events in the fetal brain
affected by thyroid hormone or the
mechanisms by which thyroid hormone effects are mediated.

Relative sensitivity of the fetal brain
to thyroid hormone insufficiency
The significance of the work by Lavado-Autric et al. (1) lies in the combination of their relatively subtle manipulation of maternal thyroid status and
their focus on specific neurodevelopmental events. Most studies, like those
of Friedhoff et al. (14) and Dowling et
al. (15), use thyroidectomy or treatment with potent goitrogens to produce severe hypothyroidism in the
experimental animals. In contrast,
Lavado-Autric et al. (1) used a lowiodine diet with or without potassium
perchlorate to produce maternal
hypothyroxinemia. Because almost
80% of circulating triiodothyronine
(T3) is derived from peripheral deiodination of T4, and because T3 is the
hormonally active form of thyroid hormone, it is generally considered that
hypothyroxinemia — low T4 but normal T3 — might represent a physiologically compensated state. Supporting
this concept, Lavado-Autric et al. show
that their treatment did not affect litter size or weight, body weight, or postnatal growth measures. Thus, the animals might be compensating for low
T4, perhaps by activating mechanisms
to maintain circulating levels of T3.
To test whether maternal hypothyroxinemia can affect fetal brain development, the authors (1) took advantage of the fact that cortical neurons
occupying different lamina are born at
different times. Specifically, neurons
born late in the process of cortical
development migrate past cells born
earlier to occupy more superficial layers of the cortex. The authors were able
to track the final destination of cells
born at specific developmental stages
using timed exposure to BrdU, a
chemical incorporated by dividing
cells into their newly synthesized
DNA. They found that a significant
proportion of BrdU-labeled cells in the
cortex of pups derived from hypothyroxinemic dams did not migrate far
enough. When BrdU was administered
early (gestational days 14–16), there
956

was a decrease in the proportion of
BrdU-labeled cells in deep cortical layers, and there was a concomitant
increase in BrdU-labeled cells trapped
in subcortical white matter. Follow-up
studies demonstrated that these BrdUlabeled cells in white matter were
indeed neurons, not glia. Likewise,
when BrdU was administered later
(gestational days 17–19), there was a
decrease in the proportion of BrdUlabeled cells that migrated all the way
to superficial layers and a concomitant
increase in BrdU-labeled cells that
were found in the deeper layers. Again,
the cells did not migrate far enough.
Moreover, this pattern was observed
both in the primary somatosensory
cortex and in specific subfields of the
hippocampus.

Conclusions
It is important to recognize that the
results of Lavado-Autric et al. (1) are
not a case of delayed migration, but
rather a case of a permanent alteration
of cortical cytoarchitecture. The
authors observed neurons in heterotopic positions at postnatal day 40. By
this time, these cells would clearly be
fully differentiated neurons. Thus, the
effects of maternal hypothyroxinemia
on the cytoarchitecture of the cortex
and hippocampus are permanent.
There is little information about the
consequences that these defects in
cytoarchitecture can have on the functioning of the adult rat brain, but it is
very clear that migration defects in the
human brain are associated with neurological deficits (16). Moreover, it is
unclear how thyroid hormone produces the observed effects. The radial
migration of cortical neurons is
unique in that postmitotic neurons
migrate along scaffolding provided by
so-called radial glia (17). An important
component of the regulation of radial
migration in the cortex is the reelin-dab
signaling system. Reelin is a large
extracellular protein secreted by CajalRetzius neurons that bind to membrane receptors on migrating neurons,
inducing the phosphorylation of disabled homolog 1 (Dab1) and triggering an intracellular signaling cascade
that appears to be important in
instructing cells in their proper destination (18). Reelin expression is
reduced and Dab1 expression enhanced in the hypothyroid state (19).
It is unclear whether the effects of thy-
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roid hormone on the Reelin-Dab1 system are direct, and whether this system plays a role in the results of Lavado-Autric et al. (1).
The finding that maternal hypothyroxinemia can permanently alter the
cytoarchitecture of the cerebral cortex
generates a number of important questions. Are lamina-specific synaptic connections affected by the “blurred” lamina? If these misplaced neurons are not
properly connected to other fibers, why
do they not undergo apoptosis? To
what extent must maternal T4 levels
decline before effects on cortical structure are observed? Considering that
individual variation in circulating T4 is
considerably smaller than the reference
range for the population (20), what
measures of thyroid function should
be taken to best determine the health
of the fetus? Considering that maternal hypothyroxinemia is estimated to
be 150–200 times more prevalent than
CH, should mandatory screening for
thyroid function be implemented for
pregnant women, or for all women of
reproductive age? Although many
questions remain, the careful observations of Lavado-Autric et al. (1) represent an important contribution to a
topic we know surprisingly little about.
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