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ABSTRACT
Maternal thyroid hormone (TH) is transferred to the conceptus throughout pregnancy
and is postulated to regulate fetal brain development. However, maternal TH-dependent
stages of brain development remain uncharacterised.
A partially thyroidectomised rat dam model was employed to investigate the effect of
maternal hypothyroidism on cytoskeletal protein expression in fetal brain. Vimentin
protein and nestin mRNA were unaffected, suggesting normal acquisition of neural
precursors. Maternal hypothyroidism disturbed protein expression of the neuronal
differentiation markers, a-intemexin (a-ESf) and neurofilament-L from before the onset
of fetal TH synthesis until near term, suggestive of delayed neuronal differentiation.
Astrocytic differentiation, as judged by Protein and mRNA expression of the astrocytic
differentiation marker, glial fibrillary acidic protein, was also deficient, but only near
term, as was the expression of a-tubulin and P-tubulin protein isoforms.
Maternal TH may regulate fetal brain development by direct action, or indirectly via
mechanisms involving the placenta and/or maternal tissues. Therefore, a primary cell
culture model was established to investigate the hypothesis that TH directly regulates
early neuronal differentiation. This model confirmed that a-IN protein but not mRNA
expression was regulated by physiological levels of 3,5,3-triiodothyronine (T3).
Differential display RT-PCR was used to identify primary gene targets of T3 in early
differentiating neurons. Around 32 fragments were differentially expressed. Of these, 3
were identified as encoding y-interferon-inducible protein-10, cyclin ania-6a and the cell
division cycle protein-42. However, T3-regulation of these genes could not be
confirmed in further cell cultures.
In conclusion, maternal hypothyroidism disturbs early neuronal differentiation, possibly
via interference with direct action of maternal TH on early fetal brain neurons.
Astrocytic development is also deficient during late pregnancy. Deficits in neuronal and
glial maturation may underlie the irreversible neurological damage seen in offspring of
hypothyroid mothers.
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CHAPTER 1

INTRODUCTION
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1.1 Overview
It is increasingly recognised that the intrauterine environment plays an important role in
the regulation of fetal development and, hence, health in postnatal life. Consequently,
much current research has focused on identifying critical aspects of the intrauterine
environment. In this regard, the maternal contribution to the intrauterine thyroid
hormone (TH) environment is likely to play an important role, particularly in fetal brain
development (Morreale de Escobar et al. 2000).
A role for TH in postnatal brain development is well established from studies of
congenital hypothyroidism, which results in irreversible mental retardation unless TH
replacement is initiated soon after birth (Brook 1995). However, the observation that
congenitally hypothyroid babies often appear normal at birth was taken by many
commentators as evidence that TH was not required during late fetal life. Furthermore,
the previously long-held belief that these hormones do not cross the placenta led to the
assumption that TH is unavailable to the fetal brain prior to the onset of fetal TH
secretion. Consequently, a role for TH in fetal brain development has often been
overlooked. However, it is now accepted that maternal TH is available to the developing
conceptus throughout pregnancy and, in the case of congenitally hypothyroid babies,
exerts a protective role on the developing brain (Vulsma et al. 1989). Furthermore,
studies in iodine-deficient and iodine-replete areas have emphasised the importance of
maternal thyroid status during early pregnancy with respect to neurological and
intellectual development of the offspring (Connolly & Pharoah 1989, Man et al. 1991,
Morreale de Escobar et al. 1997, Haddow et al. 1999, Pop et al. 1999). This topic is of
crucial importance, given the high incidence of thyroid dysfunction in pregnant women
in both iodine-deficient and iodine-replete environments (Glinoer 1998, Delange
2000a).
The influence of TH on brain development has been extensively studied in cell culture
and in vivo models of congenital hypothyroidism (reviewed in Timiras 1988, Bernal &
Nunez 1995, Thompson & Potter 2000). In comparison, less is known about how
maternal TH regulates early fetal brain development. Learning and motor dysfunction is
seen in adult progeny of thyroidectomised rat dams, suggesting effects of maternal TH
on neuronal maturation (Hendrich et al. 1984, Attree et al. 1992). Long-term
biochemical changes also occur in brain of such progeny {e.g. oligodendroglial
enzymes; Hadjzadeh et al. 1990). However, whether maternal TH directly regulates
early fetal brain development is unknown. The purpose of this thesis was to investigate
the influence of maternal TH on cell-specific cytoskeletal markers and to explore
possible mechanisms of maternal TH action using rat models of maternal
hypothyroidism.
21

The following introduction will begin by reviewing evidence from iodine-deficient and
iodine-replete environments, which supports a critical role for maternal TH in brain
development. This is followed by a description of basic concepts relating to thyroid
physiology, including TH synthesis, the regulation of thyroid function, as well as TH
transport in blood, and placental TH transfer. Then TH metabolism and TH action are
discussed. In these sections, particular emphasis is placed on pregnancy and the fetal
brain. The influence of TH during brain development, as studied in rat models of
congenital hypothyroidism is then described, followed by a review of literature relating
to TH-regulation of neuronal and astrocytic cytoskeletal proteins. The final section will
summarise current findings with respect to maternal TH-regulation of brain
development in animal models.

1.2 Clinical considerations
TH regulates several developmental and metabolic processes, and consequently, a
lack or excess of these hormones results in a variety of disorders. Whilst there is
evidence indicating that the adult brain is sensitive to TH (Sinha et al. 1994), the
most drastic effects of hypothyroidism on the brain occur during development. The
following section will begin by describing the effects of combined compromise of
maternal and fetal thyroid functions, as is seen in iodine deficiency. Maternal thyroid
compromise in the absence of iodine deficiency is then discussed, followed by a brief
summary of congenital hypothyroidism.
1.2.1 Iodine deficiency
Iodine deficiency, the most important cause of preventable mental defects and the
primary cause of goitre and hypothyroidism, affects approximately one quarter of the
world’s population and is most predominant in central Africa and Asia (reviewed in
Delange 2000a). Although Europe and the USA are often perceived as iodine
sufficient, iodine intake may be insufficient to meet the increased iodine demand that
occurs during pregnancy (Section 1.3.1), so that pregnant women in some areas may
exhibit signs of mild iodine deficiency (Delange 1996, Utiger 1999, Delange 2000a).
Since sufficient iodine is required to support both maternal and fetal TH synthesis,
iodine deficiency compromises fetal as well as maternal thyroid function (reviewed in
Glinoer 1997). The most severe consequence of iodine deficiency during pregnancy
is endemic cretinism, which manifests in two clinical forms, neurological and
myxoedematous (reviewed in Morreale de Escobar et at. 1997, Delange 2000b).
Neurological cretinism is characterised by severe mental retardation, spastic diplegia
and deaf-mutism (reviewed in Morreale de Escobar et al. 1997, Delange 2000b). At
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birth, individuals exhibit elevated serum thyroid stimulating hormone (TSH), low
thyroxine (T4), but normal 3,5,3'-triiodothyronine (T3), the latter possibly accounting
for normal linear postnatal growth in these children. Mothers of neurological cretins are
severely hypothyroxinémie, with elevated serum TSH but normal serum T3. In these
pregnancies, cognitive and motor function in offspring correlates with maternal serum
T4 levels (Pharoah et al 1981, Pharoah et al 1984). Iodine replacement of mothers is
ineffective in preventing the birth of neurological cretins unless commenced prior to
conception or during the first half of pregnancy (Pharoah et al. 1971, Xue-Yi et al
1994).
Mental retardation in myxoedematous cretins is not as severe as in neurological cretins,
auditory function is usually spared and no evidence of spastic diplegia is present.
However, unlike neurological cretins, myxoedematous cretins are dwarfed and severely
hypothyroid (reviewed in Morreale de Escobar et a l 1997, Delange 2000b). Contrary to
observations in neurological cretins, T4 replacement during late gestation prevents the
birth of hypothyroid individuals and improves psychomotor development if continued
postnatally (Morreale de Escobar et a l 1997). In this respect, myxoedematous cretinism
is comparable to congenital hypothyroidism (Section 1.2.3).
Despite the above classification, mixed forms of neurological and myxoedematous
cretinism may be found in certain endemias (reviewed in Delange 2000b). Nevertheless,
the different results seen with treatment in early versus late pregnancy with respect to
the prevention of neurological or myxoedematous symptoms suggest distinct
mechanisms leading to a preponderance of either.
It has been suggested that the degree of maternal hypothyroxinemia determines the
frequency of neurological versus myxoedematous manifestations (Morreale de Escobar
et a l 1997, Morreale de Escobar et a l 2000). Timing of the insult is also important
however, and the symptoms of neurological cretinism suggest damage of early
developing cerebral structures and the cochlea, indicative of an insult commencing prior
to midgestation. Thus, neurological symptoms are thought to arise due to severe
maternal hypothyroxinemia during early gestation, when the intrauterine TH
environment is determined solely by the mother.
In the case of myxoedematous cretinism, iodine intake may be enough to avoid severe
maternal hypothyroxinemia and allow sufficient transfer of maternal T4 to the fetal
brain during early pregnancy. Consequently, motor and auditory function are spared.
However, other factors such as goitrogens may limit iodine availability or its thyroidal
metabolism, resulting in fetal hypothyroidism during late gestation. Furthermore, in
some endemias, as typified by central Zaire, combined iodine and selenium deficiency
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may contribute to the pathogenesis of myxoedematous cretinism (Kohrle 1999).
Selenium is an essential component of the type I and type II 5'-deiodinases, which
convert T4 to T3 (Sections 1.4.2 & 1.4.3). Thus, reduced activity of these enzymes due
to selenium deficiency contributes to fetal hypothyroidism. Selenium is also an essential
component of glutathione peroxidase, an enzyme responsible for neutralising hydrogen
peroxide free radicals, the accumulation of which leads to thyroid atrophy (Kohrle
1999). The persistence of such factors determine the duration of fetal/postnatal
hypothyroidism and thus the severity of growth retardation and delay in sexual
development that are characteristic of myxoedematous cretins (reviewed in Morreale de
Escobar et al. 1997, Delange 2000b). A combination of maternal hypothyroxinemia and
fetal hypothyroidism may explain the presence of mixed cretins, as is often the case in
areas of severe iodine deficiency.
1.2.2 Maternal hypothyroxinemia in the absence of iodine deficiency
Evidence from iodine-sufficient environments has highlighted the role of maternal TH
in determining the outcome of pregnancy and subsequent neuropsychological
development of children (Table 1.1). In such environments, maternal hypothyroidism is
associated with an increased proportion of unsuccessful or complicated pregnancies
(Wasserstrum & Anania 1995). Early studies by Man et al. and more recently Haddow
et al. have drawn attention to the impaired cognitive and motor function and increased
incidence of low IQ in offspring of hypothyroid women (Man et al. 1991, Haddow et al.
1999). Even in healthy pregnancies infant psychomotor development is directly related
to first trimester maternal serum free T4 (Pop et al. 1999). Smit et al. have reported a
similar relationship between first trimester free T4 and early neurodevelopment in
children bom to treated hypothyroid women (Smit et al. 2000). These studies highlight
the important role for maternal TH in brain maturation in iodine-sufficient areas.
1.2.3 Congenital hypothyroidism
Congenital hypothyroidism is a consequence of anatomical or biochemical
impairment of the fetal thyroid gland. Most individuals appear normal at birth but
require prompt TH replacement therapy if permanent brain damage is to be avoided
(Brook 1995, Dubuis et al. 1996). These observations were initially taken as evidence
for a lack of requirement for TH during fetal life, since it was also believed that TH
does not cross the placenta. However, the presence of T4 in cord serum of children
with a total inability to synthesise TH indicates that placental transfer of TH occurs
during late gestation (Vulsma et al. 1989). Furthermore, in such neonates, T4
disappears from the blood at a rate equivalent to its half-life in serum, indicating that
the hormone is of maternal origin. Indeed, in a rat model of congenital
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TABLE 1.1 Evidence from iodine-sufficient environments indicating a role for maternal TH in determining the outcome of
pregnancy and subsequent development of the offspring.
Main conclusions
Complications during pregnancy related to first
trimester maternal free T4.
Decreased mental development in children of
hypothyroxinémie women.

Parameters measured
Free T4 and TSH
Maternal butanol-extractable iodine at 24 weeks
gestation, followed by IQ at 4 and 7 years of age.

Reference
Wasserstrum &
Anania 1995
Man etal. 1991

Deficits preventable by early correction of
maternal hypothyroxinemia.
Poor neuropsychological scores in children of
women with TSH above the 98* percentile.

2“*^trimester maternal TSH, followed by IQ of offspring
at 7 - 9 years of age.

Haddow et al. 1999

Psychomotor development is correlated to
trimester free T4 in women with free T4 < 10*
percentile.

Maternal free T4 at 12 weeks gestation, followed by
psychomotor performance of offspring at 10 months
gestation.

Pop et al. 1999

hypothyroidism, maternal T4 transfer has been demonstrated during late gestation,
and is able to maintain normal levels of fetal brain T3, indicating that T4 transfer may
exert a protective effect on early developing brain (Calvo et al. 1990a).

1.3 Thyroid physiology
The following section will begin by briefly describing the processes involved in TH
synthesis, including uptake and organification of iodine, and iodothyronine synthesis
and secretion. Transport of TH in the blood is then described, with emphasis on
pregnancy and placental TH transfer in particular. The regulation of maternal thyroid
function during pregnancy is then summarised, followed by a summary of the
development of fetal thyroid function.
1.3.1 TH synthesis
All steps required for TH synthesis take place in the thyroid follicle, which is the
basic unit of the thyroid gland and consists of a single layer of cells surrounding a
lumen (reviewed in LoPresti & Singer 1997, Taurog 2000). Approximately 150 fxg of
inorganic iodide (I") is required per day for normal adult human TH synthesis, and
this requirement increases to around 200 |big in pregnant and lactating women
(reviewed in Glinoer 1997). I' is transported from the blood into follicular cells
across their basal membrane by a Na+ZK'^-ATPase mediated Na"*"/I" symporter, which
is positively regulated by TSH (Carrasco 2000). Once within the gland. I" moves
towards the apical surface of the follicular cell by diffusion, then into the positively
charged lumen via an electrochemical gradient. In the lumen. I' is oxidised to by
the enzyme thyroperoxidase (TPO). TH synthesis takes place in the lumen at the
apical surface of the follicular cell, within the 660 kDa glycoprotein, thyroglobulin.
The process requires two oxidative reactions (Fig. 1.1) catalysed by TPO.
Firstly, Ij binds to tyrosyl residues on the surface of thyroglobulin to form
monoiodotyrosyls (MIT) and diiodotyrosyls (DIT; Fig 1.1A). Subsequently, two DIT
molecules couple to form T4 (Fig. I.IB), or one MIT and one DIT molecule couple
to form T3 (Fig. I.IC). lodinated thyroglobulin is stored in the lumen as colloid,
which is then retrieved from the lumen by endocytosis through the apical membrane.
Endosomes containing colloid fuse with lysosomes containing proteases and
glycolytic hydrolases, resulting in degradation of thyroglobulin and release of T4 and
T3 through the basal membrane into the bloodstream, where it is transported bound to
plasma proteins (reviewed in LoPresti & Singer 1997, Robbins 2000).
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1.3.2 TH transport in blood
In humans, over 99% of circulating T4 and T3 are non-covalently bound to either TH
binding globulin (TBG), transthyretin (TTR) or albumin (reviewed in LoPresti &
Singer 1997, Robbins 2000). TBG has the highest affinity for TH and, despite it
being present at the lowest concentration, carries in excess of 70% of circulating T4
and T3. TTR binds around 10 - 15% of serum T4 and T3 and is responsible for much
of the immediate delivery of these hormones to cells due to its low affinity for T4 and
T3. Albumin binds around 15 - 20 % of serum T4 and T3, with an affinity even
lower than that of TTR. Whilst TTR is widely distributed amongst mammals,
including humans and rats, TBG was thought to be absent in most mammalian
species including rodents. However, a TBG gene has been demonstrated in rats, but it
is only transiently expressed during postnatal development and is virtually
undetectable in normal adult rats (Savu et al. 1987, Vranckx et al. 1990).
Under normal circumstances, TBG is not saturated, allowing moderate changes in
total TH levels without affecting free hormone levels. Only free hormone is
biologically and metabolically active and accounts for 0.02% and 0.3% of total T4
and T3 respectively (LoPresti & Singer 1997). Furthermore, it is predominantly free
T4 that regulates TH production and secretion by feedback on the hypothalamicpituitary axis (Section 1.3.3), and free T4 tissue permeation rates are much higher
those of the bound hormone. These findings have led to the generally well accepted
"free hormone hypothesis", which suggests that only free hormones are available to
target tissues and hence physiologically active (Robbins & Rail 1957). In this case,
the proposed role of hormone binding proteins is to act as buffers, mopping up excess
hormone or releasing it in times of deficit. However, this role for TBG and the "free
hormone hypothesis" have been disputed (Section 1.3.2.2).
1.3.2.1 Maternal TH and TBG levels during pregnancy
Increasing estrogen levels during the first trimester of human pregnancy stimulate
hepatic synthesis and sialylation of TBG, the latter serving to increase TBG half-life.
Consequently, maternal serum TBG levels increase during the first trimester, reaching a
plateau at mid-gestation, and this is accompanied by increasing levels of maternal serum
total T4 and T3, which also peak at around mid-gestation (reviewed in Brent 1997,
Glinoer 1997; Fig. 1.2). Maternal serum free TH levels during the first trimester are
higher than in the second and third trimesters, and some—but not all—reports suggest
that first trimester free T4 levels exceed those in non-pregnant women (reviewed in
Glinoer 1997). In rats, maternal plasma total T4 and T3 levels decrease during late
gestation, possibly related to the lack of functional TBG (Kojima et al. 1974, Fukuda et
al. 1980, Morreale de Escobar et al. 1985).
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FIGURE 1.2 Maternal thyroid function during human pregnancy (Adapted from Brent 1997).

1.3.2.2 Placental transfer ofTH
Until relatively recently, the general belief was that maternal TH does not cross the
placenta in physiologically relevant quantities and is not required for fetal development.
Consequently, the rise in TBG during early pregnancy was thought to serve as a means
of limiting the availability of maternal TH to the fetal compartment. However, much of
this evidence was based on studies which were either conducted during late gestation
when the rate of maternal TH transfer is low, or concerned only with T3, the transfer of
which is minor compared with that of T4 {e.g. Dubois et al. 1977). Furthermore, the
technology then available for measuring TH was relatively insensitive compared with
currently available methods.
This idea was challenged by Ekins, who postulated that TBG is vital for delivering T4
to the placenta and, therefore, that maternal TH is necessary for fetal development
(Ekins 1985, Ekins et al. 1994). Ekins’ postulate remains to be proven experimentally
however, and has been criticised for only considering unidirectional hormone flux into
tissues (Mendel et al 1987).
Nevertheless, recent work has demonstrated that placental transfer of maternal TH
occurs in humans as well as in rats, which do not express TBG. In humans, maternal T4
is present in coelomic fluid at 6 wg, with both T4 and T3 present in embryos at 6 - 8 wg
and in fetal brain at 9 wg (Contempre et al. 1993, Vulsma 1989, Costa et al. 1991).
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Maternal TH is also present in rat embryonic and fetal tissues, including brain from
before the onset of fetal TH secretion (Obregon et al. 1984, Woods et al. 1984,
Morreale de Escobar 1985, Porterfield & Hendrich 1992; Section 1.3.4). Maternal TH
transfer continues following the onset of fetal TH secretion in both humans and rats and
as mentioned previously affords protection to the brain of congenitally hypothyroid
fetuses in both species (Vulsma et al. 1989, Morreale de Escobar 1990).
1.3.3 Regulation of thyroid function
Thyroid function is controlled by the hypothalamic-pituitary-thyroid axis (reviewed
in LoPresti 1997, Scanlon & Toft 2000). The hypothalamus responds to low serum
T4 by releasing thyrotrophin-releasing hormone (TRH), which in turn causes the
release of TSH from the anterior pituitary (Fig. 1.3). TSH, the primary hormone
responsible for stimulation of TH synthesis and secretion, binds its thyroid follicular
cell membrane receptor and causes an increase in iodination and synthesis of
thyroglobulin. A negative feedback mechanism operates in that TRH and TSH
mRNA synthesis are downregulated in response to high levels of serum T4 and T3
(Fig. 1.3).

HYPOTHALAMUS

«TR H

I
PITUITARY

THYROID

FIGURE 1.3 Regulation of thyroid function by the hypothalamic-pituitary-thyroid axis. Hypothalamic
stimulation (-»-) of TSH secretion is balanced by negative-feedback inhibition (-) by TH (Adapted from
Scanlon & Toft 2000).
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1.3.3.1 Regulation of maternal thyroid function
During the first trimester of human pregnancy, a transient suppression in maternal
serum TSH coincides with increased levels of human chorionic gonadotrophin (hCG;
Fig. 1.2), and a negative correlation exists between hCG and TSH during this period
(Ballabio et al. 1991). Despite depressed serum TSH, maternal serum total T4 levels
continue to rise, and during early gestation, maternal serum free T4 is directly related to
hCG concentrations (reviewed in Glinoer 1997, Brent 1997). As hCG levels begin to
fall towards the end of the first trimester, TSH returns to pregestation levels (reviewed
in Glinoer 1997; Fig. 1.2). The thyrotrophic activity of hCG has been confirmed in
studies of human thyrocytes in culture, which respond to hCG treatment with an
increase in iodide organification and T3 secretion (Kraiem et al. 1994).
In rats maternal plasma TSH levels increase (Fukuda et al. 1980) or tend to increase
(Calvo et al. 1990b) slightly during the latter one third of gestation. It has been
suggested that this may result from decreased negative feedback brought about by the
decreased concentration of circulating T4 (Fukuda et al. 1980).
1.3.4 Development of fetal thyroid function and its regulation
In rats, the ability to iodinate thyroglobulin is followed by TH secretion at 17.5 days
gestation (dg; Morreale de Escobar & Escobar del Rey 1990). In humans, the timing of
onset of active fetal TH secretion is debatable. Although the human fetal thyroid at
around 12 weeks gestation (wg) is able to accumulate iodine and synthesise TH in vitro,
active secretion by the gland in vivo has been placed at around midgestation (reviewed
in Porterfield & Hendrich 1993, Fisher 1997).
Maturation of the hypothalamic-pituitary thyroid axis occurs near term in humans and
postnatally in rats (reviewed in Morreale de Escobar & Escobar del Rey 1990, Fisher
1997). Although TRH is detectable in the human fetal hypothalamus at 9 wg and TSH
in the anterior pituitary at 10 - 12 wg, the portal system does not mature until 1 8 -2 2
wg. Consequently, a sudden rise in fetal serum and pituitary TSH levels occurs at 18 22 wg, probably due to stimulation by hypothalamic TRH. Rising fetal serum TSH
coincides with increasing levels of fetal serum total T4 and T3, which continue to
increase during the third trimester. Levels of TSH and the TSH response to TRH
decrease at around 26 wg, suggesting that feedback control of TSH secretion by TH is
in place at this time. However, evidence from human fetuses and newborns suggests
that feedback sensitivity to T4 matures earlier than that to T3 (Morreale de Escobar &
Escobar del Rey 1990). Indeed, in hypothyroid rat fetuses near term, fetal TSH secretion
is inhibited by an increase in circulating T4 but not T3, suggesting that the regulatory
mechanism is not yet fully mature (Morreale de Escobar et al. 1989).
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1.4 Thyroid hormone metabolism
Cellular uptake of TH from the blood or interstitial fluid can be considered the first step
in TH metabolism (Section 1.4.1). Subsequently, iodothyronines undergo intracellular
deiodination as their primary form of metabolism (reviewed in St Germain 1994, Larsen
& Berry 1995, Darras et al. 1999). Outer ring or 5'-deiodination, the 'activating
pathway', converts T4 to the biologically active metabolite, T3, by removal of iodine
atoms from the phenolic ring (Fig. 1.4). Inner ring or 5-deiodination, the 'inactivating
pathway', converts T4 and T3 to the inactive metabolites reverse T3 (rT3) and
diiodothyronine (T2) by removal of iodine atoms from the tyrosyl ring (Fig. 1.4).
Generation of T2 can also occur by 5'-deiodination of rT3 (Fig. 1.4).
Most tissues are able to take up circulating T3 generated by peripheral 5'-deiodination in
liver, kidney and thyroid. However, the majority of fetal brain T3 is generated locally
from 5'-deiodination of blood-derived T4 (Ruiz de Ona et at. 1988, Calvo et al. 1990a).
Three iodothyronine deiodinases (Sections 1.4.2 - 1.4.4) have been described as
membrane-bound selenoproteins, which act co-ordinately to determine levels of
circulating and tissue TH (reviewed in St Germain 1994, Larsen & Berry 1995, St
Germain 1999, Bianco et al. 2002).
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1.4.1 Cellular uptake of TH
Thyroid hormones are lipophilic molecules and should therefore diffuse easily across
cell membranes. Nevertheless, evidence exists for cell membrane carrier-mediated
uptake of T4 and T3 into several tissues, including brain (reviewed in Hennemann et
al. 2001). Passage of TH to the brain is restricted by two structures. Firstly, the
blood-brain barrier (BBB), which consists of the endothelial lining of the brain
capillaries, and secondly, the cerebrospinal fluid-brain barrier (CSFBB), which
consists of the ventricular surface of the choroid plexus. The majority of TH reaches
the brain via the BBB, with around one fifth entering the brain via the CSFBB
(Hennemann et al. 2001).
Several studies have suggested that TTR synthesised in the choroid plexus is
important in facilitating carrier-mediated transport of T4 from the choroid plexus into
the brain (reviewed in Hennemann et al. 2001), However, TTR mutant mice develop
normally, and exhibit normal T4 transfer rates from plasma to the brain, questioning
the importance of TTR in this respect (Palha et al. 1994, Palha et al. 1997).
TH uptake systems have also been demonstrated in neuronal and glial cell culture
models, albeit discrepancies exist between studies with respect to Km values for T4 and
T3 uptake (Francon et al. 1989, Lakshmanan et al. 1990, Chantoux et al. 1995, Beslin et
al. 1995). More recently, several organic anion transporters (OATP) that function as
carriers of TH across cell membranes have been identified in human and rat brain (Abe
et al. 1998, Fujiwara et al. 2001). Once within brain cells, TH is transported via
anterograde axonal transport to sites distal to the site of uptake (Dratman et al. 1987,
Mason et al. 1993; Section 1.5.4.1). As yet, little information is available regarding the
ontogeny of these systems.
1.4.2 Type 15'-deiodinase
The type I 5'-deiodinase (5'-D-I) is expressed at high levels in liver, kidney and thyroid
and is inhibited by the anti-thyroid drug propyl thiouracil (PTU; reviewed in Larsen &
Berry 1995). 5 -D-I plays an important role in the production of peripheral T3 by
deiodination of T4. However, since rT3 is the preferred substrate for this enzyme, 5 -D-I
is also responsible for the clearance of circulating and tissue rT3. Under alkaline
conditions or when TH is sulphated, 5 -D-I can also convert T4 to T2 by sequential 5deiodination. Liver and kidney 5 -D-I activities and mRNA levels are positively
regulated by T3 and decrease in response to hypothyroidism in rats in order to reduce
catabolism of circulating TH (Larsen & Berry 1995). Thyroidal 5 -D-I is positively
regulated by TSH however, and increases during hypothyroidism in order to increase
the proportion of T3 secreted by the gland (Erickson et al. 1982). In rat fetal brain, 5 -DI is present at lower levels than the type II deiodinase and is restricted to glial cells,
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where it has been implicated in the clearance of brain rT3 (Ruiz de Ona et al. 1988,
Leonard 1992).
1.4.3 Type II S'-deiodinase
The type II 5'-deiodinase (5 -D-II) is expressed at high levels in uterus, placenta and
brown adipose tissue, with lower levels in brain and pituitary. 5 -D-II is the major 5'deiodinase in brain and unlike 5 -D-I, 5'-D-II is insensitive to anti thyroid drugs
(Larsen & Berry 1995, Galton etal. 2001).
Since the brain relies on local deiodination of T4 for its T3 supply, 5 -D-II is crucial
in determining brain T3 levels. In this regard, 5 -D-II activity is present in rat fetal
brain from 17 dg (earliest age studied), and a 4-fold increase by birth coincides with
9- and 10-fold increases in fetal brain T4 and T3 levels respectively (Ruiz de Ona et
al. 1988). Furthermore, increases in brain T4 and T3 parallel the rise in serum T4 but
are independent of serum T3, which remains comparatively low during this period
(Ruiz de Ona et al. 1988, Morreale de Escobar et al. 1992). Studies of combined
matemo-fetal hypothyroidism have shown that by 19 dg, fetal rat brain is able to
respond to hypothyroidism with an increase in 5 -D-II activity (Ruiz de Ona et
a/. 1988). Similarly, in humans, maternal hypothyroxinemia due to iodine deficiency
causes an elevation in fetal brain 5 -D-II activity at 11 - 14 and 15 - 18 wg (reviewed
in Sinha et al. 1997). The increase in fetal brain 5 -D-II activity as a result of
hypothyroidism is probably a compensatory mechanism to maintain brain T3 levels
during an important phase of development. The important role of brain 5 -D-II has
been emphasised by studies of congenital hypothyroidism, which show that injection
of methimazole-treated dams with T4 protects the hypothyroid fetal brain from TH
deficiency, whereas T3 does not (Calvo et al. 1990a).
The increase in 5 -D-II activity in response to low T4 occurs independently of
transcription or protein synthesis (Leonard et al. 1984), and downregulation of 5'-DII activity by T4 requires an intact actin cytoskeleton (Leonard et al. 1990).
Consequently, a mechanism has been proposed whereby T4 promotes actin
polymerisation, which subsequently leads to internalisation and inactivation of
microsomal membrane bound 5 -D-II (reviewed in Oppenheimer & Schwartz 1997).
Experiments in cell culture have shown that 5 -D-II is expressed in both neurons
(Leonard 1992) and astrocytes (Courtin et al. 1988). However, in vivo, highest levels
of 5 -D-n are seen in astrocytes, where its role may be production of T3 from T4 for
neuronal uptake (Guadano-Ferraz et al. 1997a).
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1.4.4 Type III 5-deiodinase
The type III 5-deiodinase (5-D-III) is insensitive to PTU and catalyses TH
deactivation, converting T4 to rT3 and T3 to T2 (reviewed in Larsen & Berry 1995).
The enzyme is expressed at high levels in placenta and fetal tissues, including brain
(Bates et al. 1999), with levels in placenta higher than those of 5-D-II (KoopdonkKool et al. 1996). It was originally believed that high levels of placental 5-D-III could
prevent the transfer of maternal TH to the fetus, however this view is no longer
tenable (Section 1.3.2.2). Rather, 5-D-III may serve to regulate the passage of TH to
the fetus and to prevent exposure of the fetus to excessive levels of TH (Calvo et al.
2002). Furthermore, since the placenta accumulates TH and expresses TH nuclear
receptors (Calvo et al. 1992, Leonard et al. 2001), placental 5-D-III may be a means
of protecting this tissue from excessive levels of TH.
Rat brain 5-D-III activity increases 1.5-fold between 14 and 19 dg (Huang et al.
1988), with a larger increase during early postnatal life, before an eventual decrease
to adult values by 20 postnatal days (Kodding et al. 1986). Similarly, in humans 5-DIII activity is present in fetal cerebral cortex before—and increases following—the
onset of fetal TH secretion but declines during late gestation. Iodine deficiency
reduces the expression of 5-D-III in human fetal brain at 23-25 wg, possibly as part of
a mechanism to conserve TH via reduced catabolism (reviewed in Sinha et al. 1997).
Given the effects of TH on brain cell proliferation and differentiation (Section 1.6), 5D-III in fetal brain may be essential in preventing premature exposure of this tissue to
inappropriate TH levels during critical stages of development.
1.4.5 Sulphation of TH
In addition to deiodination, iodothyronines may also undergo sulphation of their
phenolic hydroxyl groups by a group of enzymes know as sulphotransferases (reviewed
in Darras et al. 1999). Sulphation of iodothyronines facilitates their biliary and urinary
excretion by increasing water solubility and affects their metabolism by deiodinases
(Visser 1994, Visser 1996). Sulphated T4 is exclusively metabolised to rT3, and
sulphation of T3 accelerates its deiodination to T2 (Visser 1994), suggesting that
sulphation plays an important role in determining levels of active TH in target tissues.
Sulphated iodothyronines are present at high levels in human fetal plasma (reviewed in
Darras et al 1999), and several sulphotransferases are expressed in human fetal brain,
fetal liver and placenta (Richard et al. 2001, Stanley et al. 2001). Although the placenta
does not appear to be a major source of sulphated iodothyronines in the fetus (Stanley et
al. 2001), sulphation may serve as an additional means by which to protect the fetus
from excessive levels of T3. Alternatively, sulphated T4 and T3 may constitute a
reservoir of inactive TH for conversion into active hormone by sulphatases. However,
although iodothyronine sulphatase activity has been demonstrated in adult human and
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rat tissues (Kung et al. 1988, Kester et al, 2002), little is known about these enzymes
during development.

1.5 Thyroid hormone action
1.5.1 Regulation of transcription
The primary mechanism of TH action is the modulation of gene expression via
binding of T3 to specific TH nuclear receptors (TR; reviewed in Hollenberg 1998,
Zhang & Lazar 2000). TR are encoded by two genes, c-erbAa and c-erbAP, located
on human chromosomes 17 and 3 respectively. Alternative splicing of 3' exons of cerbAa results in mRNAs encoding three proteins, including the T3-binding TR al, as
well as non T3-binding variants c-erbAa2 and c-erbAa3. The non-coding strand of cerbAa gives rise to Rev-erbAa, which lacks TH binding activity. Alternative 5'-exon
usage of c-erbAP gives rise to mRNAs encoding TR^l, TRp2, as well as the newly
identified protein, TR|33 (Williams 2000), all of which bind T3. Truncated protein
products of the c-erbAa 2ind c-erbAP genes (termed c-erbAAal, c-erbAAa2 and
TRAp3) also exist and may function as transcriptional repressors (Chassande et al.
1997, Williams 2000).
TR-dependant regulation of transcription is mediated by interaction of the receptor
with a TH response element (TRE) located within the promoter of target genes
(reviewed in Zhang & Lazar 2000). TREs consist of two hexamer half sites with the
consensus sequence AGGTCA. The two half sites may be arrange as palindromes
(PAL; AGGTCA - TGACCT), inverted palindromes (IPL; TGACCT - AGGTCA) or
direct repeats (DR; AGGTCA-AGGTCA). TR bind to a TRE either as homodimers
or as heterodimers, usually with a retinoid X receptor (RXR) isoform. Homodimers
form mostly in the absence of T3, when they tend to bind DR and IPL and act to
repress basal transcription. Binding of T3 causes dissociation of homodimers and
promotes heterodimer formation, and results in T3-dependent regulation of target
genes; either stimulation of transcription of positively regulated genes or repression
of transcription of negatively regulated genes. In addition to TR and basal
transcription factors such as RNA polymerase II, TATA binding protein (TBP) and
TBP-associated proteins (TAF^s), efficient activation of T3-dependent transcription
also requires nuclear co-activator proteins.
1.5.1.1 Nuclear co-regulators
Current findings suggest the existence of co-regulator complexes involved in the
regulation of transcription by nuclear receptors (McKenna et al. 1999). Most co
regulators are ubiquitously expressed, albeit at differing concentrations in each tissue
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(O’Malley et al. 2001). Consequently, TH responsiveness of a particular cell type
may be partly dependent on its complement of co-regulators.
Several co-activator proteins capable of interacting with TR in the presence of T3
have been identified (Hollenberg 1998, Zhang & Lazar 2000). Thyroid hormone
receptor interacting protein-1 (TRIP-1), the first TR coactivator to be described, has
been implicated in stabilisation of the TR, possibly through interaction with TBP
(Lee et at. 1995, Fraser et al. 1997). CREE (cAMP response element-binding protein)
binding protein (GBP) promotes transcription via its histone acetyltransferase
activity, which disrupts chromatin structure, allowing recruitment of transcription
machinery to the target gene (Ogryzko et al. 1996, Bannister & Kouzarides 1996).
GBP interacts with TR either directly or via association with members of the steroid
receptor co-activator (SRG) family of co-activators {e.g. AGTR, SRG-1), some of
which also posses histone acetyltransferase activity (Zhang & Lazar 2000). The
importance of SRG-1 in T3 action is demonstrated by the observation that mice
lacking functional SRG-1 exhibit T3 resistance (Weiss et al. 1999). SRG-1 is
expressed in fetal rat brain before the onset of fetal thyroid function, possibly in order
to mediate maternal TH action via TR in this tissue (lannacone et al. 2002)
The binding of TR to TRE in the absence of ligand results in silencing of gene
expression on genes that are positively regulated by T3 (reviewed in Hollenberg
1998, Zhang & Lazar 2000). Silencing activity of the unliganded TR has been
attributed to co-repressor proteins that bind to TR in the absence of ligand. Two such
proteins, nuclear receptor corepressor (NGoR) and silencing mediator of retinoic acid
and thyroid hormone receptors (SMRT), interact with TR in vitro in the absence of
ligand (Zamir et al. 1997a, Gohen et al. 1998). Both co-repressors form a ternary
complex with other co-repressors, mSin3A and mSin3B and the histone deacetylases
HDAGI and mRPD3 (Alland et al. 1997, Nagy et al. 1997). Histone deacetylation
gives rise to a more compact chromatin structure, resulting in the repression of
transcription. Small unique corepressor (SUN-GoR) also potentiates repression by
TR, possibly through interaction with the orphan receptor Rev-erbAa (Zamir et al.
1997b). Of the various co-repressors, NcoR is expressed in fetal brain and thus may
be involved in regulating the action of unliganded TR during early brain development
(lannacone et al. 2002).
1.5.1.2 Orphan receptors
The exact function of the non-T3 binding variants is unknown. It has been suggested
that c-erbAa2may serve as a negative regulator of T R a l, TR|3l and TR^2by
competing for binding to TRE (Koenig et al. 1989). However, whilst c-erbAa2 is
present in brain throughout development and in TH-responsive cultures (Section 1.5.2),
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it is not certain whether its cellular distribution in vivo is similar to that of the T3binding isoforms. The orphan receptor, chicken ovalbumin upstream promoter
transcription factor (COUP-TF) represses TR mediated transcription by competing for
TRE (Cooney et al. 1993). COUP-TF binds to the promoter region of the gene encoding
Purkinje cell protein-2 (PCP-2) in vitro and represses T3-dependent activation of this
gene (Anderson et al. 1998). Furthermore, COUP-TF is specifically expressed in the
immature fetal and neonatal Purkinje cell and its expression diminishes as PCP-2
expression becomes TH-sensitive (Anderson et al. 1998). COUP-TF also competes with
TR for RXR, thus limiting TR-RXR heterodimer formation (Cooney et al. 1993).
Nevertheless, certain genes are TH-responsive from fetal to adult stages irrespective of
c-erbAa2 or COUP-TF expression (Section 1.6.2).
1.5.2 Expression of TR during brain development
Both T R al and c-erbAa2 mRNA are detectable by in situ hybridisation in rat neural
tube at 11.5 dg and in all five major subdivisions of the brain at 12.5 dg. The
expression of both isoforms coordinately increases in all areas of the brain during
subsequent development, although expression of c-erbAa2 predominates (Bradley et
al. 1992, Strait et al. 1990). TRpi mRNA is detectable at 12.5 dg in the hindbrain
and diencephalon but levels of this isoform at 19 dg are less than 10% those of
T R al (Strait et al. 1990). TR^2 mRNA is detectable in anterior pituitary at 13.5 dg,
and at low levels in striatum and hippocampus during fetal development (Bradley et
al. 1992). Rev-erbAa mRNA is not detectable in brain until 15 postnatal days
(Jannini et al. 1992). In human fetal brain, transcripts encoding T R al, TRpi as well
as c-erbAa2 and c-erbAa3 have been detected by RT-PCR from 8.1 wg (Iskaros et
al. 2000). Levels of T R al increase 8-fold by 13.9 wg and are accompanied by similar
increases in c-erbAa2andc-erbAa3, whilst a complex pattern is seen for TRpi,
suggesting a nadir between 8.4 and 12 wg.
Regarding TR protein expression, immunohistochemically, TRalvas the
predominant isoform in fetal rat brain between 14 and 17 dg, with TRpi detectable at
14 dg and upregulated between 17 and 21 dg (Falcone et al. 1994). T R al accounts
for 90%—and TRpi for up to 5%—of nuclear T3 binding in rat fetal brain at 19 dg
(Schwartz et al. 1992, Schwartz et al. 1994). In contrast to findings for mRNA,
temporal expression of c-erbAa2 protein more closely resembles that of TRpi than
T R al (Falcone et al. 1994).This lack of correspondence between TR protein
isoform s and their respective transcripts suggests some posttranscriptional/translational regulation of TR during brain development.
The effect of T3 on TR expression has been studied in cell culture. Treatment of
primary neuronal cultures isolated from 15 dg fetal rat brain with T3 has no effect on
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T R al, c-erbAa2 and TRpi mRNA (Puymirat et al. 1992, Castiglia et al. 1992).
However, T3-treatment of rat cerebral astrocytes increases levels of TRpi mRNA,
suggesting that the expression of this isoform is differentially regulated in neurons and
astrocytes (Lebel et al. 1993).
1.5.3 Role of TR isoforms during brain development
Clearly, TR are expressed in rat fetal brain prior to the onset of fetal TH secretion,
with T R al the predominant isoform during early development. However, the specific
roles of the various TR isoforms and their non T3-binding variants during brain
development remain uncertain. TR al predominates early in development when cell
proliferation is most active, whereas TR^l and TR^2 are upregulated concomitant
with terminal differentiation (reviewed in Pickard et al. 1997). Indeed, a similar
relationship exists in neuronal and astrocytic cultures (Puymirat et al. 1992, Lebel et
al. 1993). In accordance with a role for TRal in cell proliferation, in chick optic lobe
neuronal cultures, oligonucleotides against c-erbAa but not c-erbA^ block neuroblast
proliferation (Lezoualc’h et al. 1995). However, expression of TR isoform mRNAs in
cortical layers of fetal rat brain indicates that TR al is relatively more concentrated in
zones of differentiating cells {e.g. cortical plate) than zones of proliferating cells. In
contrast, TRpi is more highly concentrated in zones of proliferating cells (e.g.
cortical ventricular layer; Bradley et al. 1992) than in zones of differentiating cells.
Studies in rat PC 12 pheochromocytoma cells and embryonic brain neuroblasts
expressing TRalhave also suggested a role for this TR isoform in cell
differentiation. Unliganded TR al inhibits NGF-dependent neuronal differentiation in
these cells and under these conditions, NGF promotes proliferation. However, in the
presence of T3, these cells differentiate (Munoz et al. 1993). On the contrary,
overexpression of human TRP1 but not rat T R a l prevents proliferation of
neuroblastoma cells and induces differentiation in a T3-dependent manner (Lebel et
al. 1994). Interpretation of these in vitro results must be approached with caution
however, due to the difficulties associated with extrapolation of results from
immortalised cell lines expressing non-physiological levels of TR to the brain.
1.5.3.1 TR knockout experiments
Mice carrying null mutations for TR have been used to investigate the roles of TR
during development. Mice lacking T R al and TRa2 are severely hypothyroid at 14
postnatal days and dead by 5 postnatal weeks (Fraichard et al. 1997). Body weight
and small intestinal and bone growth are retarded, but no obvious abnormalities are
evident in the brain. T3 injection restores normal T3 levels together with normal bone
and intestinal growth, however, body weight does not catch up and lifespan remains
shortened (Fraichard et al. 1997). When only T R al is inactivated, normal growth
ensues but bradycardia is seen, accompanied by reduced body temperature and mild
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hypothyroidism (Wikstrom et al. 1998). TR|3 knockouts display similar symptoms to
humans suffering from TH resistance; mice are deaf with a blunt response to TSH.
The brain appears normal in these animals, but unlike TRa knockouts, lifespan is
normal in TRp knockout mice (Brent 1994).
The lack of marked effects on brain development in the various TR knockouts is
puzzling given that hypothyroid rats exhibit severe retardation of brain development
(Section 1.6). The reasons behind the discrepant phenotypes are at present unknown.
One explanation may be that during early development, other receptors (unrelated to cerbAoc/P) mediate TH action in brain.
Alternatively, the discrepancies may be related to the repressive actions of the
unliganded TR, these playing a more important role than hitherto recognised. In TR
knockouts, both liganded and unliganded TR action would be deficient, the latter
resulting in reduced repression of basal transcription. In contrast, in hypothyroidism the
balance between liganded and unliganded TR is disturbed, resulting in deficient
transcriptional regulation of TH-sensitive genes (reduced action of liganded TR), as
well as increased repression of basal transcription (increased action of unliganded TR).
Indeed, mice carrying a T3-binding mutation at the TRP locus, which prevents T3
binding, exhibit severe neurological dysfunction and lower steady-state levels of two
positively TH-regulated genes, consistent with a physiological role for the unliganded
TR during normal brain development (Hashimoto et al. 2001). Furthermore,
hypothyroid mice lacking T R al show none of the alterations in cerebellar structure
associated with hypothyroid wild-type mice (Section 1.6.1), emphasising the role of the
unliganded TR in hypothyroidism (Morte et al. 2002).
1.5.4 Extranuclear TH binding sites
In addition to nuclear TR, the brain possesses a number of extranuclear TH binding
sites, including synaptic membrane, cytosolic and mitochondrial binding sites (reviewed
in Pickard et al. 1997).
1.5.4.1 Synaptic binding sites
Two classes of TH binding sites have been demonstrated in rat brain synaptosomes, one
of high affinity but low capacity and the other of low affinity but high capacity (Mashio
et al. 1982, Mashio et al. 1983). The high affinity site is localised to the synaptic
membrane and levels of both sites in cerebral cortex increase parallel with
synaptogenesis (Maisho et al. 1983). The role of synaptic membrane T3 binding sites is
unknown. They may act as TH transporters or serve to maintain synaptosomal T3
concentrations at high levels, possibly for local action (Dratman et al. 1989, Kastellakis
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& Valcana 1989). In this regard, it has also been suggested that the role of T3 at
synapses may be to function as a neurotransmitter (Dratman & Gordon 1996).
1.5.4.2 Cytosolic binding sites
Studies of cytosolic TH binding in neural cell culture have suggested that cytosolic TH
binding proteins are predominantly neuronal and posses binding sites for both T4 and
their preferred ligand, T3 (Lennon et al. 1983, Francon et al. 1985). Cytosolic T3
binding activity is detectable in fetal brain at 17 dg and reaches a peak at birth in
cerebrum and cerebellum, before declining during the main phase of glial proliferation
(Suzuki etal. 1991).
A high affinity 58 kDa cytosolic TH binding protein has been isolated from adult rat
cerebral cortex (Lennon 1992). This protein has similar properties to an extensively
characterised NADPH-dependent kidney cytosolic TH binding protein (CTBP;
Hashizume et al. 1989a, Hashizume et al. 1989b, Ichikawa & Hashizume 1991). Entry
of T3 into nuclei in vitro is inhibited by NADPH-activated CTBP but enhanced by
NADP-activated CTBP, and CTBP acceptor sites are present in the nucleus, suggesting
that CTBP plays a role in regulating the availability of T3 to the nucleus (Hashizume et
al. 1989c). More recently, CTBP was shown to suppress T3-dependent gene expression
in vitro, suggesting that CTBP influences nuclear T3 action (Mori et al. 2002).
1.5.4.3 Mitochondrial binding sites
Numerous studies have reported rapid stimulation of mitochondrial oxygen
consumption by T3 via an extranuclear mechanism that is insensitive to protein
synthesis inhibitors, suggesting direct influence of T3 on mitochondria (reviewed in
Wrutniak-Cabello et al. 2001). A high-affinity T3-binding protein has been
demonstrated in the inner mitochondrial membrane of various rat tissues, with similar
sites reported in rat brain, but only up to 12 postnatal days (Sterling et al. 1977, Sterling
et al. 1978). The protein has been implicated in the effect of T3 on mitochondrial
oxygen consumption, however, the identity of mitochondrial T3 binding sites and their
physiological relevance remains highly controversial (reviewed in Wrutniak-Cabello et
al. 2001).
TR-related proteins have been reported in rat liver mitochondria, albeit one group
detected TRa- and TR^-related proteins (Ardail et al. 1993), whilst another only
detected a TRa-related protein (Wrutniak et al. 1995). The TRal-related protein could
not be detected in mitochondria from adult rat brain (Wrutniak et al. 1995), possibly
related to the lack of mitochondrial T3 binding in this tissue (Sterling et al. 1978). No
data were presented regarding developing brain (Wrutniak et al. 1995). The ability of
this TRal-related protein to bind TREs, as well as a region in the mitochondrial
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promoter suggests TH-regulation of the mitochondrial genome. It is of interest therefore
that TH influences the expression of several mitochondrial-encoded genes in developing
rat brain (Section 1.6.2).

1.6 TH and brain development
TH ensures proper brain development through specific effects on cell development and
gene expression (reviewed in Timiras 1988, Porterfield & Hendrich 1993, Bernal &
Nunez 1995, Thompson & Potter 2000, Anderson 2001). However, since maternal TH
was once thought to be unavailable to the developing fetus, it was believed that TH does
not play a role in brain development until after birth. Consequently, the majority of data
concerning the effects of TH on brain development have come from perinatal rats in
which hypothyroidism is induced in the late fetal/early neonatal period. By this time, the
majority of cerebral cortical neurogenesis and neuronal migration are complete.
Cerebral neuronal differentiation, axonal outgrowth, dendrite formation, synaptogenesis
and gliogenesis commence during the late fetal period, and cerebral myelinogenesis
does not occur before 10 postnatal days (Porterfield & Hendrich 1993). In contrast, the
cerebellum develops later than the cerebral cortex, the majority of cerebellar
neurogenesis and neuronal differentiation occurring postnatally in rats (Porterfield &
Hendrich 1993). Thus, it is possible to observe the effects of hypothyroidism on most
cellular events in this region by simply manipulating the postnatal thyroid status.
Consequently, the cerebellum has been used extensively as a model for studying THdependent brain development.
1.6.1 Morphological and biochemical effects
Congenital hypothyroidism in rats is associated with various morphological and
biochemical abnormalities (reviewed in Timiras 1988, Porterfield & Hendrich 1993,
Bernal & Nunez 1995, Thompson & Potter 2000, Anderson 2001). Reductions occur in
DNA, RNA and protein synthesis, the latter possibly related in part to deficits in amino
acid transport and/or metabolism (reviewed in Porterfield & Hendrich 1993). The
proposed role of TH during brain development is to act as signal regulating the timing
of cell proliferation, migration and differentiation. Indeed, postnatal hypothyroidism
prolongs cell proliferation in several regions of the mouse brain, including the
sub ventricular zone of the cerebral cortex and the cerebellum (Hadj-Sahraoui et al.
2000). Cell migration is also affected such that in the cerebellum, disappearance of the
proliferative external granule layer (EGL) is delayed due to slowed migration of newly
formed granule cells towards the inner granule layer (reviewed in Timiras 1988).
Cerebro-cortical cell migration is also disturbed, resulting in altered lamination (Berbel
et al. 1993, Lucio et al. 1997, Berbel et al. 2001).
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Effects of hypothyroidism on neuronal differentiation include decreased axonal and
dendritic development, resulting in increased cell packing in the cerebellum and the
cerebral cortex and an overall reduction in brain size (reviewed in Thompson and Potter
2000). This hypoplasticity of the neuropil is best illustrated by the Purkinje cells of the
cerebellum, in which dendrites and axons are drastically reduced in both number and
length in rats made hypothyroid at birth (reviewed in Timiras 1988). Expression of
nerve terminal differentiation markers, such as succinic acid dehydrogenase and
glutamic acid dehydrogenase activities, are also reduced, and synaptogenesis is
impaired, either directly or because of retarded axonal and dendritic development
(reviewed in Timiras 1988, Porterfield & Hendrich 1993). Neurotransmission is
affected, partly as a secondary consequence of disturbances in neurotransmitter levels,
neurotransmitter metabolic enzyme activities and neurotransmitter receptors (reviewed
in Timiras 1988). Neonatal hypothyroidism also delays myelinogenesis, resulting in
reduced levels of several myelin lipids and proteins (reviewed in Porterfield & Hendrich
1993). Delayed myelination is probably due in part to a transient reduction in the
number of mature oligodendrocytes, since TH regulates differentiation of these cells
from 0-2A precursor cells (reviewed in Anderson 2001). Retarded axonal development
may also be important in this respect, such that reduced myelination may occur
secondary to a reduction in the number of mature axons.
The structural and metabolic alterations incurred in developing hypothyroid rats lead
to disturbed development of brain electrical activity and ultimately abnormal
behaviour, as evidenced by impaired motor co-ordination, learning ability and
exploratory performance (reviewed in Timiras 1988).
1.6.2 TH responsive genes
Accumulating evidence regarding the influence of TH on gene expression has provided
an insight into the molecular mechanisms of TH-dependent brain development
(reviewed in Oppenheimer & Scwartz 1997, Bernal & Gaudano-Ferraz 1998, Thompson
& Potter 2000, Koibuchi & Chin 2000).
TH regulates the expression of several genes that encode proteins with established or
putative roles in specific cellular processes that are disturbed in hypothyroidism (Table
1.2). These include extracellular matrix (ECM) proteins involved in migration, such as
N-CAM and tenascin-C. Although the exact function of reelin is unknown, it bears
characteristics of an ECM protein, and mice carrying a mutation that disrupts reelin
function exhibit neuronal positioning abnormalities, suggesting that this gene is also
involved in neuronal migration (Curran & D’Arcangelo 1998, D’Arcangelo et al 1999).
Other TH-regulated genes, such as RC3 and 5rg-l have putative roles in synaptogenesis,
a process also known to be TH sensitive during postnatal development (reviewed in
43

TABLE 1.2 Thyroid hormone-regulated genes in developing rat brain.
Function/subcellular
Gene
localisation
N-CAM
Migration
Reelin
Tenascin-C
Synaptogenesis

Mitochondrial

Myelin

Neurotrophins

Effect of hypothyroidism
/TH treatment
increased in hypothyroidism
reduced in hypothyroidism
increased in hypothyroidism

functional
NI
NI

RC3/neurogranin

reduced in hypothyroidism

functional

Srg-1
168 rRNA
128 rRNA
COX m
NADH dehydrogenase III
MBP
PLP
CNPase
MAG
NGF
NT-3
BDNF

reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism
reduced in hypothyroidism;
induced by T3 treatment of
hypothyroid rats
upregulated by T3 in vivo and
in vitro
upregulated by T3 in vivo
reduced in hypothyroidism

NI
NI
NI
NI
NI
functional
NI
NI
NI
NI
NI
NI

NGFI-A
Regulation of
transcription

Unknown

Hairless
RORcc
PCP-2

TRE

References
Iglesias et al. 1996
Alvarez-Dolado et al. 1999
Alvarez-Dolado et al. 1998
Munoz et al. 1991
Martinez de Arrieta et al. 1999
Potter et al. 2001
Vega-Nunez et al. 1995
Vega-Nunez et al. 1995
Vega-Nunez et al. 1995
Iglesias et al. 1995
Munoz et al. 1991, Farsetti et al. 1992
Munoz etal. 1991
Ibarrola & Rodriguez Pena 1997
Rodriguez-Pena et al. 1993
Alvarez-Dolado et al. 1994
Neveu & Arenas 1996
Neveu & Arenas 1996

functional

Mellstrom et al. 1994
Ghorbel et al. 1999

functional

Thompson & Potter 2000

NI
functional

Koibuchi & Chin 2000
8trait et al 1992, Zou et al. 1994

N-CAM - neural cell adhesion molecule; rat cortex clone-3, srg-1 - synaptotagmin related gene-1, COX III - cytochrome c oxidase subunit III, M B ? myelin basic protein, PLP - proteolipid protein, CNPase - 2',3'-cyclic nucleotide 3-phosphodiesterase, MAG - myelin associated glycoprotein, NGF - nerve
growth factor, NT-3 - neurotrophin-3; B DNF - brain derived neurotrophic factor, NG Fl-A - NGF induced gene-A, R O R a - retinoic acid related orphan
receptor-a, PCP-2 - Purkinje cell protein-2, NI = not investigated or unknown.

Thompson & Potter 2000). The effects of TH on brain cell differentiation are likely to
be mediated in part by changes in the cytoskeleton, and TH-regulation of several genes
encoding neuronal and astrocytic cytoskeletal proteins is discussed in detail later
(Section 1.7). Hypothyroidism results in reduced expression of several mitochondrial
genes and such changes may account for the disturbances in mitochondrial
morphology/function, such as decreased transmembrane potential and disturbed
organisation of the inner membrane cristae (Table 1.2; Vega-Nunez et al. 1997). The
effects of hypothyroidism on myelination have been extensively investigated, and
postnatal hypothyroidism reduces the expression of all the major myelin genes
(reviewed in Bernal and Nunez 1995, Thompson & Potter 2000; Table 1.2). This effect
is transient however, such that expression levels reach normal adult levels even in the
absence of TH treatment (reviewed in Oppenheimer & Schwartz 1997).
A number of other TH-regulated genes encode proteins with the ability to exert global
effects on brain development. These include neurotrophins, such as BDNF, NGF and
NT-3, which influence neuronal survival and differentiation (Table 1.2). For example,
T3-induced expression of NT-3 in granule cells promotes Purkinje cell differentiation
(Lindholm et al. 1993). Expression of NT-3 is also regulated by BDNF (Leingartner et
al. 1994), and BDNF-knockoui mice exhibit delayed granule cell migration and reduced
arborisation of Purkinje cell dendrites, similar to that seen in postnatal hypothyroidism
(Schwartz et al. 1997a). Thus, by regulating the expression of neurotrophins and their
receptors, TH may influence the survival and differentiation of distinct neuronal
populations, thereby contributing to the formation of neuronal networks. TH also
regulates the expression of several genes encoding proteins involved in regulating
transcription, such as hr and RORa, which may in turn affect the expression of several
downstream target genes (Table 1.2). RORa mutant mice are euthyroid but exhibit
morphological abnormalities in cerebellum similar to those seen in hypothyroidism,
together with reduced expression of a well known TH-regulated cerebellar gene, PCP-2
(Hamilton et al. 1996). As well as evidence suggesting that TH regulates gene
expression via effects on RORa expression, RORa itself may modulate TH action in
brain and indeed, RORa enhances the effect of liganded TR on various TREs (Koibuchi
et al. 1999). In contrast, the product of hr interacts with TR and functions as a co
repressor, suggesting that it may be central in mediating TH action during brain
development (Thompson & Bottcher 1997), albeit the influence of hr on downstream
TH-regulated genes is unknown.
Regulation of gene expression by TH often occurs in a brain region-specific and/or agedependent manner. With respect to the former for example, whilst neonatal
hypothyroidism appears to reduce RC3 mRNA and protein expression in all cells of the
striatum, the effect on the cerebral cortex is limited to layer VI and in the hippocampus
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to the dentate gyrus (Iniguez et al. 1993). Similarly, neonatal hypothyroidism reduces
levels of NGFI-A mRNA in the striatum, hippocampus, piriform cortex and cerebral
cortex, whereas the dentate gyrus is unaffected (Mellstrom et at. 1994). The effects of
hypothyroidism on NGFI-A expression also exhibit age-dependency, such that by
postnatal day 15 deficits are less apparent in the striatum and no longer present in the
hippocampus and piriform cortex, whereas the cerebral cortex still exhibits reduced
levels of NGFI-A mRNA (Iniguez et al. 1993). Unlike RC3 expression, which remains
TH-sensitive in adult animals (Iniguez et al. 1992), NGFl-A expression is unaffected by
adult-onset hypothyroidism (Pipaon et al. 1992). In the case of RC3 and NGFI-A, ageand regional-specific effects of TH do not appear to be related to differential TR
isoform expression (Mellstrom et al. 1994, Guadano-Ferraz et al. 1997). In this regard,
differential expression of co-regulators (co-activators and co-repressors) may render
different brain regions sensitive to TH action in an age-dependent manner (Section
1.5.1.1).
As mentioned previously, the primary mechanism by which TH regulates gene
expression is considered to occur via binding of TR to a TRE located within the target
gene (Section 1.5.1). In this respect, several genes have been shown to contain a
functional TRE capable of conferring transcriptional activity in the presence of T3,
confirming that such genes constitute primary targets for TH-regulation at the level of
transcription (Table 1.2). Other genes, including those encoding certain cytoskeletal
proteins, contain sequences corresponding to putative TREs, suggesting that they also
may be directly regulated by TH at the level of transcription, albeit the activity of such
elements remains to be proven experimentally (Section 1.7.1). Other genes may
constitute indirect targets of TH. For example, BDNF regulates reelin expression in
cerebral cortex, suggesting that altered expression of reelin in hypothyroidism may be a
result of disturbed expression of BDNF (Ringstedt et al. 1998). Similarly, BDNF also
regulates another TH responsive gene, NT-3, as mentioned earlier in this subsection.
In addition to nuclear mechanisms of TH action involving regulation of transcription,
several genes appear to be TH-regulated via mechanisms occurring independently of
mRNA production. For example, whilst T3 regulates MBP expression at the level of
transcription (Table 1.2), the hormone also increases both the rate of MBP mRNA
translation and protein stability (Tosic et al. 1992). Hypothyroidism reduces MAG
mRNA and protein levels without affecting transcriptional activity of the gene,
suggesting that TH regulates MAG expression via an effect on mRNA stability
(Rodriguez-Pena et al. 1993). Similarly, T3 increases acetylcholine esterase (AChE)
activity and mRNA levels in neuroblastoma cells overexpressing TRpi by stabilising
AChE mRNA via activation of a serine/threonine protein kinase (Puymirat et al. 1995).
Several studies have reported that hypothyroidism/TH treatment result in changes in the
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levels of various proteins without affecting steady-state levels of corresponding
mRNAs. For example, postnatal hypothyroidism in rats delays the ontogenic increase in
microtubule-associated protein-2 (MAP-2) protein, but not mRNA, suggesting that TH
regulates MAP-2 expression at the post-transcriptional level (Silva & Rudas 1990). T3
also stimulates the expression of synapsin I protein in primary neuronal cell cultures
without affecting transcript levels, again suggesting an effect on protein
synthesis/degradation (DiLiegro et al. 1995).
In summary, TH influences brain development by regulating the expression of specific
genes in an age- and brain region-specific manner via both transcriptional and/or posttranscriptional mechanisms. Most studies have investigated the effect of congenital
hypothyroidism however, and at the time this project was started, the effect of maternal
hypothyroidism on gene expression in fetal brain was unknown. Furthermore, many of
the TH-regulated genes identified so far, particularly the myelin genes, are expressed at
low levels prior to the onset of fetal TH secretion, if at all. Thus, an important area for
future investigation lies in the identification of genes that are regulated by maternal TH
in fetal brain.

1.7 Effects of TH on the neural cytoskeleton
The ability of neural cells to participate in complex circuits depends on the directed
growth of axons and dendrites to multiple neighbouring cell targets, and this
morphological differentiation is facilitated by changes in the cytoskeleton (reviewed in
Kirkpatrick & Brady 1999). TH regulates the expression of several neuronal and glial
cytoskeletal proteins both in vivo and in cell culture.
1.7.1 Intermediate filament proteins
Intermediate filament (IF) proteins, including neuronal and glial IF proteins, belong to a
complex multigene family consisting of six gene types (Table 1.3). All IF proteins
contain a central a-helical “rod” domain of around 310 amino acids which underlies the
common ability of most IF proteins to form 10 nm diameter filaments (reviewed in
Fliegner and Liem 1991).
Expression of IF proteins during CNS development consists of two main phases. Nestin
and vimentin are expressed in neural precursor cells at around the time of rat neural tube
formation (11.5 dg; Dahlstrand et al. 1995). A putative TRE in the nestin promoter
suggests that the gene may be a target for transcriptional regulation by TH, albeit this
remains to be proven experimentally (Lothian et al. 1999). As neural precursor cells
begin to differentiate, vimentin and nestin are gradually replaced by a-intemexin
(a-IN ) and neurofilament (NF) proteins in neurons, and more gradually by glial
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fibrillary acidic protein (GFAP) in astrocytes (Dahlstrand et al. 1995, Messam et al.
2002).
TABLE 1.3 Major neuronal and glial IF proteins
Class
III

IF protein

Expression

Vimentin

neuronal and glial precursors

GFAP

mature astrocytes

a-Internexin

young post-mitotic (differentiating) neurons

NF-L

axonal, dendritic

NF-M

axonal

NF-H

large axons

Nestin

neuronal and glial precursors

IV

VI

Type IV IF proteins, including a-IN and the NF triplet proteins NF-L, NF-M and NF-H
(for low, medium and high molecular weight respectively) are exclusively neuronal and
are sequentially expressed in post-mitotic neurons. During neurite extension, IFs are
absent from the growing tip, instead they are laid down behind the advancing growth
cone to consolidate new growth (reviewed in Kirkpartrick and Brady 1999). a-IN is the
first IF protein to be expressed followed by NF-L and NF-M, with expression of NF-H
being largely delayed until postnatal stages of brain development.
In 10 - 16 dg fetal rat brain, a-IN is more widely expressed and at higher levels than the
NFs (Fliegner et al. 1994). For example, at 16 dg, a-IN is abundant throughout the
telencephalon, including the cortical plate where the NFs are almost absent. Expression
of a-IN in small calibre axons of young post-mitotic neurons may serve to maintain
plasticity during neurite outgrowth, as well as provide a scaffold for subsequent
deposition of NFs (Fliegner et al. 1994, Balin & Miller 1995, Ching & Liem 1998). No
data are available regarding the regulation of a-IN by TH.
NF proteins constitute the bulk of axonal volume, and have characteristic sidearm
projections, the phosphorylation of which allows NFs to regulate axonal caliber
(Kirkpartrick and Brady 1999). Postnatal hypothyroidism reduces the expression of all
three NF triplet proteins and their encoding mRNAs in rat cerebra, and administration of
T3 to postnatal hypothyroid rats upregulates the mRNAs encoding all three NF proteins
(Ghosh et al. 1999). Furthermore, the expression of all three NF mRNAs and proteins is
reduced in primary cultures of cerebral neurons cultured in a TH-deficient medium
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compared with T3-supplemented controls (Rahaman et al. 2000). However, no TRE has
been identified in any of the neurofilament genes. TH-deficiency also reduces the
localisation of NF-L protein in the cell body, with a corresponding increase in the
hillock and proximal axon regions, possibly via a post-translational effect of TH on NFL (Rahaman et al. 2000). Accumulation of neurofilaments in the axonal hillock region
has been implicated in blockage of the axonal transport system and consequently the
degeneration of neurons in neurodegenerative diseases (Hoffman et al. 1987).
Given the putative roles of NF proteins in axonal development, it is likely that disturbed
expression of these proteins is partly responsible for the altered axonal morphology seen
in brains of hypothyroid rats.
Various studies have highlighted the importance of TH for astrocytic maturation
(reviewed in Moura-Neto et al. 1996). In cultures of neonatal rat cerebral astrocytes,
TH-deficiency reduces the expression and phosphorylation of several acidic and basic
forms of vimentin associated with early astrocytic development (Paul et al. 1999).
Continued maturation of astrocytes is characterised by a decline in vimentin expression
and its eventual replacement with the astrocytic IF protein, GFAP. T3-treatment of
neonatal rats accelerates this vimentin-GFAP transition in astroglia of the forebrain and
hippocampus, and levels of GFAP protein and mRNA are reduced in cerebellum and
hippocampus of neonatal hypothyroid rats (Gould et al. 1990, Faivre-Sarrailh et al.
1991). In embryonic cerebral astrocytes in culture, T3-treatment stimulates process
development, along with increased expression of GFAP and reorganisation of the GFAP
network with preferential enrichment in processes (reviewed in Gomes et al. 1999). The
effects of TH on GFAP expression may be mediated directly via TR since the GFAP
promoter has a putative TRE (Laping et al. 1994), however the activity of this element
remains to be proven experimentally. These observations indicate that TH regulates
astrocytic development partly through changes in the cytoskeleton. Furthermore, since
astrocytes play an important role in guiding neuronal migration, as well as in
metabolism, the effects of TH deficiency on GFAP expression may have consequences
for neuronal physiology. Indeed, GFAP knockout mice display alterations in synaptic
function, in particular long-term potentiation is enhanced in the hippocampus (McCall
etal. 1996).
1.7.2 Microtubule proteins
Microtubules are assembled from 50 kDa subunits of a - and ^-tubulin, as well as
microtubule-associated proteins (MAPs) which bind microtubules and promote
tubulin polymerisation. Microtubules play an important role in neurite extension, and
provide the substrate for axonal transport in mature neurons. More general roles for
microtubules include functions in the mitotic spindles, in the centriole and as part of
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the cytoskeletal framework common to all eukaryotic cells (reviewed in Sullivan
1988, Kirkpatric & Brady 1999). TH regulates microtubule formation via several
distinct mechanisms.
Early studies suggested that TH influences microtubule polymerisation by regulating
the expression of a MAP called tau, since deficient in vitro assembly of microtubules
from hypothyroid rats could be corrected by addition of tau protein (Fellous et al.
1979). Indeed, hypothyroidism alters the expression of tau mRNA by delaying the
transition between juvenile and mature transcripts (Aniello et al. 1991a). TH also
regulates the expression of MAP-2 in postnatal rat brain, as mentioned previously
(Silva & Rudas 1990; Section 1.6.2), and T3-induced neurite formation in
neuroblastoma cells is associated with increased synthesis of a MAP-IB-related
protein (Hargreaves et al. 1988). Whilst some MAPs such as tau are enriched in
axons, others such as MAP-2 are primarily found in cell bodies and dendrites, and
MAP-IB is found in both axons and somatodendritic regions (reviewed in
Kirkpatrick & Brady 1999). By regulating the expression of MAPs during neuronal
differentiation, TH may influence the stability and function of microtubules and
consequently different aspects of cell morphology such as neurite/axonal structures.
Other studies have investigated the effect of TH on tubulin protein metabolism. In
organ cultures of late fetal/newbom rat brain, T3 increases the incorporation of '^Cleucine into tubulin independently of total protein synthesis (Chaudhury & Sarkar
1983). This group further showed that stimulation of tubulin by T3 is a combined
effect of the hormone on tubulin protein synthesis (enhanced) and degradation
(reduced; Chaudhury et al. 1985). Furthermore, these effects are specific to the
cytoskeletal fraction and primarily confined to neuronal cells (De et al. 1994).
TH also regulates the expression of several genes encoding specific a - and p-tubulin
isoforms (Aniello et al. 1991b). Two a-tubulin mRNAs, T a l and T26, and three
P-tubulin mRNAs, R p.l, Rp.2 and R P.3 are expressed in the developing rat
brain; their mouse homologues are M a i, Ma2, MP2, Mp4 and MPS respectively
(Lewis et al. 1985, Sullivan et al. 1988). T a l mRNA comprises over 95% of total
a-tubulin mRNA within embryonic/neonatal rat brain and is enriched in regions
containing cells undergoing neurite extension {e.g. cortical plate; Miller et al. 1987).
Levels are high at birth and decrease subsequently. In postnatal hypothyroid rats,
expression of T a l mRNA is reduced in the cerebral hemispheres but increased in rat
cerebellum (Aniello et al. 1991b). T26 mRNA is expressed at low levels in most
neural cells during development, with some enrichment in proliferative zones {e.g.
ventricular zones; Miller et al. 1987). Postnatal hypothyroidism reduces the
expression of this isoform in both the cerebellum and cerebral cortex (Aniello et al.
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1991b). The a-tubulin gene contains a TR binding site capable of mediating
transcriptional regulation by T3, suggesting that it may be a direct target for
transcriptional regulation by TH (Iglesias et al. 1996). A recent study has also
suggested that TH regulates T a l by influencing mRNA half-life (Lorenzo et al.
2002).
The R|3T.l isoform is expressed in many tissues and is a major neuronal P-tubulin
associated with neuronal differentiation (Sullivan 1988, Kirkpatrick & Brady 1999).
Developmental changes in R fT .l mRNA in the rat cerebral hemispheres are similar
to those seen for T al, namely high levels soon after birth followed by a marked
decrease thereafter (Lewis et al. 1985, Aniello et al. 1991b). Postnatal
hypothyroidism results in decreased expression of R^T.l mRNA in the cerebral
hemispheres but increased levels in the cerebellum (Aniello et al. 1991b). Transcripts
encoding R^T.2 are exclusive to the brain, and levels increase during postnatal brain
development (Lewis et al. 1985). Levels of R^T.2 mRNA at birth are higher in
cerebral hemispheres than in cerebellum, probably due to the more advanced state of
differentiation of the cerebral hemispheres compared with the cerebellum at this time.
Nevertheless, levels of RpT.2 mRNA are reduced in both these regions in response to
congenital hypothyroidism (Aniello et al. 1991b). Expression of the ubiquitous
RpT.3 mRNA decreases during postnatal brain development and levels are reduced
by hypothyroidism, but only in cerebellum (Aniello et al. 1991b).
Regional differences in the response of the different tubulin isoforms to neonatal
hypothyroidism may depend on the difference in timing of cell division, neuronal
migration and differentiation between the cerebral hemispheres and the cerebellum
(Section 1.6). Whilst the exact function of each tubulin isoform is unclear, findings to
date suggest that hypothyroidism results in an immature composition of brain
microtubules due to a delay in the normal programme of tubulin gene expression.
In summary, the neural cytoskeleton is a major target of TH during brain development.
TH regulates the expression of several cytoskeletal proteins during brain development at
various levels, including transcriptional as well as post-transcriptional mechanisms.
Effects of TH on the cytoskeleton, either directly or indirectly, are likely to account for
many of the changes in brain cell morphology seen in hypothyroidism (Section 1.6.1).

1.8 Maternal TH and brain development
1.8.1 Mechanisms of maternal TH action and models of maternal hypothyroidism
Maternal T4 is transferred to the developing conceptus in humans and rats from soon
after implantation and constitutes the sole source of TH for the fetus prior to the onset of
51

fetal TH secretion. Although the rate of transfer declines as the fetal thyroid becomes
functional (Woods et al. 1984), placental transfer nevertheless continues to term, at least
in rats, when it may contribute up to one fifth of the fetal extrathyroidal pool (Morreale
de Escobar et al. 1990). Both human and rat fetal brain accumulate and metabolise
maternal TH and express TR from before the onset of fetal TH secretion (Sections
1.3.2.2, 1.4, 1.5.2). Thus, maternal TH may regulate fetal brain development via direct
action on this tissue. Although maternal hypothyroidism in rats depresses TH levels in
early fetal brain, the onset of fetal TH secretion, coupled with the development of local
homeostatic mechanisms, ensures that fetal brain TH levels normalise during late
gestation in such dams (Morreale de Escobar et al. 1992). Consequently, direct action is
only likely to occur during early gestation. The placenta and maternal tissues also
accumulate and metabolise TH of maternal origin and express TR (Morreale de Escobar
et al. 1985, Banovac et al. 1986, Calvo et al. 1992, Leonard et al. 2001). Consequently,
maternal TH may indirectly influence fetal development through effects on the placental
and/or maternal tissues. Since maternal hypothyroidism in rats depresses TH levels in
placenta and maternal tissues throughout gestation (Morreale de Escobar et al. 1985),
such indirect mechanisms may impact on fetal brain development both before and after
the onset of fetal TH secretion.
In order to investigate the influence of maternal TH on fetal brain development, various
rat models have been developed in which maternal thyroid function is reduced, and fetal
thyroid function is preserved (Table 1.4). The effects of maternal hypothyroidism on
feto-placental growth in these models vary depending on the timing of its induction in
relation to conception, as well as its severity (Table 1.4).
When maternal hypothyroidism is induced immediately post-conception, feto-placental
growth is permanently retarded irrespective of the severity of maternal hypothyroidism
(Bonet & Herrera 1988, Porterfield & Hendrich 1991; Table 1.4). In such models
however, maternal hypothyroidism impairs the accumulation of metabolic stores that
occurs during the first half of gestation and is required to support late fetal growth. For
example, dams exhibit severe reductions in liver glycogen (Porterfield et al. 1975,
Bonet & Herrera 1991), and hypoglycemia may (Bonet & Herrera 1991) or may not
(Porterfield et al. 1975) occur. This, together with reduced placental growth may restrict
the supply of nutrients to the fetus. Thus, disturbances in maternal metabolism and
placental development/function are likely to impinge significantly on fetal development
in this type of model.
In contrast, when maternal hypothyroidism is induced prior to conception, fetal body
and brain weights are transiently reduced in moderately hypothyroid dams and
permanently impaired in severely hypothyroid dams (Morreale de Escobar et al. 1985,
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TABLE 1.4 Feto-placental growth in rat models of maternal hypothyroidism.

Model

Method of
maternal
thyroidectomy

Timing of
Degree of
Placental
induction of
maternal
weight
hypothyroidism hypothyroidism

Fetal body weight

Fetal brain weight

Before OPTS After OPTS Before OPTS After OPTS

LA
W

Porterfield &
Hendrich
(1991)

Radio TX, followed
by T4 replacement
until mating

Immediately
post-conception

Moderate

Deficient

ND

Deficient

ND

Deficient

Bonet &
Herera (1988)

Surgical

Immediately
post-conception

Severe

Deficient

ND

Deficient

ND

ND

Moderate

Normal

Deficient

Normal

Deficient

Normal

Severe

Normal

Deficient

Deficient

Deficient

Deficient

Severe

Normal

Deficient

Deficient

Deficient

Deficient

Pickard et al.
(1999)

Several (> 2)
Surgical

Leonard et al.

weeks before
mating

(1999)
Morreale de
Escobar et al.
(1985)

Surgical/Radio

Several months
before mating

TX = thyroidectomy; this was either surgical or by administration o f
ND = no data available.

(radio TX), or a combination o f both. OPTS = onset o f fetal TH secretion.

Pickard et al. 1999, Leonard et al. 1999; Table 1.4). Placental growth is unaffected
however, regardless of the degree of maternal hypothyroidism (Table 1.4).
Nevertheless, placental glucose transporter expression is disturbed in moderately
hypothyroid dams and placental c-fos and c-jun expression is disturbed in severely
hypothyroid dams (Pickard et al. 1999, Leonard et al. 1999). Thus, subtle effects on
placental nutrient transport systems and trophoblast development cannot be ruled out in
this type of model. Evidence suggests that dams made hypothyroid prior to conception
do not incur significant maternal metabolic compromise. Indeed, maternal liver
glycogen is normal in moderate hypothyroidism and elevated in severe hypothyroidism,
but such dams are euglycemic (Pickard et al. 2000). These findings suggest that
placental dysfunction and/or maternal metabolic compromise may not impinge on fetal
development so severely in dams made hypothyroid prior to conception compared with
dams made hypothyroid immediately post-conception.
1.8.2 Adult Progeny
Initial work using the partially thyroidectomised (TX) dam model (Table 1.4) focused
on adult progeny of TX dams. Such progeny exhibit impaired behavioural activity, as
demonstrated by reduced locomotor activity and exploratory behaviour at 2 - 3 months
of age (Attree et al. 1992, Sinha et al. 1992). Deficient learning behaviour is also seen
in adult progeny of radio TX dams, albeit together with increased spontaneous activity
(Hendrich et al. 1984).
Functional deficits in the partially TX model are accompanied by brain region-specific
deficits in neural cell markers. Such progeny exhibit changes in several enzyme
activities with preferential neuronal localisation, such as P-galactosidase and aryl
sulphatase, which are involved in myelin turnover (Sinha et al. 1992). Changes in more
selective neuronal markers are also apparent, suggesting that maternal TH influences the
development of specific neuronal populations. For example, the cholinergic neuronal
marker choline acetyltransferase (ChAT) is elevated in subcortex alone, whereas
GABAergic and glutaminergic neuronal markers are unaffected (Pickard et al. 1990).
Furthermore, glial markers such as N-acetylglucosaminidase, a general glial marker,
and glutamine synthetase, an astrocytic marker, are unaffected (Hadjzadeh et al. 1990,
Pickard et al. 1990). However, enzymes with preferential oligodendroglial localisation
such as 2',3'-cyclic nucleotide 3'-phosphodiesterase and oleate esterase are disturbed
(Hadjzadeh et al. 1990, Pickard et al. 1990), which together with changes in pgalactosidase and aryl sulphatase activities and galactolipid concentrations, are
indicative of impaired myelination. In general, biochemical disturbances in adult
progeny of TX dams are mostly confined to early developing brain regions, such as
medulla, midbrain and diencephalon, with the cerebellum remaining largely unaffected
(Pickard et al. 1997). These findings contrast with findings in rat models of congenital
54

hypothyroidism, in which the cerebellum exhibits widespread biochemical and
morphological changes (Sections 1.6). Taken together, the findings in adult progeny of
TX dams suggest the existence of a TH-requiring window during early fetal brain
development (i.e prior to the main phase of cerebellar development).
1.8.3 Prenatal and postnatal progeny
In order to investigate this hypothesis, fetuses from TX dams have been studied from
before the onset of fetal TH secretion. Progeny have also been studied during late fetal
and early postnatal life to determine effects that are corrected by the onset of fetal TH
secretion, as well as possible changes arising due to permanent disruption of
developmental programmes or long-term effects of maternal metabolic compromise
and/or placental dysfunction.
Several studies in the partially TX model have investigated the expression of specific
markers of brain development. Ornithine decarboxylase (GDC), a highly sensitive
marker of brain maturation, is a rate-limiting enzyme in the synthesis of polyamines,
which regulate the development of catecholaminergic pathways and the acquisition of
sensorimotor function. Maternal hypothyroidism disturbs fetal brain GDC activity such
that it is reduced at 15 dg, normal at 19 dg, but elevated at 22 dg (Pickard et al. 1993).
Furthermore, during early postnatal development, GDC activity is transiently reduced in
the brain stem, subcortex and cerebral cortex, but not in the cerebellum (Pickard et a l
1993). This brain region-specific compromise reinforces findings from adult progeny
and is of particular interest since it contrasts with the effects of abnormal maternal
behaviour, which are known to influence GDC activity in all postnatal brain regions,
especially the cerebellum (Butler & Schanberg 1977). Thus, maternal deprivation
during the suckling period is unlikely to account for the changes in brain development
in postnatal progeny of hypothyroid dams.
The activities of various neurotransmitter metabolic enzymes are also altered in an ageand brain region-dependent manner in fetal and postnatal progeny of partially TX dams
(Evans et al. 1999a). Monoaminergic systems in particular appear affected. Total
monoamine oxidase (MAG) activity is reduced both before and after the onset of fetal
TH secretion; DGPA decarboxylase is elevated near term and remains so postnatally in
the cerebral cortex and brain stem; tyrosine hydroxylase appears normal during fetal life
but is elevated postnatally in cerebral cortex and subcortex. In contrast, the cholinergic
enzymes, ChAT and AChE, appear unaffected, suggesting that specific systems and/or
cell types are sensitive to changes in maternal TH. In this respect, activity of the MAGA isoform, which is predominantly expressed in catecholaminergic neurons (Shih et al.
1999), is reduced in fetal brain from TX dams at 19 dg (Evans et al. 1999a). In contrast,
MAG-B, which is most abundant in serotoninergic neurons and glia (Shih et al. 1999),
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is unaffected, suggesting that maternal TH exerts effects on specific cell populations
during brain development (Evans et al. 1999a).
At least two glucose transporters, GLUT-1 and GLUT-3, are expressed in developing
rat brain. GLUT-1 is ubiquitously expressed during early development and is thought to
serve as the major glucose transporter in neuroepithelial cells. As development
proceeds, this isoform becomes more specifically localised in vascular endothelial cells
as the BBB forms, whereas GLUT-3 is the major glucose transporter in differentiated
neurons (Vannucci 1994). Moderate maternal hypothyroidism has no significant effect
on GLUT-3 expression in fetal brain, but reduces the expression of GLUT-1 protein
isoforms prior to the onset of fetal TH secretion (Pickard et al. 1999). Levels of GLUT1 mRNA are unaffected however, suggesting that maternal TH regulates GLUT-1
expression via post-transcriptional mechanisms. Indeed, maternal hypothyroidism
results in deficient ribosomal protein synthesis in fetal brain from before the onset of
fetal TH secretion (Hendrich & Porterfield 1996), albeit the latter study was performed
in the radio TX model (Table 1.4).
In summary, these findings indicate that maternal TH is necessary for normal fetal brain
development. Maternal hypothyroidism in rats disturbs brain development both before
and after the onset of fetal TH secretion, as well as during the early postnatal period,
resulting in irreversible brain damage. Furthermore, several parameters are disturbed in
an age-, brain region-, and cell type-specific manner, indicating that maternal TH exerts
selective effects on early brain development. In this regard, specific changes in
neurotransmitter metabolic enzymes suggest disturbed early neuronal maturation.
Nevertheless, further investigation into the influence of maternal hypothyroidism on
more specific markers of neuronal differentiation is required in order to clarify the
influence of maternal TH on this process. Furthermore, from current data, it is not clear
whether disturbances in progeny of hypothyroid dams arise due to interruption of direct
action of maternal TH on fetal brain, and thus further studies are required to investigate
this possibility.

1.9 Rationale
Accumulating evidence indicates that maternal hypothyroidism disrupts early brain
development in humans and rats, with implications for neurological function during
postnatal life (Sections 1.2 and 1.8). However, maternal TH-dependant stages early of
fetal brain development are poorly characterised. With respect to maternal
hypothyroidism, the period of brain development prior to the onset of fetal TH secretion
is likely to be the most critical. This period encompasses the beginning of cerebral
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neurogenesis, with some neurons undergoing migration and early differentiation in both
humans and rats.
In rats, maternal hypothyroidism results in impaired fetal brain growth, and although
brain weight normalises following the onset of fetal TH synthesis in moderately
hypothyroid dams (Section 1.8.1), neuronal maturation is impaired (Section 1.8.3).
Furthermore, even processes that commence after birth, such as myelination, are
affected, and adult progeny of thyroidectomised dams exhibit locomotor and learning
dysfunction (Section 1.8.2). Thus, the transient TH-deficit that occurs in utero is
sufficient to disturb the highly co-ordinated brain developmental programme and cause
irreversible neurological damage. An understanding of the processes underlying this
neurological damage necessitates the identification of specific TH-regulated parameters
in early fetal brain.
Numerous studies in cell culture and in vivo models of congenital hypothyroidism have
shown that TH regulates a number of neuronal and glial cytoskeletal proteins during
postnatal development in rats (Section 1.7). Since many neuronal and glial proteins are
expressed in fetal brain prior to the onset of fetal TH synthesis, maternal TH may
regulate the expression of cytoskeletal proteins in early fetal brain. Disturbed expression
of cytoskeletal proteins during fetal brain development would have severe implications
for neuronal and glial maturation, and consequently the establishment of neural
networks. It was therefore decided to test this hypothesis. A thyroidectomised rat dam
model was used to investigate the effects of maternal hypothyroidism on the ontogeny
of several neuronal and glial cytoskeletal proteins in fetal brain before and after the
onset of fetal thyroid secretion. The proteins investigated included markers of neuronal
and glial precursor cells such as vimentin and nestin, markers of differentiating neurons
and astrocytes such as a-IN, NF-L and GFAP, as well as the more general markers, aand P-tubulin. Whilst direct action of maternal TH on fetal brain is possible, other more
indirect mechanisms involving placental and/or maternal metabolism may also be
important (Section 1.8.1). Therefore, a cell culture model consisting of early
differentiating neurons was developed to test the hypothesis that maternal TH exerts
direct action on early fetal brain.
The primary mechanism of TH action is the regulation of gene expression via TR.
Indeed, the expression of several genes is TH-sensitive during postnatal brain
development in rats (Sections 1.6.2 & 1.7). However, data regarding TH-regulated
genes in early fetal brain are limited. Since TR are expressed in fetal brain before the
onset of fetal TH secretion (Bradley et al. 1992), maternal TH may regulate gene
expression during early brain development. Alternatively, factors such as COUP-TF
may block TR dependent transcriptional regulation by TH in fetal brain. Therefore, an
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important aim was to try and identify primary targets of T3 in early differentiating
neurons in culture.
A better understanding of how maternal TH influences developmental parameters
during brain development may provide additional insight into the underlying causes of
the neurological damage seen in the offspring of hypothyroid mothers.

1.10 Hypothesis
The cognitive and behavioural deficits seen in children bom to hypothyroid women and
in progeny of thyroidectomised rat dams suggest disturbances in neuronal development.
Effects on glia may also be important since these cells play an important role in
metabolism and provide the substrate for neuronal migration. This thesis will examine
the hypothesis that maternal TH regulates the expression of markers of neuronal and
astrocytic differentiation in early fetal brain. Furthermore, an attempt is made to identify
novel TH-regulated genes in early fetal brain, since such targets are as yet poorly
characterised.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials
Fine chemicals and molecular biology reagents were obtained from Sigma Chemical
Co. (Poole, U.K), and general laboratory reagents from Merck-BDH Ltd. (Poole, U.K)
unless otherwise stated. The serum total T4 assay kit was from Skybio (Wyboston, U.K)
and the serum total T3 assay kit from Brownes (Reading, U.K). Cell culture grade
insulin, T3, bovine serum albumin (BSA) and poly-D-lysine were from Sigma
Chemical Co., and cell culture grade DNase I was from Roche Diagnostics (Mannheim,
Germany). All other cell culture reagents and plastics, and reagents for DNase treatment
of RNA samples and reverse transcription, were from Invitrogen Life Technologies
(Paisley, U.K). Immunodetection reagents and materials and PCR primers were from
Amersham Biosciences (Little Chalfont, U.K) unless otherwise stated. RNasin®,
Blue/Orange loading dye, restriction enzymes and T4 DNA ligase were from Promega
Corp. (Southampton, UK). All concentrations are final concentrations unless otherwise
stated.

2.2 Animal model
Sprague-Dawley rats were housed at 22 “C on a 14 h light/10 h darkness cycle. Female
rats were partially thyroidectomised (TX dams) by surgical removal of the lower half to
two thirds of each lobe, sparing the parathyroids (Evans et al. 1999a, Leonard et al.
1999, Pickard et al. 1999). After a > 2 weeks recovery period, circulating total T4 levels
were determined and, when these were < 25 nM, animals were time-mated overnight
with normal males. The presence of a vaginal plug the following morning indicated
mating, and this day was considered day 0 of gestation (dg). Age-matched normal
pregnant females (N dams) were the control group. Animals were maintained on a
standard small laboratory animal diet and drinking water for TX dams was
supplemented with 0.1% (w/v) calcium lactate. Pregnant animals were stunned and
killed by cervical dislocation at 16 (before the onset of fetal TH secretion), 19 or 21 dg
and maternal blood collected by cardiac puncture, before fetuses and placentae were
separated on ice and weighed. Maternal blood was centrifuged (16,000 x g, 10 min) at
room temperature. Serum (supernatant) was collected and stored at -20 °C prior to
maternal serum TH determination (Section 2.4). Fetal brains were dissected, freed of
meninges, weighed and 5 - 7 brains from each litter pooled. Fetal peripheral tissues
including liver, lung and heart were also pooled and weighed for use as negative
controls in immunoblotting experiments (Section 2.7). Maternal brain from a N dam
was also collected for use as an immunoblotting standard. All tissues were cleansed of
blood, immediately frozen on dry ice, then stored at -20 “C until use. Animals were
handled in accordance with local regulations and the Animals (Scientific Procedures)
Act 1986 under home office licence number PPL70/3558.
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2.3 Cell culture model
2.3.1 Coating of culture dishes
Nunclon delta 12-well multidishes (culture area 3.5 cm^ per well) or chamber slides
(culture area 0.8 c m \ were coated with 10
poly-D-lysine (PDL) to promote cell
adhesion and differentiation. PDL was added to cover the bottom surface of each well,
then left to stand for 30 min at room temperature. Plates were washed twice with sterile
distilled water, the final wash being removed just prior to use.
2.3.2 Preparation of primary neuronal cell cultures
Each neuronal culture was established from fetal brains derived from a N dam sacrificed
at 15 dg (Section 2.2). After sacrifice, the abdomen was swabbed with 70% (w/v)
ethanol, before exposing the abdominal wall, which was again swabbed with 70%
ethanol. Viscera were exposed using sterile instruments and uteri dissected out into a
sterile tube. The following steps were performed under sterile conditions in a laminar
flow cabinet. Fetuses were freed and membranes and placentae detached. Fetal brains
were dissected out, freed of meninges, then transferred to Hank's balanced salts solution
(HBSS; Ca^^-, Mg^^-free) supplemented with 15 mM HFPFS buffer, 100 U/ml
penicillin, 100 jLtg/ml streptomycin and 0.25 /ig/ml amphotericin B (HBSS-PSF). Fetal
brains were minced gently, rinsed in HBSS-PSF (2 ml/brain) and centrifuged (500 x g,
5 min; 25“C). Cells were resuspended by trituration, then dissociated by incubation in
fresh HBSS-PSF containing 2.5 /ig/ml trypsin, 80 jug/ml DNase I and 5 mM MgClz for
20 min at room temperature in an orbital shaker (250 rpm). Soya bean trypsin inhibitor
was added at 1 mg/ml before re-centrifugation (as above). The cell pellet was
resuspended in 1 ml/brain DMFM:F12 (1:1) supplemented with 2.5 mM L-glutamine,
15 mM HFPFS, 100 jttg/ml transferrin, 5 jUg/ml insulin, 100 U/ml penicillin, 100 /xg/ml
streptomycin and 0.25 /xg/ml amphotericin B (CDM-neu). The cell suspension was
sequentially passed through 70 jLim and 40 ptm cell strainers to remove undissociated
cells and blood vessels. Viable cells were counted in a Neubauer counting chamber after
treatment of an aliquot with Trypan blue (0.2% w/v), allowing estimation of viable and
non-viable cells. The vol. of the cell suspension was adjusted to 1.4 x 10^ viable
cells/ml. Cells were plated at 5 x 10^ viable cells/cm^ in PDL coated dishes and
incubated at 37 °C for 2 h in a water-saturated environment consisting of 95% air and
5% CO2 to allow cell attachment.
2.3.3 Treatment of primary neuronal cell cultures with T3
2.3.3.1 Spectrophotometric standardisation cfT3 solution
A T3 solution with nominal concentration 200 pM was prepared by dissolving T3 in 50
mM NaOH, followed by 0.22 pM filter-sterilisation. An aliquot was diluted with 50
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mM NaOH and its absorbance read at 320 nm, using quartz cuvettes. The actual T3
concentration was calculated using the molar absorbance of T3 (4660 cm'^ mol'^), and a
100 /xM stock solution prepared by dilution with sterile 50 mM NaOH.
2.3.3.2 Treatment o f cultures used for analysis of cytoskeletal proteins
For cultures used in the analysis of cytoskeletal proteins, the plating medium was
aspirated after the attachment period, and replaced with an equivalent vol. of fresh
CDM-neu containing 1% (w/v) BSA (as a carrier protein), 5 /xM NaOH (as vehicle) and
either 0, 0.1 or 1 nM T3. Cells were then incubated as detailed above (Section 2.3.2) for
20 - 94 h.
2.3.3.3 Treatment o f cultures used for differential display analysis
For cultures used in differential display analysis (Section 2.10), the plating medium was
replaced after cell attachment with CDM-neu containing 1% BSA and the cells allowed
to incubate overnight as detailed above (Section 2.3.2).
The protein synthesis inhibitor cycloheximide (CHX) was dissolved in
dimethylsulphoxide (DMSO), then diluted with CDM-neu to give a stock solution of
100 pM CHX in 0.001% (v/v) DMSO. Following overnight incubation, half the wells
received 10 pM CHX (+CHX cells) and the other half received 0.0001% (v/v) DMSO (CHX cells). After 1 h, this was replaced with fresh medium containing 0 or 1 nM T3 ±
10 pM CHX, as appropriate. Thus four treatment groups were studied, these were
(+CHX, -T3), (+CHX, +T3), (-CHX, -T3) and (-CHX, +T3). Cells were cultured for 7
h before harvesting for isolation of total RNA (Section 2.9.1).

2.4 Determination of serum total TH
Assays for serum total TH were performed routinely in the laboratory.
2.4.1 Serum total T4
The serum total T4 assay kit had a detection limit of 3.19 nM and was used according to
the manufacturer’s protocol. Briefly, serum (20 pi) and standards (0 -1 6 0 nM T4) were
incubated (2 h at 25 °C) with a T4 primary antibody, tracer ([‘^^I]T4; 20,000 cpm), 200
pg 8-anilino-napthalene sulphonic acid (which displaces TH from serum binding
proteins) and a secondary antibody (donkey anti-sheep IgG). Antibody complexes were
precipitated with 4% (w/v) polyethylene glycol 6000, centrifuged (1000 g, 30 min; 4
°C), and the pellets counted by y-spectrometry. Non-specific binding was determined by
omission of the primary antibody, and quality controls were analysed in parallel.
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2.4.2 Serum total T3
The serum total T3 assay kit had a detection limit of 0.2 nM and was used according to
the manufacturer’s protocol. The assay was carried out in tubes coated with a T3
antibody. Each tube received standards (0 - 30 nM T3) or serum sample (50 |xl), diluent
serum and tracer ([‘“ I]T3; 20,000 cpm), before mixing and incubation (1 h, 25 °C) with
shaking (350 - 400 rpm). The tube contents were then decanted and the bound [‘^^I]T3
was counted by y-spectrometry.

2.5 Protein determination
Protein was determined using the method of Bradford (Bradford 1976) and employed a
commercial reagent (Coomassie Plus Protein Assay Reagent; Pierce, Rockford, IL,
USA) according to the manufacturer's protocol. BSA (supplied with reagent) was used
to make standards of known protein concentration ( 0 - 1 5 p,g). Fetal brain and neuronal
samples were sonicated on ice for 5 s prior to pipetting. Samples were diluted to give an
absorbance within the linear response of the reagent. An equal vol. of protein assay
reagent was added to duplicate aliquots of standards and samples, before measuring
absorbance at 595 nm using a Pye Unicam SP8-100 ultraviolet (uv) spectrophotometer.
A standard curve of absorbance versus protein concentration in standards was plotted
and used to calculate the protein concentration of unknown samples.

2.6 DNA determination
DNA was determined using the bis-benzimide (Hoechst 33258) fluorometric method
(Labarca & Paigan 1980). Calf thymus DNA was dissolved in assay buffer (0.05 M Naphoshate, 2 M NaCl, 2 mM EDTA; pH 7.4) to make a 1 mg/ml stock solution. The
concentration of stock DNA was determined spectrophotometrically assuming that a 50
p,g/ml solution of double stranded DNA has an absorbance of 1 at 260 nm (Sambrook et
al. 1989), and this stock was used to make a set of DNA standards (0 - 90 |X g ) for each
assay. Aliquots of fetal brain and neuronal homogenates were sonicated on ice for 5 s
prior to pipetting. Samples were diluted in assay buffer to give an absorbance within the
linear response of the reagent. Diluted samples (100 fiV) and standards were mixed in
duplicate with bis-benzimide (3 ml; diluted to 1 ptg/ml in assay buffer), left to stand in
the dark for 30 min, then the fluorescence was measured with excitation and emission
wavelengths of 356 nm and 458 nm respectively in a Perkin Elmer LS-5 luminescence
spectrometer.
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2.7 Western blotting
2.7.1 Preparation of fetal brain and neuronal cell culture protein samples
Fetal brains were thawed on ice and homogenised with 9 vol. TE-buffer (2 mM EDTA,
0.5% (v/v) Triton X-100 and 10 mM phenylmethylsulphonylfluoride (PMSF) in 50 mM
Tris-HCl; pH 6.8). Homogenates were aliquoted and stored at -20 °C until use. Culture
dishes were placed on ice, the medium discarded and wells washed twice with ice-cold
phosphate-buffered saline (PBS; 0.01 M sodium phosphate buffer, 0.0027 M KCl, 0.137
M NaCl; pH 7.4). Cells were harvested in PBS (100 jul) containing 10 mM PMSF using
a cell scraper. For each culture, several wells were combined from each treatment and,
when possible, duplicate samples were collected. Samples were stored at -20 °C until
use.
2.7.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) and protein transfer
2.7.2.1 Preparation of resolving gels
Denaturing polyacrylamide gel electrophoresis was performed using a Hoefer Mighty
Small (SE 260) apparatus (Amersham Biosciences). Resolving gels (7.5%) were
prepared by mixing 7.5% (w/v) acrylamide (by dilution of stock 30% acrylamide:bisacrylamide 29:1; Biorad, Hertfordshire, U.K), 0.1% (w/v) SDS and 0.38 M Tris-HCl
(pH 8.8). The mixture was degassed for 10 min then 0.06% (v/v) N, N, N, 'N'tetramethylethylenediamine (TEMED) and 0.05% (w/v) ammonium persulphate were
added to initiate polymerisation and the gels were poured. Water-saturated n-butanol
(60 pi) was layered on top of each gel to prevent meniscus formation and drying of gels
in the caster. Setting time was approximately 1 h, after which, n-butanol was rinsed off
with distilled water and the gels stored in a humid box at 4 °C (< 1 week).
2.12.2 Preparation of stacking gels
Stacking gels were prepared by mixing 3% (w/v) acrylamide, 0.1% (w/v) SDS and
0.125 M Tris-HCL (pH 6.8). The mixture was degassed for 5 min prior to addition of
0.15% (v/v) TEMED and 0.05% (w/v) ammonium persulphate. Stacking gel solution
was poured above resolving gels fitted with a 10-tooth comb and allowed to set for at
least 1 h at room temperature.
2.1.2.3 Preparation of samples for SDS-PAGE
Fetal brain or cell protein homogenates were diluted with TE buffer or PBS respectively
to contain the required amount of protein in 4 p\. An equal vol. of loading buffer (15%
(v/v) glycerol, 2% (w/v) SDS, 2% (w/v) dithioreitol, 0.05% (w/v) bromophenol blue in
63 mM Tris-HCl; pH 6.8) was added and samples were boiled for 3 min, chilled on ice
for 5 min and centrifuged (16,000 xg, 1.5 min; 25 °C).
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2.7,2.4 Electrophoresis and transfer
A total vol. of 8 p\ of samples, Rainbow molecular weight markers (Amersham
Biosciences) or standards were loaded in each lane. Fetal brain samples from N and TX
dams were loaded contiguously, as were cell culture samples from treated and untreated
cells to allow easy comparison for treatment effects. Gels were run at a constant current
of 20 mA per gel in gel running buffer (190 mM glycine and 0.1% (w/v) SDS in 25 mM
Tris-HCl; pH 8.8). Proteins were transferred to a nitrocellulose membrane (Hybond
ECL; Amersham Biosciences) in transfer buffer (150 mM glycine and 20 % (v/v)
methanol in 25 mM Tris-HCL; pH 8.3) at a constant current of 360 mA for 2 hours with
cooling to 6 °C in a Hoefer Mighty Small Transphor apparatus (Amersham
Biosciences).
2.T.2.5 Reversible staining of proteins
Following transfer, blots were stained for 5 min with Ponceau S reversible total protein
stain (0.1% (w/v) Ponceau S in 5 % (v/v) acetic acid; Sigma Chemical Co.) for 5 min to
confirm successful transfer of proteins. In cases of incomplete or uneven transfer, blots
were discarded and electrophoresis and transfer were repeated. Blots were destained in
distilled water for 10 min, air dried, then stored at 4 °C with desiccation until use.
2.7.3 Immunodetection using Enhanced Chemiluminescence (ECL)
All incubations and washing steps were carried out at 25 °C with rotation, except ECL
detection, which was performed according to the manufacturer’s protocol. Blots were
blocked with 10% (w/v) dried skimmed milk powder (Marvel) in Tris-buffered salineTween 20 buffer (TBS-T; 0.1% (v/v) Tween-20 in 20 mM Tris HCl, 137 mM NaCl; pH
7.6) for 1 h, before incubation with a mouse monoclonal primary antibody (diluted in
blocking solution; Table 2.1). Blots were washed in TBS-T for 15 min then twice for 5
min before incubation for 1 h with a sheep anti-mouse IgG peroxidase-linked secondary
antibody (diluted 1:1000 with blocking solution). Blots were washed as previously but
with two extra 5 min washes, then laid protein side up and incubated for 1 min in ECL
detection solution. Excess solution was drained off and the blots wrapped in a single
layer of Saran’^^ wrap. ECL Hyperfilm (Amersham) was pre-flashed in order to extend
its linear range, before being exposed to the blots in a light-proof cassette. Films were
developed using Kodak GBX reagents (Sigma Chemical Co.), by incubation for 3 min
in developer, 1 min in water and 3 min in fixer, before a final rinse in water. Optimal
antibody dilutions giving the best signal to noise ratio were determined empirically for
each primary antibody (Table 2.1).
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TABLE 2.1 Sources and working dilutions of monoclonal antibodies used in Western blotting.

Monoclonal antibody
a-Tubulin
P-Tubulin (Rp.l+Rp.2)
GFAP
Vimentin
a-lN
NF-L
Nestin

Source
Sigma Chemical Co., Poole, U.K
Sigma Chemical Co., Poole, U.K
Sigma Chemical Co., Poole, U.K
Sigma Chemical Co., Poole, U.K
Chemicon, Temecula CA, USA
Sigma Chemical Co., Poole, U.K
Developmental studies hybridoma
bank, Iowa University, Iowa City,
USA

Clone no.
B-5-1-2
JDR.3B8
G-A-5
V9
3G8
NR4

Dilution
1 2000
1 2000
1 20,000
1 2000
1 5000
1 2000

RAT 401

1:4000

Working dilutions giving the best signal to noise ratios were determined in preliminary experiments for
each antibody. Blots containing fetal brain protein and an immunoblotting standard were incubated with
increasing dilutions of monoclonal antibody, followed by incubation with secondary antibody (diluted

1: 1000).

2.7.4 Image analysis
Film images were captured using a Kodak DC40 digital camera and the band intensities
estimated using NIH image software (http://rsb.info.nih.gov/nih-image/) calibrated with
an optical density (OD) step tablet. Signals were corrected for filter-to-filter variation
using the standard signals on each gel, by application of the correction factor: x • [S^y/
SfiiJ, X being the OD of the sample band, S^y, the average OD of standards on all filters
and Sfiit the OD of the standard on the same filter as x.
2.7.5 Determination of molecular weights
The migration of each marker band was measured and divided by that of the dye front,
in order to obtain a set of Rf values. A standard curve of log^^ molecular mass versus Rf
was plotted and the molecular mass of unknown bands calculated from their Rf value
using the equation of the curve.
2.7.6 India ink staining of membranes
After immunodetection and image capture, blots were stained with India ink total
protein stain (Hancock & Tsang 1983) to confirm equal loading of samples. Blots were
washed 4 times with wash buffer (0.3% (v/v) Tween-20 in PBS) at room temperature
(10 min per wash). Membranes were incubated overnight in India ink solution (0.1%
(v/v) Pelican drawing ink in wash buffer), destained overnight in distilled water, and
allowed to air dry (e.g. Fig. 2.1). Sample loading was judged visually and only blots
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containing samples with apparently equal loading were analysed, otherwise
electrophoresis and transfer were repeated.

&

MÀ

mm iWm

FIGURE 2.1 Representative Western blot stained with India ink. Blot contained cell culture
samples in lanes 1 - 6, and an adult brain standard in lanes 7 - 9 , all at 2.5 /xg protein loading.

2.8 Immunocytochemistry
Neurons in chamber slides were washed twice with PBS, fixed in absolute ethanol for
15 min at 4 °C and blocked with normal goat serum (Sigma Chemical Co.; 1:20 in PBS)
for 15 min at 25 °C. Slides were incubated with the a-IN monoclonal antibody (1:1000
in PBS) overnight at 4 °C, washed twice in PBS for 10 min at 25 °C, and incubated with
anti-mouse IgG-biotin conjugate (Sigma Chemical Co.; 1:500 in PBS) for 40 min at 25
°C. Further slides were incubated in the absence of primary antibody (negative control).
Slides were developed using an avidin-biotin complex (ABC) kit according to the
manufacturer’s protocol (Vector Laboratories, Peterborough, U.K), the final incubation
being in 3',3'-diaminobenzidine tetrahydrochloride (DAB; positive staining is brown)
for 3 min at 25 °C. Cells were counterstained with M ayer’s haematoxylin (blue; 1:5 in
distilled water), mounted in DPX medium (Sigma Chemical Co.) and photographed
under brightfield illumination.

2.9 Semi-quantitative RT-PCR analysis
2.9.1 Isolation of total RNA
Total RNA was isolated using the acid guanidinium thiocyanate-phenol-chloroform
method (Chomczynski & Sacchi 1987). Pooled fetal brain samples were homogenised
in 9 vol. denaturing solution (solution D; 4 M guanidinium thiocyanate, 0.5% (w/v)
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sarcosyl, 0.1 M 2-mercaptoethanol in 25 mM sodium citrate; pH 7.0). For cell cultures,
dishes were placed on ice and wells washed twice in ice-cold sterile
diethylpyrocarbonate (DEPC)-treated PBS. Cells from each treatment were combined
and homogenised in 1.8 ml solution D.
Aliquots of fetal brain or cell culture homogenates were mixed with 0.1 vol. 2 M
sodium acetate (pH 4.0), 1 vol. 0.1 M citrate buffer-saturated phenol (pH 4.3) and 0.2
vol. chloroform:isoamyl alcohol (49:1 mixture). Tubes were mixed vigorously for 10 s,
placed on ice for 15 min, then centrifuged (10,000 x g, 20 min; 4 °C). The upper
(aqueous) phase was collected into fresh tubes, taking care to avoid contamination with
the DNA interface. An equal vol. of isopropanol was added and the tubes incubated
overnight at -20 °C to allow RNA precipitation. After re-centrifugation (as above), the
RNA pellet was resuspended in 0.5 ml solution D, transferred to a fresh tube containing
an equal vol. of isopropanol, re-precipitated for >1 h at -20 °C, then re-centrifuged
(16,000 Xg, 10 min; 4 °C). Pellets were washed twice with 75% (v/v) ethanol, air-dried,
dissolved in nuclease-free water (0.25 /d/mg wet weight tissue extracted for fetal brain
or 10 -15 jLtl for cell cultures) at 65 °C, then stored at -20 °C.
2.9.1.1 Spectrophotometric determination of RNA concentration
Samples were diluted with nuclease-free water and the absorbance read in a Pye
Unicam SP8-100 spectrophotometer at 260 and 280 nm against a blank consisting of
nuclease-free water. RNA concentration was estimated based on the assumption that a
solution of 40 jLtg/ml RNA has an absorbance of 1 at 260 nm (Sambrook et al. 1989).
An A260/A28Oratio of 1.6 - 2.0 indicates reasonably pure RNA, relatively free of
protein contamination. Only RNA with an A260/A 28Oratio of >1.6 was used for
downstream analysis.
2.9.1.2 Analysis of RNA integrity by agarose gel electrophoresis
RNA ( 2 - 3 jLtg) in 4 p,l was mixed with 16 jLtl RNA sample buffer (Table 2.2), heated at
55 °C for 15 min and chilled on ice. Samples were mixed with 2.0 jLtl RNA loading
buffer (Table 2.2), before loading onto gels (1% (w/v) agarose, 18% (v/v) formaldehyde
in IX MAE; Table 2.2). Gels were run at 100 - 120 V for 0.5 - 1 h in IX MAE. Bands
were visualised by uv transillumination. A 28S/18S ratio of approximately 2:1 is
indicative of reasonably intact RNA (Fig. 2.2). Only intact RNA was used for
downstream analysis.
2.9.2 DNase treatment of RNA samples
Samples were treated with RNase-free DNase in order to remove any traces of
contaminating genomic DNA. Reactions consisted of 4 /xg RNA, 20 U RNasin®, IX
DNase buffer and 0.5 U DNase I (Amplification grade) in a final vol. of 20 |xl. Samples
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were incubated for 15 min at room temperature. Reactions were terminated by addition
of 2 |xl 25 mM EDTA, heated for 10 min at 70 °C then chilled on ice. RNA was used
directly for reverse transcription.

TABLE 2.2 Composition of buffers used in molecular biology
Buffer

Composition

lOX MOPS-acetate-FDTA

0.8 M sodium actetate, 0.05 M EDTA in 0.5 M 3-

(MAE)

(A-morpholino) propanesulphonic acid; pH 7.5

5X Tris-Borate-FDTA (TEE)

1 mM EDTA in 0.45 M Tris-Borate; pH 8.3

DNA loading buffer

0.25% (w/v) bromophenol blue and 15% (w/v)
Eicon

RNA loading buffer

0.4% (w/v) bromophenol blue, 1 mM EDTA in
50% (v/v) glycerol

RNA sample buffer

8% (v/v) formaldehyde, 65% (v/v) formamide, 0.2
pg/pl ethidium bromide in 0.6X MAE

Blue/Orange loading dye

0.03% (w/v) bromophenol blue, 0.03% (w/v)

(Promega Corp., Madison, WI,

xylene cyanol, 0.4% (w/v) orange G, 15% (w/v)

USA)

Ficoll in 10 mM tris-HCL (pH 7.5) and 50 mM
EDTA (pH 8.0)

FIGURE 2.2 Representative sample of total RNA isolated by the acid guanidinium thiocyanatephenol-chloroform method (Chomczynski & Sacchi 1987) for use in RT-PCR. 2 /xg of neuronal cell
culture RNA was eletrophoresed on a 1% agarose gel, then photographed using uv transillumination.
28S and 18S ribosomal RNA bands are clearly visible at an approximate 2:1 ratio.

2.9.3 Reverse transcription
For analysis of mRNAs encoding cytoskeletal proteins, reverse transcription (RT) of
RNA samples was carried out using random hexamer primers only. For secondary
screening of genes identified by differential display analysis (Section 2.10), reverse
transcription was first performed using random hexamers and then separately using
oligo(dT), _ primer.
2

18
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DNase treated RNA samples were divided into two 11 fil aliquots each containing 2 /ig
RNA. Aliquots were mixed with either random hexamers (4.16 ng/jul) or oligo(dT)
primer (41.6 ng//tl), heated at 70 °C for 10 min, then chilled on ice for 2 min. Each
sample was mixed with IX first strand buffer, 5 mM dithioreitol (DTT), 500 fiM
deoxynucleotide triphosphates (dNTP) and 200 U Superscript™ II reverse transcriptase
in a final vol. of 20 ^1 (RT^ reactions). Duplicate reactions containing no enzyme were
set up for each sample as a negative control (RT reactions). Reactions were incubated
at 25 °C for 10 min, then at 42 °C for 70 min. The enzyme was deactivated by
incubation at 80 °C for 10 min and the samples stored at -20 °C until use.
2.9.4 PCR
2.9.4.1 Primer design
Primers for the specific amplification of target gene cDNAs were designed using Oligo
5.0 software (National Biosciences Inc., Plymouth, MN, USA) using target cDNA
sequences obtained from the National Centre for Biotechnology Information (NCBI)
Genbank database (www.ncbi.nlm.nih.gov). For each primer pair (Tables 2.3 & 2.4),
5 -upstream and 3'-downstream primers were located on different exons to allow
detection of any residual genomic DNA contamination.
Downstream primers for IF proteins (nestin, a-IN, NF-L and GFAP) were located
within regions encoding the carboxy terminal domains, since these sequences are
divergent between IF genes (Fliegner & Liem 1991). Similarly, two a-tubulin mRNAs
expressed in developing rat brain, T a l and T26, have divergent sequences in their 3'non-coding regions (Miller et al. 1987). These were discriminated by using lower
primers complementary to sequences within the divergent 3'-non-coding sequence.
The T R al, c-erbAa2/3 and TRpi primers been used previously in this laboratory
(Evans 1999b). A c-erbAa-common upper primer which anneals upstream of the cerbAAal and c-erbAAa2 transcription start site was used (Chassande et al. 1997),
allowing amplification from full-length c-erbAa mRNAs alone. The c-erbAa2/3common downstream primer was positioned downstream of the 177 bp region
(nucleotides 1075 - 1191) in c-erbAa2, which is differentially spliced from c-erbAa3.
Therefore, the c-erbAa2 and c-erbAa3 PCR products differed in length by 117 bp. The
TRpi upper primer was complementary to a TRpi specific sequence, whilst the lower
primer was complementary to a TR pi/TRP2/TR p3-common sequence; thus
amplification only occurred from TRpi derived cDNA and not from any of the other
TRp transcripts (Williams 2000).
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TABLE 2.3 Upper and lower primer sequences, expected product size, and PCR conditions for housekeeping genes and cytoskeletal proteins.

Target Gene

Accession No.

Primer sequences (5* - 3')

Nucleotides from start
of coding sequence

*18SrRNA

VO1270

GAPDH

AF106860

a-IN

X52017

NF-L

AF031880

Nestin

M34384

GFAP

L27219

a-Tubulin (T al)

a-Tubulin (T26)

V01227

V01226

U:GTCCCCCAACTTCTTAGAG

1436 - 1454

L: CACCTACGGAAACCTTGTTAC

1834- 1854

U: AGGGCTGCCTTCTCTTGTG

135 -154

L: GGGTGGTCCAGGGTTTCTTAC

1082- 1103

U: GAATCCCTGGAGAGGCAGAT

988 - 1007

L; GGCTGGAACTGGTGGTGATT

1473 - 1492

U: TCCTCCAAGCCCGACCTCTC

748 - 768

L; GCAGAACGGCCAAAGACCGT

1252 - 1271

U: CTCGGGAGTGTCGCTTAGAG

656 - 685

L: AAGGGGGAAGGGAAGGATGT

1063 - 1082

U: ACCTCCAGATCCGAGAAACC

1114-1133

L; GGATGAAGGAAGGGATTTGT

1544- 1563

U: CCTCGCCATGGTAAATACAT

919-938

L; GGCTCGGGTCTCTGACAAAT

1488- 1507

U: ATGTGGTCCCCAAAGATGT

965 - 983

L: CAGAAGGGAAACAGCATAGA

1428 - 1447

Expected

Annealing

Product size

temperature

419 bp

53 °C

24^

969 bp

60 °C

26^

505 bp

59 °C

28

524 bp

59 °C

29

427 bp

59 °C

32

450 bp

56 °C

33

589 bp

56 °C

23

483 bp

56 °C

27

Cycles

Primers were designed using Oligo 5.0 software and synthesised by Amersham Biosciences. NCBI Genbank accession numbers for target gene sequences have been
indicated, as have the sequences for upper (U) and lower (L) primers. * Published primer sequences (Leonard et al. 2001). %cDNA derived from neuronal cell
cultures was amplified for 23 cycles. § cDNA derived from poly(A) mRNA was amplified for 24 cycles.

TABLE 2.4 Upper and lower primer sequences, expected product size, and PCR conditions for c-erbAa and c-erbA^ derived products, and genes
studied in secondary screening of DDRT-PCR study.

Target Gene

*TRal

Accession No.

M18028

Primer sequences (5’ - 3’)
U: CACCCCGGCCATCACC
L: TGGGGCACTCGACTTTCATGT

*c-erbAa2lai

to

♦TRpi

ylP-lO

cdc42b

Cyclin-ania 6a

M31174

J03819

U22520

L78075

AF030091

U: CACCCCGGCCATCACC
L: ACTTCCCGCTTCACCAAACTG

Nucleotides from start
of coding sequence

1160-1180

515 bp

60

34

60

34

759 bp

60

35

556 bp

52

362 bp

56

610 bp (a2)

1255 - 1275

493 bp (a3)

L: TTCCCCATTCAAGGTTAGAGT

978 - 999

U: CGGCTAGTCCTAACTGTC

379 - 396

L: AAGCATTTGCCTATGTAAAC

915 - 934

U: ACCGCTAAGTTATCCACAGA

204 - 223

L: TCTTTACACATGCGGACAAAC

temperature

666 - 681

241 - 257

U: ACCTTAAGGCCAAACATACCA

Cycles

size

666 - 681

U: CAAGCGCCCAGACTTTC

L: AGCACTTCCTTTTGGGTTGA

Expected product Annealing

546 - 565
1343 - 1363
1971 - 1991

649 bp

58

28
(25)
28
(28)
30
(26)

Primers were designed using Oligo 5.0 software and synthesised by Amersham Biosciences. NCBI Genbank accession numbers for target gene sequences have been
indicated, as have the sequences for upper (U) and lower (L) primers. Cycle numbers in parentheses indicate those used for the amplification of cDNA derived from
poly(A) mRNA. *Primers have been used previously in this laboratory (Evans 1999b).

upper and lower primers for y-interferon inducible protein-10 (ylP-lO) were located in
the 3'-untranslated region of this mRNA, the lower primer being complementary to part
of the sequence cloned from the differentially expressed cDNA fragment 8.1 (Section
5.2.3.1). Similarly, the lower primer for cyclin ania-6a was complementary to part of
the sequence cloned from the differentially expressed cDNA fragment 16.3 (Section
5.2.3.3).
Since two isoforms of the 42 kDa cell division cycle protein (cdc42) exist, it was
necessary to design primers to selectively amplify the brain specific isoform, cdc42b.
Thus the lower primer for cdc42b was complementary to a region of the cdc42b mRNA
that is divergent from the ubiquitous isoform of cdc42, cdc42u (Marks & Kwiatkowski
1996).
All primer sets yielded products of the expected size only (Tables 2.3 and 2.4, Fig. 2.3).
2.9.4.2 PCR amplification
A master mix was prepared containing all reagents necessary for the amplification of
specific target genes. PCR reactions consisted of 2 jLtl cDNA, lU AmpliTaq Gold® DNA
polymerase (Perkin Elmer Corp., Foster City, USA), 3.0 mM MgClj, 0.5 mM dNTP, IX
PCR buffer (Perkin Elmer Corp.) and 0.3 pM primers in a final vol. of 20 jLtl. Serial
dilutions of cDNA were amplified to ensure product yield was proportional to cDNA
input over > 3 serial dilutions. Thermal profiles consisted of enzyme activation (94 °C
for 20 min), followed by a target-dependent number of cycles (dénaturation, 94 °C for
30 s; annealing, target-dependent temperature for 30 s; extension, 72 °C for 1 min), then
a final elongation step (72 °C for 5 min). For each primer set, PCR conditions were
optimised with respect to cycle number and MgClj concentration (Tables 2.3 and 2.4).
Optimal annealing temperature for each primer set was based on values generated by
the Oligo 5.0 primer design software (Tables 2.3 and 2.4).
2.9.4.3 Analysis of PCR products by agarose gel electrophoresis
Following PCR, 20 p\ reaction products were mixed with 4 jLtl of DNA loading buffer
(Table 2.2), and 8 p\ was loaded onto gels (2% (w/v) agarose in IX TBE; Table 2.2)
alongside a 100 base pair (bp) DNA ladder for size determination. Gels were run at 100
-120 V in a running buffer consisting of 0.5X TBE, stained with ethidium bromide (0.5
jLig/ml) for 15 min, then destained in water for 1 h before being photographed digitally
with uv transillumination and an ethidium bromide filter. Digital images were converted
to 256 grayscale, inverted, and the band intensities measured using NIH image software.
Product intensities were corrected for template dilution, and dilutions within the linear
range of amplification were averaged and expressed relative to either 18S or GAPDH
product intensities.
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FIGURE 2.3 PCR product sizes. (A) Sizes of PCR products for cytoskeletal proteins. Lanes 1 and
10 contain 100 base pair DNA ladder. Lanes 2 - 9 contain PCR products for a-IN, NF-L, nestin,
T a l, T26, GFAP, GAPDH and 18S respectively. (B) Sizes of PCR products for T R al, cerbAa2/3
and TRpi primers. Primers for cerbAa2/3 yielded two products corresponding to a2 and a3 as
expected. (C) Sizes of PCR products for cdc42b, ylP-lO and cyclin ania-6a. In each case, the
sample was either cDNA from normal fetal brain at 16 dg (A) or cDNA from neurons cultured for
20 h in the absence of T3 (B, C). All products were of the expected size (Tables 2.3 and 2.4).
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2.10 Differential display RT-PCR (DDRT-PCR) analysis
2.10.1 Differential display
Total RNA was isolated (Section 2.9.1) from 2 primary neuronal cell cultures treated
with 0 or 1 nM T3 ± 10 pM CHX (Section 2.3.3.3), and subjected to DDRT-PCR
analysis.
2.10.1.1 Reverse transcription and subdivision ofmRNA
For each sample, 2 pg of total RNA was DNase digested as previously described
(Section 2.9.2). Three 550 ng aliquots of DNase digested RNA were each reverse
transcribed using one of three ET12X downstream primers, where E i s a Xhol restriction
enzyme site and X is A, C, or G (Table 2.5). Thus, mRNA was reverse transcribed into
3 cDNA populations, differing at the last nucleotide before the poly(A) tail (Liang et al.
1994). To each DNase digested RNA was added ET^jA, ETjjC or ETjjG primer (4.76
pM) in a final vol. of 10.5 pi. Samples were mixed, denatured at 70 °C for 10 min, then
annealed at 4 °C for 5 min. The reaction temperature was raised to 42 °C, before
addition of IX first strand buffer, 10 mM DTT, 20 pM dNTP, 10 U RNasin® and 200 U
Superscript™ II in a final vol. of 20 pi. Reverse transcription was allowed to proceed at
42 °C for 70 min, before enzyme dénaturation at 80 °C for 10 min.
2.10.1.2 PCR amplification with arbitrary primers
To display the cDNAs present in the 3 populations, PCR was performed using the
relevant ET12X downstream primer and one of 7 different EAP arbitrary upstream
primers in the presence of [a-^^P]dATP. EAP primers consisted of an EcoBl site (E),
and an arbitrary primer (AP) consisting of 10 bases of 3' random sequence with 50%
GC content (Table 2.5).
PCR reactions contained 1.5 p\ cDNA, 0.75 U Tag DNA polymerase (Invitrogen Life
Technologies), IX PCR buffer, 2 mM MgCl2, 20 pM dNTP, 15 nM [a^^PjdATP, 1 pM
relevant ET12X primer and 1 pM EAP primer in a final vol. of 15 pi. The thermal
profile consisted of 94 °C for 5 min, then 2 cycles (dénaturation, 94 °C for 30 s;
annealing, 42 °C for 1 min; elongation, 72 °C for 2 min), followed by 38 cycles
(dénaturation, 94 °C for 30 s; annealing, 55 °C for 1 min; elongation, 72 °C for 2 min)
and a final elongation step (72 °C for 5min). Samples were stored at -20 °C, but were
electrophoresed within 2 days to minimise the radiological cleavage of amplified
products.
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TABLE 2.5 Primers for DDRT-PCR analysis

Downstream
primers

Arbitrary
upstream primers

Sequence (5' - 3')
CACTCGAGTTTTTTTTTTTTA
CACICGAGITTTITT'ITT'I'IC
CAC rCGAG ITTTT'l" rriT T T G
CAGAATTCACACGACTGT
CAGAATTCACATGGTCAG
CAGAATTCACACCTCAGA
CAGAATTCACTGGAAGCT
CAGAATTCATGTGGCAAG
CAGAATTCATACGACCTA
CAGAATTCATGACGTCAG

Primer
ETnA
E T if
ET,,G
EAP-1
EAP-2
EAP-3
EAP-4
EAP-5
EAP-6
EAP-7

Total RNA samples were reversed transcribed using ETjjA, ET^C and ETjjG primers from the
poly(A) tail, in order divide mRNA into three different cDNA pools. Downstream primers
contained a X h o l restriction enzyme site (CTCGAG) toward their 5'-end to facilitate
directional cloning of PCR products into a plasmid vector. Following reverse transcription with
ET 1 2 A, ET^C and ET1 2 G downstream primers, samples were amplified using 7 different
arbitrary EAP primers and the relevant downstream primer. Arbitrary primers contained an
EcoRI restriction enzyme site (GAATTC) toward their 5'-end to facilitate directional cloning
of PCR products into a plasmid vector. Both upstream and downstream primers had a 5' CA
sequence such that the restriction enzyme sites were not at the product termini, and were
therefore cleavable.

2.10.2 Analysis of DDRT-PCR products
2.10.2.1 Electrophoresis
DDRT-PCR products were analysed using polyacrylamide gel electrophoresis on a
SequiGen GT sequencing cell (Bio-Rad Laboratories Ltd, Hemel Hempstead, U.K). A
6% non-denaturing gel was prepared by degassing a mixture containing 6% (w/v)
acrylamide (acrylamideibis-acrylamide 1:19), 0.5X TEE, 0.001% (v/v) TEMED, before
addition of 0.05% (w/v) ammonium persulphate. A 0.4 mm thick gel was cast in the
sequencing cell according to the manufacturer’s protocol using a 60 place comb; setting
time was 1 h. Gel running buffer for lower and upper reservoirs was 0.5X TEE. PCR
products (15 p\) were mixed with 3 pi of Elue/Orange loading dye (Table 2.2) and
loaded at 3 /xl/well. Electrophoresis was performed at 80 W for 2.25 h, the maximum
temperature being clamped at 45 °C.
Following electrophoresis, gels were mounted on chromatography paper, sealed with a
layer of Saran Wrap™ and dried under vacuum at 60 °C for 1.5 h. Dried gels were
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exposed to Kodak Biomax Maximum Sensitivity film using a low energy intensifying
screen at -70 °C. Adjacent lanes containing samples from the four treatment groups (see
Section 2 3 3 3 ) were compared for each primer combination and the position of
differentially expressed bands noted.
2.10.2.2 Isolation and re-precipitation of differentially expressed fragments
Autoradiograms were aligned onto gels to allow the marking and excision of
differentially expressed bands into sterile tubes. Following the excision of bands, gels
were re-exposed to film to confirm the accuracy of band excision.
DNA was eluted by boiling each gel piece in 200 pi nuclease-free water for 10 min,
followed by centrifugation (16,000 x g, 5 min). 150 pi supernatant was mixed with 2 p\
Pellet Paint® (Novagen, Madison, USA) and 0.5 M ammonium acetate in a final vol. of
200 jLtl with nuclease-free water. 600 p\ absolute ethanol was added and the DNA
precipitated for 5 min at 25 °C. Samples were re-centrifuged (as above) and pellets were
washed in 75% (v/v) ethanol, air-dried for 1 h at 25 ®C, then resuspended in 20 p\
nuclease-free water and stored at -20 °C.
2.10.2.3 Amplification o f recovered DNA
DNA recovered from differentially expressed bands was subjected to PCR using the
same ETjjX and EAP primer pair used to generate it. Reactions consisted of 5 p\
fragment DNA, lU Taq DNA polymerase, IX PCR buffer, 1.5 mM MgClj, 50 pM
dNTP, 0.5 pM ET12X primer and 0.5 pM EAP primer in a total vol. of 30 p\ with
nuclease-free water. Thermal conditions were 94 °C for 10 min, followed by 40 cycles
(dénaturation, 94 °C for 30 s; annealing, 55 °C for 60 s; elongation, 72°C for 2 min),
then a final elongation step (72°C for 5 min). In order to verify successful PCR, a 3 pi
aliquot of product was mixed with an equal vol. of DNA loading buffer and
electrophoresed on a 1.5% agarose gel, alongside a 100 bp marker. Remaining products
were re-precipitated using Pellet Paint® as described above (Section 2.10.2.2). Pellets
were redissolved in 10 p\ nuclease-free water and stored at -20 °C.
2.10.3 Cloning of differentially expressed PCR fragments
2.10.3.1 Restriction digestion of PCR products
The PCR products generated above (Section 2.10.2.3) were digested with EcoRl and
Xhol to facilitate sticky-ended ligation. Reactions contained 7 pi re-purified PCR
products, 5 pg acetylated ESA, 24 U Xhol, 10 U EcoRl and IX buffer H (10 mM
MgClg, 50 mM NaCl, 90 mM Tris HCL, pH 7.5; supplied with enzymes) in a final vol.
of 50 pi. Reactions were incubated at 37 °C for 3 h.
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After incubation, samples were solvent extracted to remove the protein. Reactions were
made up to 200 /il with nuclease free water, and mixed vigorously with an equal vol. of
phenol (pH 7.9):chloroform:isoamyl alcohol (PCIAA; 25:24:1). Following
centrifugation (16,000 x g, 10 min; 25 °C), the aqueous upper phase was transferred
into a second tube containing an equal vol. of chloroform:isoamyl alcohol (CIAA;
24:1), then mixed and centrifuged (as above), before collection of the resulting aqueous
phase into a third tube. The remaining organic phase in the original tube was re
extracted with an equal vol. of water, and the resulting aqueous phase combined with
the remaining contents of the second tube. After centrifugation, the aqueous phase was
added to the third tube. DNA was re-precipitated from the combined aqueous phase in
the third tube using Pellet Paint® and ammonium acetate as described previously
(Section 2.10.2.2). The size and concentration of re-purified restriction fragments was
assessed by electrophoresis on a 2% agarose gel alongside a 1 kb ladder of fragments of
known concentration (Stratagene, La Jolla, USA).
2.10.3.2 Ligation of PCR fragments into cloning vector
Digested PCR fragments (Section 2.10.3.1) were ligated into pBluescript IISK^ plasmid
vector (Fig. 2.4) which had been previously digested with XhoVEcoRl (a gift from Dr
AJ Leonard, University College London, U.K). Ligation reactions contained ca. 5 ng
digested PCR fragment, 100 ng plasmid vector, lU T4 DNA ligase and IX ligase buffer
(1 mM ATP, 10 mM DTT, 10 mM MgClj, 30 mM Tris-HCL, pH 7.8; supplied with
enzyme) in a final vol. of 10 /il. Reactions were left to stand at 25 °C for 2 h then at 4
°C overnight.
2.10.3.3 Transformation o f competent E.coli
Aliquots (50 /il) of INVaF' competent E.coli cells (Invitrogen Life Technologies) were
mixed with 2 /il P-mercaptoethanol and a 4 /il aliquot of ligation mixture (Section
2.10.3.2). Cells were incubated on ice for 30 min, heat-shocked for 30 s at 42 °C, then
incubated on ice for a further 2 min, before addition of 250 /il SOC medium and
horizontal shaking (225 rpm) at 37 °C for 1 h. Cells were spread on Petri dishes
containing Lennox Luria Bertani (LB) agar supplemented with 75 pg/pl sodium
ampicillin (to select for transformed bacteria). Plates had been coated with 40 mg/ml 5bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside (X-Gal) to allow blue-white
selection of recombinant (white) clones. After spreading, plates were allowed to dry for
10 min, inverted then incubated overnight at 37 °C.
2.10.3.4 Cloning
Four white colonies were picked off each plate and suspended in separate 5 ml aliquots
of LB medium containing 50 pg/ml ampicillin and 0.1 % (w/v) glucose. Colonies were
grown overnight at 37 °C with shaking (225 rpm). Some aliquots were processed for
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T7 promoter

-Xhol
pBluescript II SK
2961 bp
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Xhol
CtrCGAG (T),2X

Insert (-)
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FIGURE 2.4 Cloning of DDRT-PCR products. (A) Schematic representation of pBluescript II
SK+ plasmid vector. The multiple cloning site (MCS) containing EcoRI and Xhol restriction
enzyme sites is flanked by T3 and T7 RNA polymerase promoters. (B) Directional cloning of
differentially expressed PCR products into pBluescript II SK+ vector. Vector sequence is denoted
by the dashed line and the positions of ET X and EAP primers are indicated at either end of the
12

cloned DDRT-PCR product. The Xhol and EcoRI cleavage/ligation sites are indicated by vertical
dashed lines. The distance between the T7 and T3 promoter sequences and the Xhol and EcoRl
sites, respectively, is also shown.
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plasmid isolation (Section 2.10.3.5) and others were stored at -20 °C in 30% (v/v)
glycerol.
2.10.3.5 Plasmid purification
Plasmid purification was carried out using the GenElute Plasmid Mini-Prep Kit (Sigma
Chemical Co.), according to the manufacturer's protocol. Briefly, 2.3 ml overnight
culture was pelleted by centrifugation (16,000 x g, 2 min; 25 °C) and the supernatant
discarded. Cells were resuspended by trituration in 200 pi resuspension solution,
followed by addition of 200 jitl lysis solution with gentle mixing. After 5 min, 350 p\
neutralisation solution was added and the solution mixed, then centrifuged (16,000 x g,
10 min; 25 °C). The cleared lysate was transferred to a Mini Spin Column, then
centrifuged (16,000 x g, 1 min; 25 °C). Columns were washed with 750 p\ wash
solution by centrifugation (as above), then dried by re-centrifugation. Purified plasmid
DNA was collected by centrifugation (as above) in 100 p\ elution buffer.
2.10.3.6 Amplification of multiple cloning site
In order to estimate approximate insert sizes, primers for the TV and T3 RNA promoters
were used to amplify across the plasmid multiple cloning site (Fig. 2.4). Sequences of
T3 and TV primers were 5 - A ATTA ACCCTC ACT A A AGGG-3 ' and 5 'GTAAT ACGACTC ACTATAGGGC-3 \ respectively. PCR reactions contained 3 p\
plasmid DNA, 0.5 U AmplitaqTaq Gold® DNA polymerase, IX PCR buffer, 3 mM
MgClj, 0.5 mM dNTP, 500 nM T3 primer and 500 nM TV primer in 20 p\. Thermal
conditions consisted of enzyme activation (94 °C for 20 min) followed by 20 cycles
(dénaturation, 94 °C for 30 s; annealing, 55 °C for 30 s; elongation, 12 °C for 1 min),
then a final elongation step (V2 °C for 5 min). Reactions were mixed with 4 p\ DNA
loading buffer and 8 p\ was loaded onto a 2% agarose gel alongside a 100 bp DNA
ladder.
2.10.3.V Identification and secondary screening of DDRT-PCR products
Recovered plasmids (Section 2.10.3.5) were linearised with EcoRl and the DNA
concentration in digests estimated by agarose gel electrophoresis alongside a 1 kb
ladder of known concentration. Samples were adjusted to 150 ng DNA/6 p\ with
nuclease-free water before sequencing was carried out with TV primer using a Beckman
Coulter CEQ 2000XL DNA analysis system in a local facility. The Blast™ program
(www.ncbi.nlm.nih.gov) was used to determine homology between insert sequences and
entries in the GenBank database. Where inserts were identified, primers were designed
and semi-quantitative RT-PCR (Section 2.9) used to screen additional cell cultures to
confirm differential expression. Cultures used for secondary screening were treated with
10 p-M CHX and either 0 or 1 nM T3 (Section 2.3.3.2).
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2.11 Statistical analysis
Differences between groups were analysed by one-way analysis of variance (ANOVA)
with Fisher’s protected least significant difference test (PLSD) test for post hoc analysis
(Snedecor & Cochran 1980), using Statview 1.03 software (Abacus Concepts, Inc.,
Berkeley, CA, USA). Homogeneity of variance for samples of unequal size was verified
using the Bartlett’s test (Snedecor & Cochran 1980), and where appropriate, a square
root or log transformation was applied. Prism 2.0 software (GraphPad Software, Inc.,
San Diego, CA, USA) was used for regression analysis and linearity of data was
assessed by the runs test. Values are expressed as mean ± standard error of the mean
(S.E.M.).
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CHAPTERS

EFFECT OF MATERNAL
HYPOTHYROIDISM ON FETO
PLACENTAL GROWTH AND THE
EXPRESSION OF CYTOSKELETAL
PROTEINS IN FETAL BRAIN
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3.1 Introduction
The rat model used in this study is designed to facilitate the investigation of the effects of
maternal TH deficiency in the rat on fetal brain development. Surgical thyroidectomy was
the preferred method of inducing maternal hypothyroidism, since this procedure is without
effect on fetal thyroid function. Work carried out using a model similar to the one used in
this thesis has shown that T4 and T3 are undetectable in fetuses from thyroidectomised
dams prior to the onset of fetal TH secretion (Morreale de Escobar et al. 1985). However,
fetal brain TH levels normalise soon after the onset of fetal thyroid function, indicating that
fetal thyroid function is unaffected (Ruiz de Ona et al. 1988, Ruiz de Ona et al. 1991). In
contrast, alternative methods including administration of the anti-thyroid drugs
propylthiouracil (PTU) and methimazole (MMI)—both of which cross the placenta—and
low iodine diets impinge not only on maternal thyroid function but also on fetal thyroid
function.
In the present model, partial maternal thyroidectomy is performed several weeks before
mating since evidence suggests that severe placental growth compromise is avoided and
maternal metabolic compromise is minimised in this type of model (Section 1.8.1).
However, effects on fetal growth are dependent on the severity of maternal hypothyroidism
in the present model (Section 1.8.1). Therefore, the first part of this chapter describes the
basic characterisation of the model with respect to maternal thyroid status, feto-placental
growth and gross parameters of brain development. Fetuses have been studied both before
and after the onset of fetal thyroid function in order to examine whether any changes that
may occur are correctable by the onset of fetal TH secretion.
In rats, postnatal thyroid status influences the expression of various cell-specific
cytoskeletal proteins, including markers of differentiating neurons and astrocytes (Section
1.7.1). More general cytoskeletal markers such as tubulin are also under TH control in
postnatal rat brain (Section 1.7.2). Since very little is known concerning parameters under
TH control in fetal brain, this thesis examined the effects of maternal thyroidectomy on the
expression of cytoskeletal proteins in fetal brain.
As will be seen, changes in the abundance of several cytoskeletal proteins occur in fetal
progeny of hypothyroid dams. Since the classical method of TH action is modulation of
gene expression, it was then decided to determine whether corresponding changes occur in
transcript levels of these proteins. This study necessitated the collection of RNA from a
further set of pregnancies. This set of dams had similar TH levels and fetal growth
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characteristics to those used for studying protein levels, allowing these data to be combined
from both sets of dams.

3.2 Effect of maternal thyroidectomy on maternal thyroid status
and feto placental growth
3.2.1 Maternal thyroid status
Pre-mating maternal serum total T4 levels in TX dams were reduced to around 25% of
those in N dams (Table 3.1). Within each group, pre-mating total T4 levels were similar for
dams studied at 16, 19 and 21 dg. Pregnancy levels of maternal serum total T4 were
reduced in TX dams (40 - 48% of controls) relative to N dams at all stages of gestation
(Table 3.1). Levels declined by 50% between 16 and 21 dg in N dams and by 40 % in TX
dams during the same period (Table 3.1).
Partial thyroidectomy reduced pre-mating T3 levels to a lesser extent than pre-mating T4,
such that pre-mating T3 levels in TX dams were approximately 40% of those in N dams
(Table 3.1). Pregnancy levels of maternal serum total T3 were reduced in TX dams (45 55% control levels) relative to N dams at all stages of gestation (Table 3.1).
3.2.2 Placental growth
Placental weight increased 1.6-fold between 16 and 21 dg in both N and TX dams and was
unaffected by partial maternal thyroidectomy (Table 3.2), suggesting that placental growth
was normal.
3.2.3 Litter size
The number of progeny in each litter was constant between 16 and 21 dg in both groups,
with TX dams carrying fewer fetuses than N dams at all ages studied (Table 3.2).
3.2.4 Fetal hody and hrain weights
Fetal body weight increased 10-fold in N dam progeny and 9-fold in TX dam progeny
between 16 and 21 dg (Fig. 3.1). Fetal body weight was lower in TX dams relative to N
dams at all ages studied, with the greatest deficit occurring at 21 dg (values in TX dams at
16, 19 and 21 dg were 93, 90 and 81% control values, respectively; Fig. 3.1).
Fetal brain weight increased 3.5-fold between 16 and 21 dg in N and TX dam progeny but
was deficient in TX dams at 19 and 21 dg (96 and 94% controls respectively; Fig. 3.1),
albeit not to the same extent as fetal body weight. Consequently, the mean fetal brain:body
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TABLE 3.1 Effect of partial thyroidectomy on maternal thyroid function.
Maternal T4 (nM)
Days gestation

Dam

Pre-mating

Pregnancy

Pre-mating

Pregnancy

N

58.16 ±3.16

37.31 ± 1.77

0.98 ±0.07

0.89 ± 0.09

TX

14.18 ± 1.02”

14.90 ±1.62”

0.54 ±0.07”

0.48 ± 0.09*

N

60.99 ±4.37

23.41 ± 1.66*

1.27 ±0.17

0.89 ±0.16

TX

14.99 ±1.58”

10.36 ±1.39”

0.42 ±0.07”

0.51 ±0.11*

N

57.72 ± 2.90

18.53 ± 1.92*'*’

1.22 ±0.11

0.63 ± 0.09

TX

14.06 ± 1.26”

8.80 ±1.05*’”

0.42 ±0.11”

0.28 ±0.05*

(n>13)

(n > 13)

16

19
00

Maternal T3 (nM)

21

(n > 9 )

Fisher’s PLSD
Age-related T < 0 .0 5 ,19dg vf 16 dg or 21 dg vs 19 dg; **P< 0.05,21 dg vs 16 dg
Treatment-related *P < 0.05,

Values are mean ± S.E.M.

< 0.01 TX vs N

(n>l2)

TABLE 3.2 Effect of partial maternal thyroidectomy on placental growth and litter size.
Days gestation
16

19
00
On

Placental weight (mg)

Litter size

N

352 ± 21

15.8 ±1.1

TX

338 ± 14

12.2 ± 1.2"

N

498 ± 17*

17.4 ±0.9

TX

502 ± 16*

13.1 ±0.5"

N

575 ± 22*’*’

17.1 ±0.7

TX

561 ± 16*’*’

11.5 ±0.8"

Dam

21
(n>13)
Fisher’s PLSD
Age related

< 0 .0 5 ,19dg vs 16 dg or 21 dg vs 19 dg;
‘’P < 0.05,21 dg vs 16 dg

Treatment related **P < 0.01 TX vs N

Values are mean ± S.E.M.

(n>13)

a

f
I
1

0.20
too
w

0.15

%

I

0.10

3
[2

0.05
0.00
Days gestation

FIGURE 3.1 Effect of maternal thyroidectomy on fetal body weight (upper panel) and brain weight (lower
panel). Data are mean ± S.E.M. of at least 13 different N (open bars ) or TX (closed bars) dam pregnancies.
< 0.01,19 dg vs 16 dg or 21 vs 19 dg;

< 0.01,21 dg vs 16 dg; *P < 0.05, **P < 0.01, TX vs N dams

(Fisher’s PLSD).
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weight ratio was elevated (P < 0.05) in TX dams relative to N dams at 21 dg (values were
0,045 ± 0.001 for TX dams versus 0.038 ± 0.001 for N dams), indicative of some degree of
brain growth-sparing.
3.2.5 Fetal brain protein and DNA
Fetal brain protein concentration remained constant between 16 and 21 dg in both N and
TX dam progeny and was unaffected by maternal thyroidectomy (Table 3.3). Fetal brain
DNA concentration is an index of cell density. This parameter decreased between 16 and
19 dg, and again between 19 and 21 dg, in both groups (Table 3.3). Fetal brain DNA
concentration was unaffected by maternal thyroidectomy (Table 3.3), suggesting normal
cell packing. Fetal brain DNA content, a measure of cell number, increased 2-fold between
16 and 19 dg in both groups but was unaffected by maternal thyroidectomy (Table 3.3),
indicative of normal cell acquisition in TX dam progeny. ProteimDNA ratio is an indicator
of cell size. This parameter increased between 19 and 21 dg in both groups (Table 3.3).
Maternal thyroidectomy was without effect on the fetal brain protein:DNA ratio (Table
3.3).
3.2.6 Fetal brain RNA concentration
Total RNA yields from fetal brain varied with age, such that fetal brain RNA concentration
at 16 dg was approximately 2-fold higher than at 21 dg in both groups (Table 3.3). This
parameter was unaffected by maternal thyroidectomy (Table 3.3).
3.2.7 Summary of the effects of maternal thyroidectomy on feto placental growth
Maternal thyroidectomy depressed both pre-mating and pregnancy levels of maternal serum
total T4 by 75% and 50 %, respectively. Gross placental growth was normal, but litter size
and fetal body weight were deficient throughout pregnancy in TX dams. Fetal brain growth
was permanently retarded in TX dams, despite a degree of brain growth-sparing during late
gestation. Retarded fetal brain growth in TX dams may confound subsequent analyses
regarding the effects of maternal hypothyroidism on cytoskeletal protein expression in fetal
brain since several of these proteins are developmentally regulated. Therefore, the
possibility exists that disturbances in the ontogeny of cytoskeletal proteins may be a
consequence of retarded fetal brain growth rather than a direct effect of maternal
hypothyroidism. Fetal brain protein, DNA, protein:DNA ratio and RNA concentration were
unaffected by maternal thyroidectomy, despite the deficits in fetal brain weight in TX dam
progeny. The effects of maternal thyroidectomy on feto-placental growth in this study are
broadly consistent with previous studies of dams made severely hypothyroid (pre-mating
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TABLE 3.3 Effect of partial maternal thyroidectomy on fetal brain protein, DNA, proteiniDNA ratio and RNA.
Fetal brain protein
Days gestation

00

Fetal brain

Fetal brain RNA

protein:DNA

(mg/g tissue)

Dam

mg/g tissue

mg/g tissue

mg/brain

N

64.3 ± 2.3

6.01 ±0.45

0.299 ±0.023

11.3 ±1.2

3.20 ±0.19

TX

67.6 ±1.3

6.16 ±0.50

0.283 ± 0.024

11.6 ±0.8

2.98 ± 0.40

N

65.8 ± 1.3

4.87 ± 0.24*

0.656 ±0.041“

13.7 ± 0.7

2.37 ±0.19“

TX

64.5 ± 2.2

5.07 ± 0.08“

0.637 ± 0.012“

13.1 ±0.3

2.43 ±0.19

N

62.7 ± 1.7

3.88 ±0.22“’”

0.726 ±0.041”

15.6 ± 0.8“’”

1.56 ±0.14“’”

TX

67.5 ± 1.8

4.16 ±0.26“’”

0.699 ± 0.047”

15.6 ± 0.8“’”

1.60 ±0.13“’”

16

VO

Fetal brain DNA

19

21
(n>6)

(n>5)

(n>5)

(/i>5)

(n>7)

Fisher’s PLSD
Age related T < 0.05,19 dg vj 16 dg or 21 dg vs 19 dg;*’P < 0.05,21 dg vs 16 dg

Protein was determined by Bradford assay (Bradford et al. 1976), DNA by a fluorometric method (Labarca & Paigan 1980), and RNA values
were calculated from total RNA yields. Values are mean ± S.E.M.

maternal serum total T4 < 16.2 nM) prior to conception (Leonard et al. 1999, Pickard et al.
2000; Section 1.8.1).

3.3 Effect of maternal thyroidectomy on cytoskeletal protein
expression in fetal brain
Since fetal brain protein concentration in this model was unaffected by maternal
thyroidectomy (Section 3.2.5), by loading equal amounts of total protein on Western blots
it was possible to directly compare the abundance of cytoskeletal proteins in fetal brain
from N and TX dams.
Ribosomal RNA (rRNA) constitutes around 80 - 85% of a total RNA sample (Sambrook et
al. 1989), thus 18S rRNA may be used as an index of total RNA. Furthermore, since total
RNA yields were unaffected by maternal thyroidectomy in the present model (Section
3.2.6), it was possible to use 18S as an internal control for RT-PCR analysis in order to
normalise samples for RNA input and reverse transcription efficiency. Hence, PCR product
intensities for cytoskeletal proteins were expressed as ratios relative to 18S rRNA product
intensities. For convenience of comparing ontogenic profiles, the results of protein and
mRNA studies are displayed together.
Levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH; relative to 18S), another
commonly used internal control mRNA, were unaffected by maternal thyroidectomy (Fig.
3.2). It should be noted that for each cytoskeletal protein, mRNA results expressed relative
to GAPDH showed similar statistically significant trends in TX dams compared with N
dams. To avoid unnecessary repetition of results, these data are not reported here.
3.3.1 Expression of markers for neuronal and glial precursors
3.3.1.1 Vimentin
The type III IF protein vimentin is widely expressed in a variety of cell types, including
fibroblasts and smooth muscle, as well as neuronal and glial precursors (Dahl et al. 1981,
Bignami et al. 1982). The vimentin antibody recognised a single 57 kDa band in fetal brain
(Fig. 3.3), as expected (Fliegner & Liem 1991). Vimentin protein abundance remained
stable between 16 and 19 dg but decreased markedly thereafter in both groups (Fig. 3.3).
Maternal thyroidectomy was without effect on vimentin protein levels in fetal brain (Fig.
3.3), suggesting normal acquisition of neuronal and glial precursors.
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FIGURE 3.2 Abundance of GAPDH mRNA in fetal brain from N and TX dams. GAPDH PCR product
intensities were expressed relative to 18S rRNA product intensities. Values are mean ± S.E.M. of at least 7
different N (open bars) or TX (closed bars) dams.
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FIGURE 3.3 Expression of vimentin protein in fetal brain from N and TX rat dams. (A) Representative
portions of Western blots probed with a vimentin antibody. Blots contained samples and a 16 dg normal
fetal brain standard (S), all at 2.5 /xg protein loading. Migration of molecular weight markers is
indicated on the left. (B) Abundance of vimentin protein. Each point is the mean ± S.E.M. of at least 6
different N (open circles) or TX (closed circles) dams. Where data points overlap, symbols denoting
ontogenic changes (a and b) are indicated above the circles for N dams and below the circles for TX
dams.

<0.01, 21 dg V5 19 dg; <0.01, 21 dg V5 16 dg (Fisher’s PLSD).
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3.3.1.2 Nestin
Nestin, a type IV IF protein specific to the nervous system is expressed in multipotent
neuroectodermal precursors during early development, after which its expression is
suppressed; nestin is therefore a useful marker of early CNS precursors (Dahlstrand et al.
1995). Furthermore, a putative TRE in the nestin promoter raises the possibility that
maternal TH may regulate the expression of this gene during fetal brain development
(Lothian et at. 1999).
Nestin was originally defined as the antigen recognised by the monoclonal antibody Rat
401 (Hockfield & McKay 1985). These authors reported that Rat 401 recognises a single
band of approximately 200 kDa in fetal rat CNS. However, during initial experiments in the
present study. Rat 401 was found to recognise several bands in fetal brain (data not shown).
In order to analyse nestin protein expression more effectively, electrophoresis time was
extended in an attempt to improve the resolution of the various bands recognised by the Rat
401 antibody. Under these conditions. Rat 401 recognised a band of approximately 206
kDa, along with several bands above and below this species (Fig. 3.4). Based on the
expected molecular weight of nestin (200 kDa; Lendahl et al. 1990), the 206 kDa band in
fetal brain is likely to be nestin. No signals were detected in adult brain or fetal liver (Fig.
3.4), consistent with nestin being specific to the early CNS (Fliegner & Liem 1991). This
antibody yielded results with high sample-to-sample variation however, and accurate
quantitation of autoradiograms was hampered by the complex nature of the band patterns.
High sample-to-sample variation may have been related to the difficulties associated with
the transfer of high molecular weight proteins. Therefore, it was decided to extend the
transfer time of gels used for the analysis of nestin. Nevertheless, it was still not possible to
obtain reliable data for nestin protein expression.
Although it was not possible to reliably quantitate nestin protein expression, it was still of
interest to examine nestin mRNA expression, given the putative TRE that has been
identified in this gene (Lothian et al. 1999). Nestin primers gave a single product of 427 bp
(Fig. 2.3), as expected (Table 2.3). Nestin mRNA abundance declined 3-fold between 16
and 21 dg (Fig. 3.4). Nestin mRNA expression was unaffected by maternal thyroidectomy
(Fig. 3.4), suggestive of normal acquisition of neuronal and astrocytic precursors.
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FIGURE 3.4 Expression of nestin protein and mRNA in fetal brain from N and TX dams. (A)
Immunoreactivity of the nestin antibody, Rat 401, in normal fetal brain. Blot contained 5 /xg of protein from
normal fetal brain at 16 dg (lane 1), 5 pg of protein from adult brain (lane 2), and 10 pg of protein from
normal fetal liver at 16 dg (lane 3). Migration of molecular weight markers is indicated on the left hand side;
the 206 kDa band is likely to correspond to nestin. (B) Abundance of nestin mRNA in fetal brain from N and
TX rat dams. Nestin PCR product intensities were expressed relative to IBS rRNA product intensities.
Values are mean ± S.E.M of at least 7 different N (open circles) or TX (closed circles) dams. Where data
points overlap, symbols denoting ontogenic changes (a and b) are indicated above the circles for N dams and
below the circles for TX dams. “P < 0.05, 19 dg

vs 16 dg or 21

(Fisher’s PLSD).
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dg vs 19 dg;

^P< 0.05, 21

dg

vs 16 dg

3.3.2 Expression of neuronal and astrocytic IF proteins
The IF proteins, cc-IN, NF-L and GFAP are specific to the CNS (Section 1.7.1), allowing
verification of the specificity of these particular antibodies using peripheral tissues as
negative controls (Fig. 3.5).
3.3.2.1 a-IN
a-lN is of particular interest since it is the first neuronal IF protein to be expressed in newly
differentiating neurons and constitutes the major neuronal IF protein prior to the onset of
fetal TH secretion (Fliegner et al. 1994). The cc-lN antibody recognised the expected 66
kDa species in fetal and adult brain (Fliegner & Liem 1991) as well as a slower migrating
species {ca. 90 kDa) which was only detectable after long (> 2 h) exposure (Fig. 3.5). No
signal was detected in fetal liver, heart and lung (Fig. 3.5), as expected. In fetal brain from
N dams, a-lN protein abundance declined between 16 and 19 dg and remained stable
thereafter (Fig. 3.6). Maternal thyroidectomy was associated with reduced levels of a-lN
protein at 16 dg (71% of control value), but increased levels at 21 dg (147% of control
value; Fig. 3.6).
The a-lN primers gave the expected 505 bp product (Table 2.3, Fig. 2.3). The abundance of
a-lN mRNA remained constant between 16 and 21 dg in both N and TX dam progeny (Fig.
3.6), suggesting that the decrease in a-lN protein between 16 and 19 dg in N dam progeny
(Fig. 3.6) was due to post-transcriptional regulation. Maternal thyroidectomy was without
effect on the expression of a-lN mRNA (Fig. 3.6).
3.3.2.1 NF-L
The neuron-specific IF protein, NF-L, is expressed subsequent to a-lN during neuronal
differentiation (Kaplan et al. 1990) and expression of NF-L protein and mRNA is THregulated during postnatal development (Ghosh et al. 1999). The NF-L antibody recognised
a 68 kDa species in fetal and adult brain (Fig 3.7), as expected (Fliegner & Liem 1991); no
signal was detected in adult kidney or spleen (Fig. 3.5). After long exposure, a faint band
was detected in placenta, however, this was due to cross reactivity of the secondary
antibody in this tissue only since the signal persisted even after omission of the primary
antibody (Fig. 3.5). NF-L protein abundance increased between 16 and 19 dg in both N and
TX dam progeny. Maternal thyroidectomy resulted in deficient NF-L protein expression at
16 dg (39% of control level) and 21 dg (43% of control level) (Fig. 3.7). Since fetal brain
weight was depressed between 19 and 21 dg in TX dams (Section 3.2.4), it was decided to
investigate the relationship between NF-L protein and fetal brain weight. Regression of NFL protein levels on fetal brain between 16 and 21 dg revealed linear relationships in N and
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tissues were obtained from normal animals. (A) Blot probed with a-IN antibody contained 16 dg fetal brain
(lane 1), adult brain (lane 2), 16 dg fetal liver (lane 3), 16 dg fetal heart (lane 4) and 19 dg fetal lung (lane
5), all at 2.5 /x g protein loading. (B) Blot probed with GFAP antibody contained 21 dg fetal brain (lane 1),
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antibody contained 21 dg fetal brain (lane 1), adult brain

(lane 2), adult kidney (lane 3), adult spleen (lane 4) and 21 dg placenta (lane 5) all at 2.5 pg protein loading.
(D) Blot contained the same samples as blot C but was probed with secondary antibody only.
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FIGURE 3.6 Expression of a-IN protein and mRNA in fetal brain from N and TX dams. (A)
Representative portions of Western blots probed with an a-IN antibody. Blots contained samples and an
adult brain standard (S) all at 2.5 gg protein loading. Migration of molecular weight markers is indicated
on the left. (B) Abundance of a-IN protein (top panel) and mRNA (bottom panel); a-IN PCR product
intensities were expressed relative to 18S rRNA product intensities. Each point is the mean ± S.E.M of at
least 6 different N (open circles) or TX (closed circles) dams. Symbols denoting ontogenic changes (a
and b) are indicated adjacent to the relevant circles; where data points overlap, these symbols are
indicated above the circles for N dams. “P < 0.01, 19 dg vs 16 dg;
TX vs N dam (Fisher’s PLSD).
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FIGURE 3.7 Expression of NF-L protein and mRNA in fetal brain from N and TX dams. (A) Representative
portions of Western blots probed with an NF-L antibody. Blots contained samples (10 gg protein) and an
adult brain standard (S; 0.5 gg protein). Migration of molecular weight markers is indicated on the left. (B)
Abundance of NF-L protein (top panel) and mRNA (bottom panel); NF-L PCR product intensities were
expressed relative to 18S rRNA product intensities. Each point is the mean ± S.E.M of at least 5 different N
(open circles) or TX (closed circles) dam pregnancies. Symbols denoting ontogenic changes (a and b) are
indicated adjacent to the relevant circles; where data points overlap, these symbols are indicated above the
circles for N dams and below the circles for TX dams.

*P<0.05;

< 0.01, TX V5 N dam (Fisher’s PLSD).
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<0.05,

19 dg

vs 16 dg;

<0.05, 21 dg vs 16 dg;

TX dam progeny of identical slope but differing elevation (Fig. 3.8). Thus, for a given fetal
brain weight, NF-L protein levels were lower in TX than N dam progeny.
The NF-L primers amplified the expected 524 base pair product (Fig. 2.3, Table 2.3). NF-L
mRNA levels increased approximately 3-fold between 16 and 19 dg in both groups and
remained stable thereafter (Fig 3.7). Expression of NF-L mRNA was unaffected by
maternal thyroidectomy (Fig. 3.7).
3.3.2.3 NF-L mRNA:a-IN mRNA ratio
Since both NF-L and a-IN are neuron-specific markers, the NF-L:a-IN mRNA ratio serves
as an indicator of neuronal differentiation state with respect to cytoskeletal mRNA
expression. In both N and TX dam progeny, the NF-L:a-IN ratio rose approximately 2-fold
between 16 and 19 dg, then almost 1.5-fold between 19 and 21 dg as neuronal
differentiation proceeded (Fig. 3.9), consistent with the gradual replacement of a-IN with
NF-L as the major neuronal IF gene expressed in maturing neurons (Section 1.7.1). The
NF-L:a-IN transcript ratio was unaffected by maternal thyroidectomy (Fig. 3.9).
3.3.2.4 GFAP
The type III IF protein GFAP, is a marker of astrocytic differentiation and its expression
coincides with a decline in vimentin expression (Section 1.7.1). Rat models of combined
matemo-fetal hypothyroidism have shown that GFAP protein expression is reduced in the
perinatal hippocampus (Rami & Rabie 1988, Martinez-Galan et al. 1997). The GFAP
antibody recognised a 50 kDa protein species and a less abundant slower migrating species
{ca. 60 kDa) in fetal and adult brain (Figs. 3.5 & 3.10). The 50 kDa band was specific for
nervous tissue, whereas the 60 kDa band was detected in fetal liver, lung and heart (Fig.
3.5). Based on the molecular weight of GFAP (50 kDa) and the tissue distribution patterns
of the 2 species, only the 50 kDa band is likely to represent authentic GFAP. The 60 kDa
band is a cross-reacting species of ubiquitous distribution and was therefore not studied
further. GFAP protein was undetectable at 16 dg, probably due to a relatively low number
of differentiated astrocytes during this period compared with later stages of development.
GFAP protein was present at similar abundance in both N and TX dam progeny at 19 dg.
Levels increased 5-fold between 19 and 21 dg in N dam progeny, but only 3-fold in TX
dam progeny (Fig. 3.10). Consequently, GFAP protein levels were markedly deficient in
fetal brain from TX dams at 21 dg (44% of control level; Fig. 3.10). Regression of GFAP
protein on fetal brain weight resulted in superimposable regression lines, indicating
appropriate GFAP protein expression for fetal brain weight in TX dam progeny (Fig. 3.11).
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FIGURE 3.9 NF-L:a-IN transcript ratios in fetal brain from N and TX dams. NF-L PCR product intensities
for were divided by a-IN product intensities. Data are mean ± S.E.M of at least seven different N (open bars)
and TX (closed bars) dam pregnancies.
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FIGURE 3.10 Expression of GFAP protein and mRNA in fetal brain from N and TX dams, (A)
Representative portions of Western blots probed with a GFAP antibody. Blots contained samples (10
protein) and an adult brain standard (S; 0.25

fig protein).

fig

Migration of molecular weight markers is

indicated on the left and authentic GFAP on the right. The GFAP antibody cross-reacts with a minor 60
kDa protein species, which was not studied further. (B) Abundance of GFAP protein (upper panel) and
mRNA (lower panel); GFAP PCR product intensities were expressed relative to 18S rRNA product
intensities. Each point is the mean ± S.E.M. of at least 6 different N (open bars) or TX (solid bars) dams.

<0.05, 21 dg vs 19 dg; *P<0.05, * *P<0.01, TX V5 N dams (Fisher’s PLSD).
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FIGURE 3.11 Regression of GFAP protein levels on fetal brain weight at 1 9 - 2 1 dg. The linear
relationships found for N (open circles; r^= 0.64;
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The GFAP PCR product was 450 bp in length (Fig. 2.3), as expected (Table 2.3). GFAP
mRNA was present at similar abundance in both N and TX dam progeny at 19 dg (Fig.
3.10). Levels increased 4-fold between 19 and 21 dg in N dam progeny but only 2.5-fold in
TX dam progeny (Fig. 3.10). Consequently, levels of GFAP mRNA were deficient in fetal
brain from TX dams (64 % control level) at 21 dg (Fig. 3.10). Regression of GFAP mRNA
abundance on fetal brain weight resulted in superimposable regression lines, indicating
appropriate GFAP mRNA expression for fetal brain weight in TX dams (Fig. 3.12).
3.3.3 Expression of a- and p-tubulin isoforms
Microtubules serve various functions in several eukaryotic cell types, including crucial
roles in morphogenesis, mitotic spindle formation and organelle transport. In neurons,
microtubules are necessary for neurite extension and provide the substrate for axonal
transport (Kirkpatrick & Brady 1999). Several a- and P-tubulin genes encode tubulins, the
principal subunits of microtubules. At least two different a- and three different P-tubulin
genes are expressed in the developing rat brain, all of which are TH-regulated during
postnatal development (Aniello et al 1991b).
3.3.3.1 a-Tubulin protein and mRNA expression
Two a-tubulin isoforms, T a l and T26, are expressed in embryonic rat brain. Since the
T a l and T26 polypeptides differ by only a single amino acid (Sullivan et a l 1988),
antibodies distinguishing the two isoforms are not available at present. Therefore, a single
antibody, recognising both T a l and T26 isoforms, was employed in this study. The
a-tubulin antibody identified the expected 50 kDa species in fetal and adult brain (Fig.
3.13). a-Tubulin protein abundance increased 2-fold in N dams and almost 4-fold in TX
dams between 16 and 19 dg (Fig. 3.13). Thereafter, levels continued to rise in N dams but
remained stable in TX dams (Fig. 3.13). Consequently, levels of a-tubulin protein were
deficient in fetal brain from TX dams (45% control levels) at 21 dg. Regression of
a-tubulin protein levels on fetal brain weight between 16 and 21 dg yielded a linear
relationship in N dams (Fig. 3.13). Since a-tubulin protein did not display a linear
ontogeny in TX dams (Fig. 3.13), it was deemed inappropriate to perform linear regression
of these data on fetal brain weight. In this regard, data from TX dams were more accurately
described by a second order polynomial curve (Fig. 3.13).
Regarding a-tubulin transcripts, T a l is the major a-tubulin mRNA isoform in embryonic
rat brain and is enriched in cell populations undergoing neurite outgrowth. In contrast, T26
is less abundant in neural cells and is enriched in proliferative zones of the embryonic
brain, implicating it in cell division (Miller et a l 1987). Both isoforms are TH-regulated
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FIGURE 3.12 Regression of GFAP mRNA levels on fetal brain weight at 19 - 21 dg. The linear
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FIGURE 3.13 Expression of total a-tubulin protein in fetal brain from N and TX rat dams. (A)
Representative portions of Western blots probed with an a-tubulin antibody. Blots contained samples
(0.5 /ig protein) and an adult brain standard (S; 1 /xg protein); migration of molecular weight markers is
indicated on the left. (B) Abundance of a-tubulin protein. Each point is the mean ± S.E.M. of data from
N (open circeles) and TX (closed circles) dams; n is indicated in parentheses. Symbols denoting
ontogenic changes (a and b) are indicated adjacent to the relevant circles.
21 dg V5 19 dg;

<0.05,

21 dgvs 16 dg;

< 0.05 , 19 dg vj 16 dg or

*P< 0.01, TX vs N dams (Fisher’s PLSD). (C) Regression of

a-tubulin protein on fetal brain weight at 16 - 21 dg. A linear relationship (/^ = 0.42, P < 0.01) was
found in N dams (open circles). Data in TX dams (closed circles) was best described by a second order
polynomial curve (r^ = 0.61).
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during postnatal rat brain development (Aniello et al. 1991b). T a l and T26 may be
distinguished at the mRNA level due to divergent nucleotide sequences within the 3'untranslated regions of their respective transcripts (Miller et al. 1987).
The T a l primers gave a single 589 bp product (Fig. 2.3), as expected (Table 2.3). Levels of
T a l mRNA increased 1.7-fold between 16 and 19 dg and remained stable thereafter in both
N and TX dam progeny (Fig. 3.14). Maternal thyroidectomy was without effect on
T a l mRNA expression (Fig. 3.14).
Primers for T26 gave the expected 483 bp product (Table 2.3, Fig. 2.3). The abundance of
T26 mRNA increased 1.7-fold between 16 and 21 dg in N dam progeny, but remained
stable in TX dam progeny during the same period (Fig. 3.14). Nevertheless, maternal
thyroidectomy was without effect on T26 mRNA levels (Fig. 3.14).
3.3.3.2 p-tubulin protein isoforms
Three P-tubulin isoforms, Rp.l, Rp.2 and Rp.3, are expressed in developing rat brain. Rp.l
is expressed in many tissues but also constitutes a major neural p-tubulin associated with
neural differentiation. The Rp.2 isoform is brain-specific, whilst Rp.3 is ubiquitously
expressed (reviewed in Sullivan et al. 1988). The antibody used in this study was specific
for Rp.l and Rp.2 and recognised the expected 50 kDa species in adult and fetal brain (Fig.
3.15). Combined Rp.l and Rp.2 protein abundance increased 4-fold between 16 and 19 dg
in both groups (Fig. 3.15). Although levels increased a further 3-fold between 19 and 21 dg
in N dam progeny, they remained stable in TX dam progeny during this period (Fig. 3.15).
Consequently, combined protein levels of Rp.l and Rp.2 were markedly deficient in fetal
brain from TX dams (40% of control levels) at 21 dg, suggesting deficient neural
differentiation. In this regard, the ontogeny of combined Rp.l and Rp.2 protein was similar
to that of a-tubulin (Section 3.3.3.1). Regression of Rp.l and Rp.2 protein levels on fetal
brain weight between 16 and 21 dg yielded a linear relationship in N dam progeny, whereas
data from TX dam progeny were more closely described by a hyperbolic curve (Fig. 3.15).
3.4 Summary of the effects of maternal hypothyroidism on cytoskeletal protein
expression in fetal brain
Maternal thyroidectomy affected the expression of several cytoskeletal proteins in fetal
brain. The expression of vimentin protein and nestin mRNA were normal however,
suggesting no effect on neural precursor cells. The abundance of both these markers
declined with development, consistent with progressive neural cell differentiation.
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FIGURE 3.14 Expression of a-tubulin mRNA transcripts in fetal brain from N and TX dams. T a l (left
panel) and T26 (right panel) PCR product intensities were expressed relative to 18S rRNA product
intensities. Each point is the mean ± S.E.M of at least 7 different N (open circles) or TX (closed circles)
dams. Symbols denoting ontogenic changes (a and b) are indicated adjacent to the relevant circles; where
data points overlap, these symbols are indicated above the circles for N dams and below the circles for TX
dams.

<0.05, 19 dg vs 16 dg; <0.05, 21 dg V5 16 dg.
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TX rat dams. (A) Representative portions of Western blots probed with an antibody specific for P-tubulin
isotypes Rp.l and R p.2. Blots contained samples (0.5 /xg protein) and an adult brain standard (S; 2
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protein). Migration of molecular weight markers is indicated on the left. (B) Combined protein abundance of
Rp.l and R p.2 . Each point is the mean ± S.E.M. of data from N (open circles) or TX (closed circles) dams;
n is indicated in parentheses. Symbols denoting ontogenic changes (a and b) are indicated adjacent to the
relevant circles. “P < 0.05, 19 dg

16 dg or 21 dg

vs 19 dg;

<0.05, 21 dg vs 16 dg; *P<0.01, TX v5 N

dams (Fisher’s PLSD). (C) Regression of P-tubulin protein isoforms Rp.l and R p.2 on fetal brain weight at
16 - 2 1 dg. A linear relationship (r^ = 0.51; P < 0.01) was found in N dams (open circles). Data in TX dams
(closed circles) was best described by a hyperbolic curve (r^ = 0.42).
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Attempts to analyse nestin protein expression were unsuccessful, despite the use of a
previously characterised monoclonal antibody, RAT-401 (Hockfield & McKay 1985). In
the present study, this antibody recognised a band of 206 kDa in fetal brain, which is likely
to be nestin, along with multiple bands of higher and lower molecular weight. These
findings disagree with the report by Hockfield & McKay (1985) in which the authors
generated an antibody that recognised a single band of 200 kDa in embryonic rat CNS.
These discrepancies may represent differences in Western blotting methodology. In the
study by Hockfield & McKay, the single 200 kDa band appears close to the origin of
migration of the gel, suggesting limited separation of proteins (Hockfield & McKay 1985).
However, since the authors provide no information regarding percentage acrylamide gel
composition, which partly determines the resolving power of the Western blotting
technique, it is not possible to determine whether the absence of multiple bands in the
report by Hockfield & McKay is due to limited resolution of protein bands.
A possible explanation for the presence of bands with a higher molecular weight than
expected may be the existence of post-translationally modified forms of nestin, whilst those
of lower molecular weight may represent nestin degradation products. Indeed, a study
employing an anti serum against human nestin has demonstrated the existence of a
glycosylated form of nestin in human newborn brain (Grigelioniené et al. 1996). A more
recent study (also employing a novel rat nestin antiserum) in immortalised rat neural
precursor cells has shown that nestin also undergoes phosphorylation on a threonine residue
within its carboxyl terminus, and also suggested the existence of nestin degradation
products (Sahlgren et al. 2001). Thus, the complex band pattern obtained with the RAT401 antibody in this study may be due to the presence of multiple forms of nestin, although
cross-reactivity of RAT-401 with nestin-related proteins cannot be ruled out.
The most interesting findings from this chapter relate to the effect of maternal
thyroidectomy on markers of early neuronal differentiation. Maternal thyroidectomy
disturbed the expression of two neuronal specific cytoskeletal proteins, a-IN and NF-L,
before and after the onset of fetal TH secretion. Deficits in NF-L protein occurred
independently of fetal brain growth retardation, suggesting a permanent delay in neuronal
differentiation. Neither a-IN nor NF-L mRNA levels were affected by maternal
thyroidectomy however, suggesting that maternal TH may regulate the expression of these
proteins via post-transcriptional mechanisms.
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In contrast, the astrocytic differentiation marker, GFAP, exhibited deficient mRNA and
protein abundance in fetal brain from TX dams at 21 dg. Deficits in GFAP expression in
TX dam progeny were related to the retarded fetal brain growth in these pregnancies.
Levels of a- and P-tubulin protein isotypes associated with neural differentiation increased
in fetal brain during normal pregnancy, but were deficient in fetal brain from TX dams near
term. Maternal hypothyroidism was associated with impaired accumulation of these
proteins with fetal brain growth. The expression of mRNAs encoding T a l and T26 was
unaffected. Thus, a-tubulin is unlikely to constitute a primary target for maternal TH action
in fetal brain, despite the presence of a functional TRE in this gene (Isglesias et at. 1996).
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CHAPTER 4

THE EFFECT OF THYRGH)
HORMONE ON DIFFERENTIATING
NEURONS IN CULTURE
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4.1 Introduction
Results in Chapter 3 demonstrate that maternal hypothyroidism disturbs the expression of
the neuronal markers a-IN and NF-L from before the onset of fetal TH secretion (Section
3.3.2.1 & 3.3.2.2). This may occur as a result of interference with a direct mechanism of
action of maternally-derived TH on fetal brain. Alternatively, interference with TH action
on the placenta and/or maternal tissues cannot be ruled out due to the complex nature of the
in vivo model (Section 1.8.1). For this reason, a neuronal cell culture model, which is
essentially free from such confounding factors, was developed to test the hypothesis that
TH directly regulates early neuronal differentiation.
A relatively pure neuronal culture system was studied, since the presence of glial cells in
mixed neuronal glial systems may hamper the identification of factors that directly
influence neuronal maturation. Primary neurons were isolated from 15 dg fetal brain. Cells
were harvested after 20 and 40 h, in order to model the developmental stage prior to the
onset of fetal TH secretion in vivo. Rat fetal brain at 17 dg contains 0.1 picomole T3/g
tissue, therefore a T3 concentration of 0.1 nM was included to approximate concentrations
in fetal brain prior to the onset of fetal TH secretion (Ruiz de Ona et al. 1988). Since T3
binds avidly to plastics and glass, 1% BSA was including in the medium to act as a carrier
protein. Several approaches to neuronal cell culture involve the use of fetal calf serum, the
disadvantage of the latter being that it promotes glial cell proliferation. In such models,
poisons, usually cytosine arabinoside, are used to inhibit glial cell division in order to
obtain a relatively pure population of neurons. An alternative approach, which avoids the
use of such chemicals, is to use a chemically-defined medium (Butler 1992, Chantoux et at.
1995). This model was chosen since it has been shown that cells cultured in this way are
able to take up T3 (Chantoux et al. 1995).
The first part of this chapter describes the basic characteristics of the cell culture model
with respect to cell morphology and the presence of neuronal and astrocytic markers. Since
this chapter is concerned with TH action, it was also pertinent to investigate the expression
of TR in the present model, and in particular to compare levels with those in fetal brain in
vivo prior to the onset of fetal TH secretion. The second part of this chapter relates to the
effects of T3 on the expression of neuronal cytoskeletal proteins and their mRNAs in this
model.
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4.2 Characteristics of primary neuronal cell cultures
4.2.1 Cell viability and cell yields
The average total cell yield from 15 dg fetal brain was 13.94 ± 0.86 X 10®cells per brain (n
= 10 different cultures) and average cell viability was always greater than 70%.
4.2.2 Cell morphology
Directly after plating, cells appeared phase-bright and exhibited round morphology with no
processes. The majority of cells were attached to the substratum by 2 h after plating, and
neurite outgrowth was evident 2 h after attachment (Fig. 4.1), with most cells having
established connections by 20 h (Fig. 4.1). Further elaboration of processes was evident by
40 h (Fig. 4.1), with some cell clusters having been formed, possibly due to migration of
the cells across the poly-D-lysine substrate. Morphological differentiation and the onset of
neurite outgrowth were accompanied by a more phase-dark appearance. Cells cultured for
94 h were associated with a denser pattern of neurite growth than at previous time points
(Fig. 4.1).
4.2.3 Immimocytochemical localisation of a-IN
The vast majority of cells in culture stained positively for a-IN (Fig. 4.2), suggesting a
relatively pure population of differentiating neurons, as expected (Chantoux et al. 1995).
Staining was present in cell bodies as well as cell processes (Fig. 4.2). Staining was absent
in the negative control (no primary antibody), indicating that positive staining was due to
the primary antibody (Fig. 4.2).
4.2.4 Assessment of glial contamination
The GFAP antibody was used to probe Western blots containing cell culture samples, in
order to assess the degree of any possible contamination of the neuronal cultures with glial
cells. GFAP was almost undetectable at 40 h, signals remaining very weak at 94 h (Fig.
4.3). GFAP protein was clearly detectable by 150 h however, with stronger signals present
by 180 h (Fig. 4.3). These data suggest that whilst glial contamination is negligible up to 94
h, a substantial number of differentiating astrocytes are present by 150 h in culture.
4.2.5 Expression of c-erbAa and -P transcripts
Primers for c-erM-derived transcripts and 18S rRNA were used to amplify neuronal cDNA
alongside fetal brain cDNA derived from normal dams at 16 dg. All primers yielded
products of the expected length (Table 2.4, Fig. 2.3).
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2h

20 h

40 h

94 h

FIGURE 4.1 Phase contrast micrographs (X 200) of primary neuronal cultures undergoing neurite
outgrowth. Cells were cultured in a chemically-defined medium containing either vehicle (V; left panels) or
1 nM T3 (T; right panels) for 2 - 94 h. Some neurite outgrowth was apparent at 2 h and most cells were
process-bearing at 20 h. No differences between V and T cells were visible at this level.
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B

F IG U R E 4.2 Immunocytochemical visualisation of a-IN protein in primary neuronal cultures
at 40 h. Cells were fixed in ethanol then incubated in the presence (A) and absence (B) of a IN primary antibody. The antigen was visualised with an Avidin Biotin Complex kit using
DAB as a chromagen and Mayer’s haematoxylin for counterstaining. (A) The majority of
cells in culture stained positive (brown staining) for a-IN . (B) Staining was absent in the
negative control (no primary antibody) control. Bar = 1(X) /^m.
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_

45 —

F IG U R E 4.3 Assesment of glial contamination o f primary neurons in culture. Representative
portions of Western blots probed with a GFAP antibody. Blots contained 10 pg of protein from
neurons cultured in the absence of T3 for 40 h (lane 1), 94 h (lane 2), 150 h (lane 3), and 180 h
(lane 4).
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Primary neurons in culture expressed c-erbAa transcripts, including those encoding the T3binding isoform, T R al, and non-T3-binding variants c-erbAa2 and c-erbAa3, as well
TRpl mRNA. Transcript abundance was invariant between 20 and 40 h (Table 4.1).
Relative to 18S, levels of TR al, c-erbAa2 and c-erbAa3 mRNA in neuronal cultures were
similar to those in fetal brain at 16 dg (Table 4.1). However, the c-erbAa2:c-erbAa3 ratio
was lower in neuronal cultures than in fetal brain. Similarly, TRpi transcript levels were
also lower in neuronal cultures than in fetal brain (Table 4.1).

4.3 Effect of T3 on primary neurons in culture
4.3.1 Cell protein, DNA, RNA, protein:DNA ratio and c-erbAa and -P transcripts
Protein content per well, DNA content per well, the proteiniDNA ratio and the total RNA
yield per well remained stable between 20 and 40 h in both treated and untreated cells
(Table 4.2). None of these parameters were affected by T3 treatment (Table 4.2). In order
to obtained sufficient material for analysis it was necessary to collect separate cultures for
use in protein and mRNA studies. Therefore it was not possible to calculate RNAiDNA and
protein:RNA ratios. Expression of TR al, c-erbAa2, c-erbAa3 and TRpi were unaffected
by T3 treatment (Table 4.1).
4.3.2 Expression of cytoskeletal proteins
As mentioned above (Section 4.3.1), protein concentration was invariant between 20 and 40
h and unaffected by T3 treatment in this model. By loading equal amounts of protein on
Western blots, it was therefore possible to compare the abundance of cytoskeletal proteins
in treated and untreated cells. Similarly, since total RNA yield from cell cultures was
unaffected by T3 treatment (Section 4.3.1), it was possible to use 18S rRNA as an internal
control in this model. Transcript abundance for cytoskeletal proteins was expressed relative
to 18S rRNA. Levels of GAPDH relative to 18S were also unaffected by time in culture or
T3 treatment (Fig. 4.4), and results expressed relative to GAPDH showed similar trends to
those obtained relative to 18S and have therefore not been reported.
To allow an approximate comparison between cytoskeletal transcript abundance in cell
cultures with that fetal brain, it was necessary to correct for the lower cycle number used in
cell culture 18S PCRs (Table 2.3). For the purpose of this comparison only, values for 18S
PCR product intensities in cell culture were doubled prior to the calculation of ratios.
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TABLE 4.1 Abundance of c-erbA derived transcripts in cultured neurons and fetal brain from N dams.

Neurons at 20 h

Neurons at 40 h

16 dg fetal brain

[T3] (nM)

TRal/18S

c-erbAa2/18S

c-erbA(x3/18S

c-erbAa2:cerbAa3

TRP1/18S

0.0

2.28 ± 0.42

0.16 ±0.02

0.23 ± 0.02

0.71 ±0.11

0.85 ± 0.23

0.1

2.21 ± 0.27

0.18 ±0.02

0.15 ±0.02

1.27 ±0.32

0.72 ±0.18

1.0

2.18 ±0.28

0.24 ± 0.05

0.19 ±0.04

1.29 ±0.06

0.80 ± 0.28

0.0

2.48 ±0.56

0.28 ± 0.06

0.21 ± 0.05

1.41 ±0.29

1.01 ±0.34

0.1

2.59 ± 0.52

0.28 ± 0.05

0.22 ± 0.05

1.30 ±0.15

0.80 ± 0.06

1.0

2.22 ± 0.78

0.16 ±0.04

0.20 ± 0.03

0.79 ±0.10

1.23 ±0.12

1.56 ±0.42

0.28 ± 0.05

0.12 ±0.03

2.62 ±0.46*

3.50 ±0.24*

Neuronal cDNA was amplifîed alongside fetal brain cDNA derived from normal rat dams at 16 dg, using c-erbA and 18S primer sets. Intensities
of C-erbA PCR products were expressed relative to 18S product intensities. Values are mean ± S.E.M. of 3 different cultures and fetal brains from
3 different pregnancies. *P < 0.05, fetal brain vs neurons in culture (Fisher’s PLSD).

TABLE 4.2 Effect of T3 on primary neurons in culture.

[T3] (nM)

Neurons at 20 h
00

Neurons at 40 h

Protein/well (fig)

DNA/well (jLtg)

Protein:DNA ratio

RNA/well (/tg)

0.0

32.2 ± 7.4

13.8 ± 3.0

2.29 ±0.13

3.00 ±0.34

0.1

41.1 ± 8.4

16.1 ±3.2

2.60 ± 0.26

2.65 ±0.45

1.0

45.1 ±9.6

16.7 ± 3.6

2.74 ± 0.33

2.67 ±0.32

0.0

41.5 ±9.8

15.9 ± 3.7

2.64 ±0.13

3.21 ±0.43

0.1

39.8 ± 7.6

18.2 ± 3.7

2.20 ±0.10

3.60 ±0.31

1.0

41.2 ±8.3

16.2 ±3.9

2.64 ±0.17

3.62 ±0.24

Protein was determined by Bradford assay (Bradford et a l 1976), DNA by a fluorometric method (Labarca & Paigan 1980), and RNA values
were calculated from total RNA yields. Values are mean ± S.E.M, of at least 4 different cultures. No significant differences were found with
time in culture or T3 treatment.

GAPDH mRNA
c/3
00

§

I
20

40

Time in culture (h)

FIGURE 4.4 Abundance of GAPDH mRNA in primary neuronal cultures treated with 0 (open
bars), 0.1 (hatched bars) and 1 nM T3 (solid bars). GAPDH PCR product intensities were
expressed relative to 18S PCR product intensities. Values are mean ± S.E.M. of at least 4 different
cultures. No significant time- or treatment-related differences were found.
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4.3.2.1 Nestin
The nestin antibody gave a similar profile in primary neuronal cultures compared with fetal
brain. Experiments using this antibody in this model yielded similar problems to those
discussed in Chapter 3 (Section 3.3.1.2).
Nevertheless, since this cell culture model expresses TR isoforms, and nestin contains a
putative TRE (Lothian et al. 1999), it was of interest to investigate the expression of the
nestin gene in this model. The abundance of nestin mRNA remained stable in control and
treated cultures between 20 and 40 h and was unaffected by T3 treatment (Fig. 4.5). Nestin
mRNA abundance was approximately 7-fold lower in neuronal cultures compared with
fetal brain at 16 dg (Table 4.3). This was expected, since nestin is expressed in early
neuronal and glial precursors in brain (Fliegner & Liem 1991, Dahlstrand et al. 1995),
whereas the cultures comprised predominantly differentiating neurons.
4.3.2.2 ot-IN
In neuronal cultures, the a-IN antibody recognised the expected 66 kDa species, the
abundance of which increased almost 3-fold in control cultures as process growth
proceeded (Fig. 4.6). T3 treatment increased a-IN protein abundance at 20 h (182% and
216% control levels for 0.1 and 1 nM T3 respectively) and at 40 h (131 % control for 1 nM
T3).
The abundance of a-IN mRNA remained stable in control and treated cultures between 20
and 40 h and was unaffected by T3 treatment (Fig. 4.6). a-IN mRNA abundance in
neuronal cultures was approximately similar to that in fetal brain at 16 dg (Table 4.3).
4.3.2.3 NF-L
The NF-L monoclonal antibody was used to probe Western blots containing cell culture
samples. NF-L protein was almost undetectable in cells cultured for 20 - 40 h. In cells
cultured for 94 h, signals on autoradiograms remained weak even after overnight exposure.
Some cells were left in culture for 15 days. However, signals remained weak even in these
samples (Fig. 4.7). Experiments were repeated using a polyclonal NF-L antibody
(Chemicon; AB 1983), however, levels of NF-L protein remained virtually undetectable
using this antibody (data not shown). These results suggest that the inability to detect NF-L
protein was due to low levels of expression rather than due to a novel protein isoform that
is not recognised by the antibody.
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FIGURE 4.5 Expression of nestin mRNA in primary neurons. Abundance of nestin mRNA in neurons

treated with 0 (open bars), 0.1 (hatched bars) and 1.0 nM T3 (closed bars) for 20 - 40 h. Values are mean ±
S.E.M. of at least 4 different cultures. No significant treatment effects were found.
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TABLE 4.3 Approximate comparison of nestin, a-IN and NF-L trancript abundance in neurons in culture and normal
fetal brain.

Nestin/18S

a-IN/lSS

NT-L/18S

NF-L: a-IN ratio

Neurons at 20 h

0.63 ± 0.06

0.72 ± 0.07

0.41 ±0.05

0.57 ± 0.03

Neurons at 40 h

0.66 ± 0.07

0.77 ± 0.09

0.42 ± 0.05

0.53 ±0.03

Fetal brain at 16 dg

4.74 ± 0.49*

0.80 ±0.12

0.20 ±0.03*

0.26 ± 0.03*

Mean values for Nestin, a-IN and NF-L transcript abundance were calculated for each culture at 20 h and 40 h across all three
concentrations of T3; this was compared with normal fetal brain at 16 days gestation. For the purpose of this comparison only, 18S
PCR product intensities in neuronal cultures were doubled prior to the calculation of ratios (Section 4.3.2). Values are mean ± S.E.M.
of at least six different dam pregnancies or at least 4 different neuronal cultures;'? < 0.05 fetal brain vs neurons (Fisher’s PLSD).
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FIGURE 4.6 Expression of a - I N protein and mRNA in primary neurons. (A) Representative
Western blot probed with an a-IN antibody. Blots contained samples and an adult brain standard (S)
all at 2.5 fig protein loading. Migration of molecular weight markers is indicated on the left. (B)
Abundance o f a - I N protein (top panel) and mRNA (bottom panel) in neurons treated with 0 (open
bars), 0.1 (hatched bars) and 1.0 nM T3 (closed bars) for 20 - 40 h. Values are mean ± S.E.M. of at
least 4 different cultures. ‘‘F < 0.01, 40 h
or 1.0 nM T3

20 h; *P < 0.05, **P < 0.01, cells treated with 0.1 nM T3

cells treated with 0 nM T3 (Eisher’s PLSD).
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FIGURE 4.7 Expression of NF-L protein and mRNA in primary neuronal cell cultures, (A)
Representative portions of Western blots probed with an NF-L monoclonal antibody (NR4; Sigma
Chemical Co.). Blots contained fetal brain from a normal dam at 21 dg (lane 1) and primary neurons
cultured for 15 days in the absence of T3 (lane 2), both at 10 pg protein loading. (B) Abundance of
NF-L mRNA in neurons treated with 0 (open bars), 0.1 (hatched bars) and 1.0 nM T3 (closed bars)
for 20 - 40 h. Values are mean ± S.E.M. of at least 4 different cultures. No significant treatment
effects were found.
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The abundance of NF-L mRNA remained stable in control and treated cultures between 20
and 40 h and was unaffected by T3 treatment (Fig. 4.7). NF-L mRNA abundance in
neuronal cultures was approximately 2-fold greater than that in fetal brain at 16 dg (Table
4.3). This difference may related to the presence of glial precursor cells at 16 dg. In
contrast, cell cultures consisted of differentiating neurons and were therefore enriched for
NF-L. However, as mentioned previously, levels of a-IN mRNA (also neuron-specific)
appeared similar in neuronal cultures compared with fetal brain. Consequently the NF-L:aIN ratio in neuronal cultures was approximately twice that in fetal brain (Table 4.3).

4.4 Summary
Primary neurons in culture exhibited the expected morphology, neurite outgrowth increased
as neuronal differentiation proceeded and the vast majority of cells stained positive for the
neuron-specific marker a-IN. Glial cell contamination of the cultures, as judged by GFAP
immunoblotting, was negligible, at least up until 40 h in culture. Primary neurons in culture
expressed transcripts encoding TR isoforms and related non-T3-binding isoforms.
Expression of these transcripts was unaffected by T3 treatment, as expected (Castiglia et al.
1992, Puymirat et al. 1992). In agreement with previous findings (Castiglia et al. 1992),
levels of T R al, the most abundant isoform in fetal brain, and c-erbAa2 and c-erbAa3
variants were similar in cell cultures and fetal brain, whereas TRpi was less abundant in
the former. The lower abundance of TRpi mRNA in cell cultures is expected, since TRpl
mRNA is associated with zones of neuroblast division in fetal brain (Bradley et al. 1992),
whereas the present model comprises differentiating neurons. It is difficult to draw
conclusions regarding the lower c-erbAa2:c-erbAa3 ratio in neurons in culture compared
with fetal brain, since previous studies have not discriminated c-erbAa2 and c-erbAa3
expression in different cell types during development. Nevertheless, these results indicate
that the present model closely approximates fetal brain neurons in vivo prior to the onset of
fetal TH secretion.
Analogous to findings in the animal model (Chapter 3), T3 had no effect on cell protein,
DNA or protein:DNA ratio in primary neuronal cell cultures. The expression of nestin
mRNA in these cultures was unaffected by T3 treatment, despite the presence of a putative
TRE in the nestin promoter (Lothian et al. 1999).
Expression of NF-L protein in primary neurons in culture was markedly lower than in fetal
brain. The reasons for low levels of NF-L protein in these cultures are unclear since the
abundance of NF-L mRNA in cell cultures appeared to exceed that in fetal brain. One
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possible explanation is that NF-L mRNA is localised within dendrites and may undergo
local translation (reviewed in Steward & Schuman 2001). Therefore, the lack of NF-L
protein may be due to inadequate development of the dendritic compartment in the cell
culture model. In this regard, dendritic development is by several factors, including contact
with astrocytes (Piontek et al. 2002), as well as components of the ECM (Reichardt &
Tomaselli 1991); neither of these factors is likely to be adequately replicated in the in vitro
model. It is of interest to the present study therefore, that human neuroblastoma cells
cultured on ECM gel derived from Engelbreth-Holm-Swarm murine sarcoma express
phosphorylated NF-M and NF-H, whereas these proteins are undetectable when these cells
are grown on uncoated coverslips (Glass et al. 2002). No data were presented for NF-L.
The main findings in this chapter relate to the effect of T3 on the expression of a-IN. In
control cultures, a-IN protein levels increased between 20 and 40 h, whereas a-IN mRNA
remained stable, suggesting that this temporal increase in a-IN protein abundance is
mediated via post-transcriptional mechanisms. The abundance of a-IN protein, but not
mRNA, was increased by treatment with a physiological level of T3 for 20 h. These
findings are consistent with those in the animal model, in which a-IN protein was deficient
in fetal brain from TX dams before the onset of fetal TH secretion. These results support
the hypothesis that maternal TH directly regulates early neuronal differentiation in fetal
brain prior to the onset of fetal TH secretion. Since neither a-IN nor NF-L mRNA levels
were affected by T3 treatment, these genes are unlikely to constitute primary transcriptional
targets for maternal TH in fetal brain.
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CHAPTER 5

roENTIFICATION OF PRIMARY
THYROID HORMONE-RESPONSIVE
GENES IN DIFFERENTIATING
NEURONS IN CULTURE, USING
DIFFERENTIAL DISPLAY ANALYSIS
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5.1 Introduction
The primary mechanism of TH action is generally considered to be via TR, which bind T3
and function as ligand-activated transcription factors (Zhang & Lazar 2000; Section 1.5).
TH regulates the transcription of several genes in postnatal rat brain (Oppenheimer &
Schwartz 1997, Thompson & Potter 2000; section 1.6.2), however the effect of maternal
TH on gene expression in fetal brain remains poorly characterised. Results in Chapters 3 &
4 demonstrate that partial maternal thyroidectomy disturbs the expression of cytoskeletal
proteins in early fetal brain and that T3 stimulates a-IN protein expression in primary
cultures of fetal brain neurons. Transcript levels were unaffected in these studies however,
despite some of these genes, such as nestin and a-tubulin, having putative and functional
TREs, respectively (Lothian et al. 1999, Iglesias et al. 1996). Nevertheless, it is possible
that maternal TH regulates gene transcription in early fetal brain since T3 and TR are
present in this tissue prior to the onset of fetal TH secretion (Sections 1.3.2.2 & 1.5.2).
The aim of this chapter was to identify primary gene targets of TH action in neurons, by
evaluating the effects of T3 on gene expression in primary cultures of differentiating rat
fetal brain neurons using DDRT-PCR. This culture model was chosen because results in
Chapters 3 & 4 suggest that maternal TH regulates early neuronal differentiation. DDRTPCR is one of the most powerful methods available for analysing the expression of multiple
genes to identify differentially expressed transcripts. It offers several advantages over other
methods: small amounts of RNA are required for analysis, in contrast to subtractive
hybridisation and library construction methods; it allows the simultaneous detection of upand down-regulated genes irrespective of their basal abundance, unlike subtractive
hybridisation and electronic subtractions methods (Wan et al. 1996); DDRT-PCR can
identify novel gene targets at a relatively low cost, unlike microarray analysis.
In the protocol used, DDRT-PCR was used to compare the mRNA-derived cDNA pool
from T3-treated and untreated neurons, to identify T3-regulated genes (Sections 2.3 &
2.10). Differentially transcribed genes may however be either directly regulated by TR
(primary targets) or altered as an indirect effect (secondary targets), for example by another
transcription factor that is a primary target for TH action. To improve the discrimination of
primary targets, each neuronal culture was subjected to short-term (7 h) treatment with 0 or
1 nM T3, both in the presence and absence of 10 fxM cycloheximide (CHX); CHX inhibits
translation, preventing primary TH targets from exerting indirect effects on other genes.
The mRNA pool from each sample was subdivided into 3 cDNA pools by reverse
transcription of total RNA with ET12A, ET^C or ETjjG, and each pool subjected to PCR
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with ^^P-dATP, the relevant ETjjX primer and 7 arbitrary primers; thus each sample was
investigated with 21 primer sets. Products were displayed by electrophoresis and
autoradiography, ensuring that products from different samples generated using the same
primer set were run in adjacent lanes to allow comparison. Differentially expressed bands
were selected when T3 sensitivity was seen in two cultures, in two separate PCR-display
experiments. Such bands were eluted, re-amplified, cloned and sequenced for identification.
Differential expression was then confirmed by semi-quantitative RT-PCR using targetspecific primer sets (Section 2.9).
Whilst the present study was in progress, it was reported that acute T4 administration in
severely hypothyroid rat dams induces a variety of gene transcripts in rat fetal brain
(Dowling et al. 2000a). This study successfully applied DDRT-PCR, supporting the choice
of this method in the present study. It employed an in vivo model however, which may have
been susceptible to the confounding effects of placental dysfunction and maternal
metabolic compromise (Section 1.8.1). In the present study, the use of primary
differentiating neuronal cultures eliminated such effects, as discussed in Section 4.1.
Furthermore, the present study allowed discrimination of primary TH targets, specifically
in rat fetal brain neurons.

5.2 Identification of potential T3 target genes
5.2.1 Cell cultures
Two neuronal cultures (A and B) were studied in the initial DDRT-PCR analysis. Both
displayed the expected morphology ±T3 throughout the culture period (e.g. Fig. 4.1), and
appeared unaffected by CHX (data not shown). Neither T3 nor CHX consistently
influenced total RNA yield (Table 5.1).
5.2.2 DDRT-PCR analysis
PCR using a common EAP primer but variable ET^zX primers yielded different band
patterns, indicating that reverse transcription had subdivided the mRNA into 3 different
cDNA pools (e.g. Figs. 5.1 & 5.2). Pattern variation was also seen when using a common
ET12X primer with variable EAP primers, indicating the EAP primers each displayed
different cDNA populations, as expected (e.g. Figs. 5.1 & 5.2). Using the 21 primer pair
combinations, 18 up-regulated and 14 down-regulated bands were identified in T3-treated
versus untreated cells (Table 5.2). All 32 bands were differentially expressed in both the
presence and absence of CHX (e.g. Figs. 5.1 & 5.2), suggesting that the cDNA bands
originate from genes that may constitute primary T3 targets. Furthermore, the differentially
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TABLE 5.1 Effect of T3 and cycloheximide on total RNA yields in cultures A and B.

CHX iiiM)

0
U)
O

10

[T3] (nM)

fig RNA/weU
Culture A

Culture B

0

2.87

2.94

1

2.60

2.02

0

4.25

2.72

1

1.8

2.02

Primary neuronal cultures were cultured in a chemically-defined medium overnight, before exposure to
either 0 or 10

fiMcycloheximide (CHX) for I h. Cells were then exposed to fresh medium containing

the same concentration of CHX plus either 0 or 1 nM T3 for 7 h, before harvesting and isolation of total
RNA.
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FIGURE 5.1 Composite image of a typical DDRT-PCR autoradiograph. Two primary neuronal cultures (A
and B) were treated with 0 (-) or 1 (+) nM T3 for 7 h in the presence or absence o f 10 jiiM cycloheximide
(CHX). Total RNA samples were reverse transcribed using one o f three

ETjjX downstream primers

(ETjjA, ETjjC or ETj2 G). In this case, samples were amplified using EAPl arbitrary upstream primer and
the relevant ETj2 X downstream primer. Electrophoresis was carried out on a 6 % native acrylamide gel.
Arrows on the left indicate the position of differentially expressed bands 8 and 10.
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FIGURE 5.2 Composite image of a typical DDRT-PCR autoradiograph. Two primary neuronal cultures
(A and B) were treated with 0 (-) or 1 (+) nM T3 for 7 h in the presence or absence of 10

jxM

cycloheximide (CHX). Total RNA samples were reverse transcribed using one of three ET,2 % downstream
primers (ET, 2 A, ET,2 C or ET,2 G). In this case, samples were amplified using EAP2 arbitrary upstream
primer and the relevant ET,2 % downstream primer. Electrophoresis was carried out on a 6 % native
acrylamide gel. The arrow on the left indicates the position of differentially expressed band 16.
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TABLE 5.2 Number of putative T3-regulated genes identified by DDRT-PCR using 21
different primer combinations.

Arbitrary primer

EAPl

EAP2

EAP3

EAP4

EAP5

EAP6

EAP7

Downstream primer

Positively regulated bands

Negatively regulated bands

ET1 2 A

1

0

ET 1 2 C

2

3

ET1 2 G

1

0

ET1 2 A

2

1

ET 1 2 C

2

0

ET1 2 G

1

0

ET1 2 A

2

1

ET1 2 C

0

2

ET1 2 G

0

2

ET1 2 A

0

0

ET 1 2 C

2

0

ET1 2 G

0

1

ET1 2 A

0

1

ET 1 2 C

0

0

ET1 2 G

0

1

ET 1 2 A

1

0

ET 1 2 C

0

0

ET 1 2 G

0

0

ET 1 2 A

3

0

ET 1 2 C

0

1

ET.2G

1

1

Total RNA was isolated from primary neuronal cultures treated with 0 or 1 nM T3 for 7 h in the presence of
10

fiMcycloheximide. Each sample was reverse transcribed using one of three different downstream primers

(ET 1 2 A, ET1 2 C or ET 1 2 G) from the poly(A) tail to divide mRNA into three different cDNA pools. Samples
were amplified using 7 different arbitrary upstream primers (EAP 1-7) and the relevant downstream primer.
A total of 32 differentially expressed bands were displayed and the number of differentially expressed bands
displayed by each primer combination is indicated.
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expressed bands occurred over a background of invariant bands {e.g. Figs. 5.1 & 5.2),
suggesting that T3 had specific effects on gene expression.
5.2.3 Sequencing and identification of differentially expressed cDNA fragments
Three differentially expressed cDNA fragments, 8, 10 and 16, which exhibited the greatest
T3 sensitivity (Figs. 5.1 & 5.2), were selected for further analysis. Fragments 8 and 16 were
up-regulated by T3 and fragment 10 was down-regulated. Fragments were isolated from
gels, re-amplified and their size estimated by electrophoresis. PCR products were re
precipitated, restriction enzyme digested, re-purified by PCIAA extraction, and a sample
subjected to electrophoresis (Section 2.10.2; Fig. 5.3). Analysis of reamplified fragments,
before and after restriction enzyme digestion, indicated no internal cleavage occurred as
fragment length was unaffected (Fig. 5.3B & C). In addition, PCIAA extraction of the
digested DNA fragments appeared to remove primer dimers (Fig. 5.3B and C). Fragments
were then ligated and cloned. For each fragment, plasmid was isolated from 4 clones {e.g.
for fragment 8 these are termed: 8.1 - 8.4). The presence of an insert was confirmed by
PCR across the cloning site between the T7 and T3 promoters (Section 2.10.3.6), the insert
size being equal to the PCR product size minus 133 bp of flanking vector sequence (Fig
2.4). Plasmids 8.1, 8.2, 10.3, 10.4, 16.2, and 16.3, which contained the largest inserts, were
sequenced from the T7 promoter as they were likely to be most useful for identification
purposes (Fig. 5.4, Table 5.3). Plasmid 16.1, which contained an insert comparable in size
to 16.3, was not studied due to the low yield of DNA compared with 16.3 (Fig. 5.4).
Since reverse transcription was performed with ET^gX primers, DDRT-PCR should have
generated cDNA fragments that originate at the start of the mRNA poly(A) tail and extend
upstream into the 3'-untranslated region (3'-UTR). This was not the case in some clones, as
is discussed below (Sections 5.2.3.1-3). In addition, since directional cloning was used
(Section 2.10.3), the inserts should have ligated such that sequencing from the T7 promoter
yielded the antisense strand of the cDNA fragment, flanked 5' by sense ET12X and 3' by the
antisense EAPX sequence (Fig. 2.4). Sequence data however revealed adapter sequences
between the vector and the expected inserts, derived from primer dimers (Figs. 5.5 & 5.7 5.10). Consequently, some cDNA fragments were ligated in the reverse orientation to that
expected, and sequencing yielded the sense strand of the cDNA fragment. Nevertheless,
cDNA fragment sequences were located and identified using the NCBI GenBank database.
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Differential display
(reverse transcription o f R N A follow ed by
amplification o f cD N A using arbitrary primers),
follow ed by electrophoresis o f products.

I
Bands 8,10 & 16 isolated from gels,
and D N A re-precipitated using Pellet
Paint® co-precipitant

1
D N A re-amplified using relevant
ETj 2 X and EAP primers

B

Sam ple electrophoresed
alongside 100 bp ladder

1

fragment 8
PCR products re-precipitated using
Pellet Paint®

600 —

I

fragment 10
600 —

fragment 16
600 —

300 —

300 —

300 —

200 —

200

—

200 —

100 —

100 —

Re-precipitated PCR products
digested with
and EcoRI

Xho\

1
D igests extracted using PCIAA, follow ed by
Pellet Paint® re-precipitation
Sample o f digests electrophoresed
alongside a IkB ladder

I
Ligation into plasmid
vector, follow ed by
cloning

fragm ^t 8

1000

—

250 —

fragment 10

1000

fragment 16

r

—

250 —

FIGURE 5.3 (A) Summary of DDRT-PCR and downstream processing, (B) Following re-amplification
of the differentially expressed cDNA fragments, a sample of the PCR products was electrophoresed on a
1.5% agarose gel alongside a 100 bp DNA ladder. PCR products were then re-precipitated and restriction
enzyme digested. (C) Digests were re-purified and a sample of the re-purified digests electrophoresed on
a 2% agarose gel alongside a 250 bp DNA ladder. In each case the major products are clearly visible.
Black triangles indicate the presence of minor products, and the significance of these is discussed in the
text, ‘pd’ indicates primer dimers.
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Fragment
Clone

8

10

16

.1

FIGURE 5.4 Estimation of insert sizes in plasmids containing cloned PCR products from fragments 8, 10 and
16. Four colonies (.1 - .4) were picked for each fragment. Plasmids were isolated and the multiple cloning
sites were amplified using T3 and T7 primers. The migration of base pair (bp) markers has been indicated.
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TABLE 5.3 Estimation of insert sizes in plasmids derived from cloning of differentially
expressed fragments.
Fragment

8

10

T3-T7 PCR product size

Estimated insert size (PCR product size-133 bp)

(bp)

(bp)

8.1

446

313

8.2

446

313

8.3

186

53

8.4

186

53

10.1

263

130

10.2

234

101

10.3

371

238

10.4

263

130

16.1

436

303

16.2

371

238

16.3

436

303

16.4

234

101

Clone

16

For each differentially expressed fragment cloned, plasmids were isolated from four colonies. The multiple
cloning site of each plasmid was amplified using T7 and T3 primers. Approximate insert sizes were predicted
from the resulting PCR product sizes by subtraction of 133 base pairs (bp), which is contributed by the vector.
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5.2.3.1 Fragment 8 (clones 8.1 and 8.2)
Sequence data for clone 8.1 (Fig. 5.5) allowed identification of a 311 bp insert, including
adapters, of which 219 bp showed 99% homology to the 3'-UTR of rat y-interferoninducible protein-10 cDNA (ylP-lO, Genbank accession no. U22520) adjacent to the
poly(A) tail (Fig. 5.6). The 219 bp sequence was in sense orientation, bounded 5 ' and 3' by
sense EAPl and antisense ET12C sequence, respectively (Fig. 5.5). This 248 bp unit was
considered to comprise the authentic cDNA fragment, though it was in the reverse
orientation to that expected. This was possible because primer-based adapters each side of
the fragment (34 bp to 5' and 29 bp to 3') reversed the restriction enzyme site polarity of the
fragment; there was also evidence of blunt-ended ligation.
The major re-amplification product of fragment 8 was of similar size to the authentic cDNA
fragment in clone 8.1 (263 bp V5 248 bp; Table 5.4). Close examination of the re-amplified
PCR products however revealed a faint ca. 50 bp band, in addition to the 263 bp fragment
(Fig. 5.3B). The former band was also faintly apparent after restriction digestion (Fig. 5.3C)
and was perhaps due to double stranded primers and primer dimers. Indeed, amplification
with T3 and T7 primers revealed that of the four cloned plasmids prepared using fragment
8, two contained inserts of 53 bp, perhaps corresponding to primer-derived sequence, and
two contained inserts of 313 bp, apparently resulting from ligation of primer dimers
alongside the 263 bp cDNA fragment derived from ylP-10 (Table 5.4).
No sequence data was obtained from clone 8.2, consequently it was not studied further.
5.2.3.2 Fragment 10 (clones 10.3 & 10.4)
Clones 10.3 and 10.4 contained inserts each consisting of 2 unrelated cDNA fragments
along with adapter sequences (Figs. 5.7 & 5.8). In clone 10.3, the 250 bp insert comprised a
76 bp cDNA fragment in tandem with a 174 bp fragment, each bounded by whole or partial
EAPl primers (Fig. 5.7). The former was 95% homologous over 59 bp with the brainspecific isoform of the 42 kDa cell division cycle protein (cdc42b; Genbank accession no.
L78075), whilst the latter exhibited 95% homology over 155 bp with a previously
catalogued rat sequence of unknown function (Genbank accession no. BI287302).
Both fragments may have arisen by amplification between EAPl primers during the DDPCR, in a manner reminiscent of arbitrarily primed RNA display methods, since no
downstream ET12X primer could be identified. Indeed the cdc42b-homologous 59 bp
fragment mapped to a region 657 bp upstream of the poly(A) tail (Fig. 5.6). Re
amplification of fragment 10 yielded a major 263 bp product as well as a minor 234 bp
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I—^

insert start

AA^M4A7TNCGA7CGGGCA^CCCCCCCCckcCGTCGCGCCANGGATANNNN

AACAGTCGTGTGAATTCACACGACTGTACAAAGTGGAACTCCTAGNAT
EAPl (-)

EAPl (+)

E coR I

GTATTTTTTGTACGATTTTCATTGTATATGTAAGAACTTGTGTGGTTAAG

TATGTATCAATGGGTAGTTAAAGTTTACATAGGCAAATGCTTTGAATGC

TACATATTACAAGATGTGTTGGATGGTTTTCAAAATAAAATGTACTGTA

TTGAATGTAGTATGAGACCAAAAAAGTAATAAAGTAATAATAACTGAC
insert finish ^ __

ATGAAAAAAAAAAAACTCGAGTTTTTTTTTTTTCAACAGTCGTGraur

ET,fi (+)

Xhol

EAPl (-)

EcoRl

T£CTGCAGCCCGGGGGATCCACTAGTTCTAAAGCGGCCGCCACCGCG

B
EcoRI

(-)

EAPl

EcoRl
BSII —

Xhol

Xhol
311 bp

FIGURE 5.5 (A) Data obtained from T7 primer sequencing of plasmid isolated from clone 1 of
fragment 8

{i.e 8.1).

Sections underlined with thin solid lines indicate the position of sense (+) or

antisense (-) primer sequences and dashed lines indicate the positions of restriction enzyme sites. The
bold solid line corresponds to the region of the insert with homology to the gene encoding rat gamma
interferon inducible protein-10 (ylP-lO). pBluescript II SK+ (BSII) plasmid vector sequence is indicated
in italics. (B) Schematic representation of sequence data in A, showing position of adapter sequences
(hatched boxes). The positions of

Xhol and EcoRI restriction enzyme sites originating from the BSII

multiple cloning sequence and those originating from the ETjjC and EAPl primers at the ends of the
inserted PCR fragment have been indicated. Vertical arrows indicate the position of unexpected bluntended ligations; ? represents unassigned sequence.

139

YlP-10 m RNA

Coding sequence

Poly(A) tail

3 -U T R

clone 8.1
915

388

91

AAAAAA^fij 3
1129

cdc42 mRNA

Poly(A) tail

3 -U T R
Coding sequence

629

672

I-clone 10.31
clone 10.4

5'-

625

601

490

671

AAAAAA^P^ 3
1329

Cvclin ania-6a mRNA

Coding sequence

Poly(A) tail

3 -U T R

clone 16.3

5"'
1637

54

1861

AAAAAA^j^j 3
2081

FIGURE 5.6 Regions within the ylP-lO, cdc42 and cyclin ania-6a mRNAs which bear homology to
the sequences of cloned cDNA fragments 8.1, 10.3 & 10.4, and 16.3 respectively. Clones 8.1 and 16.3
are located within the

3' untranslated regions (3'-UTR) adjacent to the poly(A) tails of the ylP-lO and

cyclin ania-6a mRNAs respectively. Clones 10.3 and 10.4 are located 657 bp upstream from the
poly(A) tail of the cdc42 mRNA.
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TABLE 5.4 Downstream processing of differentially expressed bands.
Insert size as calculated from sequencing data
Band

8

10

16

Size of
reamplified bands

263,50

263, 234

263, 218

Clone

Estimated insert size (PCR
of plasmid using T3 and
T7 primers)

+ Adapters (entire insert)

8.1

313

311

248

8.2

313

ND

ND

8.3

53

ND

ND

8.4

53

ND

ND

10.1

130

ND

ND

10.2

101

ND

ND

10.3

238

250

76,174*

10.4

130

140

71, 35*

16.1

303

ND

ND

16.2

238

no adapters

213

16.3

303

313

251

16.4

101

ND

ND

- Adapters
(Authentic cDNA fragment bound by
expected EAP and ET„X primers only)

Three differentially expressed bands were isolated from gels, re-amplified and the size of products estimated by electrophoresis. After reprecipitation, products
were restriction enzyme digested, and after further re-purification, digested fragments were ligated into plasmid vector. For each differentially expressed
fragment cloned, four colonies o f transformants were picked and the multiple cloning site of each plasmid amplified using T7 and T3 primers. Insert sizes were
predicted from the resulting PCR product sizes by subtraction of 133 base pairs, which is contributed by the vector. Sequence data was used to calculate entire
insert sizes (including adapters) and expected insert sizes (minus adapters). 'Clones 10.3 and 10.4 contained inserts each consisting o f 2 unrelated cDNA
fragments.

|—► Insert 1 start

TGNNNNNNNTNNNCGTANGGGCCCCCCOICACACTCTYCTCTGTGNNTYACAAACA
partial EAPl (+) /mutant

Xhol
Insert I finish-4—i—►Insert 2 start

g g c a t g g t t t t a t t c c t t t g t t t t a a a t g a t c t t t c t a c a g t c g t g t g Ia a t t c a c a
EAPl (-)

EcoRI

CGACTGTGTTCAGGGACCAGCAGAAAAAACCATTCTCCTACAGCGGGTGTGTCT
EAPl (+)

GCAGAGCTGGTGCAAGGTACGCCTGGGACTGTTCCTCAGGGCCACCAGGCACTC

GGTGTGGTGTGGACTGGGTGACTTATCTTTGTGGCGGGCCTTCCTTACATTAAAT
T ^ nf
Insert 2 finish

Partial EAPl

GJ^AATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCG

EcoRl

B
76 bp

174 bp

EcoRI

(+)

EAPl
'

155 bp

59 bp

EcoRI

Bsni—
5'

250 bp

FIGURE 5.7 Data obtained from T7 primer sequencing of plasmid isolated from clone 3 of fragment 10

(i.e

10.3). Sections underlined with thin solid lines indicate the position of sense (+) or antisense (-) primer
sequences and dashed lines indicate the positions of restriction enzyme sites. The bold solid line corresponds
to the region of the insert with homology to the gene encoding the brain specific isoform of cell division cell
protein 42 (cdc42b). pBluescript 11 SK+ (BSII) plasmid vector sequence is indicated in italics. (B) Schematic
representation of sequence data in A, showing position of adapter sequences (hatched boxes). The positions of

Xhol and

EcoRl restriction enzyme sites originating from the BSII multiple cloning sequence and those

originating from the ETjjC and EAPl primers at the ends of the inserted PCR fragment have been indicated.
Vertical arrow indicates the position of unexpected blunt-ended ligation.

142

^

Insert 1 start

GAGNANTTGCCGTAGGNNCCCCCæCCCACTNCNNCGTCNGGNNACGACAGTCG
EAPl (-)

TGTGAATTCACACGNACTGTAGAAAGATCATTTAAAACAAAGGAATAAAACCA
EcoRI

EAPl (+)
Insert 2 start

Insert 1 finish -<■

iGTTTTTT
TCCTGTTTGAAAAAAAAAAAAclrCGAG'
m T m T m T C AGCCATACAGTCGTG

Xhol

E T ,f ( - )

Insert 2 finish

EAPl (+)

ET 1 2 C (+)

^AATTQÇTGCAGCCCGGGGGATCCACTAGNTTCTAAAGCGGCCG

EcoRl

B
71 bp

■ 3 5

bp

EcoRI

BSU

]

Xhol

7

EAPl

EAPl

41 bp

Xhol

6 bp

140 bp

FIGURE 5.8 Data obtained from T7 primer sequencing of plasmid from clone 4 of fragment 10

(i.e 10.4).

Sections underlined with thin solid lines indicate the position of sense (+) or antisense (-) primer sequences and
dashed lines indicate the positions of restriction enzyme sites. The bold solid line corresponds to the region of the
insert with homology to the gene encoding the brain specific isoform of cell division cell protein 42 (cdc42b).
pBluescript II SK+ (BSII) plasmid vector sequence is indicated in italics. (B) Schematic representation of
sequence data in A, showing position of adapter sequences (hatched boxes). The positions of

Xhol and EcoRI

restriction enzyme sites originating from the BSII multiple cloning sequence and those originating from the
ETjjC and EAPl primers at the ends of the inserted PCR fragment have been indicated. Vertical arrow indicates
the position of unexpected blunt-ended ligation; ? Indicates unassigned sequence.

143

band (Fig. 5.3B), either of which may correspond to the 250 bp insert in clone 10.3 (Table
5.4), but no products of 174 or 76 bp. Thus, the 174 and 76 bp fragments were apparently
spliced by PCR, perhaps after annealing of the palindromic EcoRl sites on these fragments
and extension to give the 250 bp insert. These unexpected cDNA products probably arose
due to the low annealing temperature utilised for the first 2 cycles in the DDRT-PCR
protocol (Section 2.10.1.2). Surprisingly, the size of the reamplified product was unaffected
by EcoRI digestion (Fig. 5.3B & C), suggesting the EcoRI site between the 174 or 76 bp
fragments (Fig. 5.7) was inactive.
The 140 bp insert in clone 10.4 comprised a 71 bp fragment alongside a 35 bp fragment,
each bounded by the expected ET^zC and EAPl sequences, and a 34 bp EAPl-based
adapter (Fig. 5.8). The origin of the 140 bp insert was unclear, as re-amplification of
fragment 10 yielded products of 263 and 234 bp (Fig. 5.3, Table 5.4). The 71 bp fragment
showed 95% homology over 41 bp with a region of cdc42b cDNA, closely overlapping that
in clone 10.3 (Fig. 5.6). Surprisingly, the cdc42b fragment was bounded by EAPl and
ET12C sequence (Fig. 5.8), unlike in clone 10.3, even though this was derived from 670 bp
upstream of the poly(A) tail (Fig. 5.6). This may again illustrate the low specificity of
priming in the PCR step of the DDRT-PCR procedure. The 35 bp fragment was not studied
further, since it contained only 6 bp of non-primer associated sequence.
5.2.3.3 Fragment 16 (clones 16.2 & 16.3)
Sequence analysis of clone 16.2 revealed a 213 bp insert with no adapters in the expected
configuration i.e. a 183 bp cDNA in antisense, flanked 5' by sense ETijC and 3' by
antisense EAP2 sequence (Fig. 5.9). A 115 bp portion of the 183 bp cDNA showed 99%
homology to mouse ubiquitously transcribed tetratricopeptide repeat gene (Genbank
accession no. NM009484). There were no intra-fragment primer sequences or EcoRl/Xhol
sites (Fig. 5.9), suggesting the unknown sequence was not derived from another fragment.
This raises the possibility that the 183 bp cDNA was derived from a novel transcript or
splice variant containing the tetratricopeptide repeat. Re-amplification of fragment 16
yielded a major 263 bp product together with a faster migrating 218 bp band, and two such
bands were also apparent after restriction digestion and re-purification (Fig. 5.3B and C,
Table 5.4). The 218 bp product most probably represents the 213 bp insert in clone 16.2
(Table 5.4).
Sequence data for clone 16.3 allowed identification of a 313 bp insert, consisting of a 251
bp authentic cDNA fragment with flanking EAP2 and ET^jA sequences, an ET12A-EAP2
dimer adapter, and another 33 bp adapter with flanking EcoRl-Xhol sites (Fig. 5.10).
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I—► Insert start

/IGATTTGCA^GrACCGGGCCCCCCOTCGCAGTCTTCNTCTTGNNTNATAACT
possibielt/iol

Possible ETjjC

TTATTCTTTACAGCAGTTTGGACCTATCTTAAAAGGAGTTTACTTCTGAAA

CCTACTTTTCACAGAAGTCATTCAGAACACCCCAATAATCTTCAGGTACA

ACAAACCATTCACAATCACCTGGACCAATATTTATGTTAACAGAACAGAA
Insert finish

M—|

GTTGTTATTTTCTTGGTGACATATCTGACCATGTQAATTGCrGCAGCCCGG
EAP2 (-)

E coR I

GGGATCCACTAGTTCTAGAGCGGCCGCCACCGC

B
213 bp
EcoRI

(-)

BSII

Xhol

183 bp

EAP2

BSII

FIGURE 5.9 Data obtained from T7 primer sequencing of plasmid from clone 2 of fragment 16

(i.e

16.2). Sections underlined with thin solid lines indicate the position of sense (+) or antisense (-) primer
sequences and dashed lines indicate the positions of restriction enzyme sites. The bold solid line
corresponds to the region of the insert with homology to the ubiquitously transcribed tetratricopeptide
repeat gene. pBluescript II SK+ (BSII) plasmid vector sequence is indicated in italics. Vertical dotted
lines indicate the beginning and end of the portion of the insert that is homologous to the
tetratricopeptide repeat gene. (B) Schematic representation of sequence data in A. The positions of

Xhol

and EcoRI restriction enzyme sites originating from the BSII multiple cloning sequence have been
indicated.
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^

insert start

AAA^A^NTTGCGGArCCGGGCCCCCcdrCGAGTTTTTTTTTTTTAlcTGACCAT

Xhol

ET 1 2 A (+)

EAP2 (-)

GTGAATTCACATGGTCAGGTTCAATTGTACTNNTATTATAGTTGTGTATT
EcoRI

EAP2 (+)

GTTTATTGCTATAAGAACTGGAGCGTAAATTCTGTAAAAATGTATCTAAT

TTTTATACAGATAAAACTTGCAGACACTGTTCTATNTTAAGTGGTTATTT

GTTTAAATGATGGTGAATACTTTCTTAACACTGGTTTGTCCGCATGTGTA

AAGATTTTTACAAGGAAATAAAATACAAATCTAGTTTTTCTAAAAAAAA
ET.^A (-)

insert finish

M
—

1

AAAACTCGAGGTCGACGGTATCGATAAGCTTGATATCGi4A7TCCrGCAGC

Xhol

EcoRI

CCGGGGGATCCACTAGTTNCTAGAGCGGCCGCCACCGCGGTGGAGC

B
251 bp

EAP2

BSU

Xhol

Bsn —

unassigned
2 2 2 bp
(+ )

Xhol

EcoRI

313 bp

FIGURE 5.10 Data obtained from T7 primer sequencing of plasmid from clone 3 of fragment 16

(i.e

16.3). Sections underlined with thin solid lines indicate the position of sense (+) or antisense (-) primer
sequences and dashed lines indicate the positions of restriction enzyme sites. The bold solid line
corresponds to the region of the insert with homology to the gene encoding cyclin ania-6a. pBluescript
II SK+ (BSII) plasmid vector sequence is indicated in italics. (B) Schematic representation of sequence
data in A, showing position of adapter sequences (hatched boxes). The positions of

Xhol and EccRI

restriction enzyme sites originating from the BSII multiple cloning sequence and those originating from
the ETjjC and EAP2 primers at the ends of the inserted PCR fragment have been indicated.
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The 251 bp authentic cDNA exhibited 97% homology over 222 bp to the 3 -UTR of rat
cyclin ania-6a cDNA (Genbank accession no. AF030091), adjacent to the poly (A) tail (Fig.
5.6). The 33 bp adapter was not primer-derived and may constitute a second cDNA
fragment after restriction digestion; it was unrecognised on the Genbank sequence database.
The 263 bp re-amplification product from fragment 16 was similar in size to the 251 bp
authentic cDNA fragment in clone 16.3 (Table 5.4). This suggests that the adapter
sequences were not incorporated during PCR, but by co-ligation with the 263 bp product.
Though electrophoresis indicated that such small fragments were not present after
digestion/re-purification (Fig. 5.3C), their level may have been below the limit of detection.

5.3 Secondary screening to confirm T3-regulation of yIP-10,
cdc42b and cyclin ania~6a
5.3.1 Selection of candidate genes for secondary screening
Due to the high prevalence of false positives associated with DDRT-PCR, it was necessary
to confirm differential expression of the identified genes by an independent method. To this
effect, 3 of the identified genes were selected for further screening by semi-quantitative
RT-PCR using target-specific primers (Section 2.9).
One of the selected genes, yIP-10 (clone 8.1), is a member of the chemokine family of
proteins, which influence cell migration during inflammatory cell recruitment and play an
essential role in leukocyte infiltration into the brain (reviewed in Mennicken et al. 1999).
Indeed, chemokines influence migration even in the absence of inflammation and may have
important roles in development, growth, response to injury, and tissue repair. Furthermore,
brain cells, including astrocytes, microglia, and neurons, synthesise and respond to
chemokines. Despite the cloning of y/P-iO (Luster et al. 1985) its exact function is
unknown, though yIP-10 elevates intracellular calcium levels in hippocampal neurons,
suggesting the existence of an ylP-lO signalling pathway in these neurons and that yIP-10
may influence neuronal function (Gruol et al. 2001). Given the role of TH in neuronal
development/function (Sections 1.6 and 1.7), yIP-10 was an interesting candidate for
further investigation.
The ubiquitous cdc42 isoform (cdc42u), and the brain specific isoform (cdc42b; clones 10.3
and 10.4), arise from differential splicing of a single gene transcript (Marks & Kwiatowski
1996). Both are members of the Rho family of GTPases, which influence axonal
development, serving as a link between extracellular guidance cues and the actin
cytoskeleton during growth cone migration (reviewed in Mackay et al. 1995). In fetal rat
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brain, cdc42b is predominantly expressed in regions containing differentiating cells, whilst
cdc42u is expressed in regions containing proliferating cells (Olenik et al. 1999). Thus,
further investigation into the T3-regulation of cdc42b was pertinent, given the results in
Chapters 3 and 4 regarding the effects of TH on early neuronal differentiation.
Cyclins are classified into 2 groups; cyclins A, B, D and E are cell cycle regulators,
whereas cyclins C, H, K and T regulate transcription of RNA polymerase II (Dickinson et
al. 2002). Cyclin ania-6a (clone 16.3), belongs to a novel family with homology to cyclins
C, H, K and T. It localises in the nucleus and is associated with the RNA processing
machinery, including RNA polymerase II and the splicing factor SC-35 (Berke et al. 2001).
Recently, cyclin-L, the human homologue of cyclin ania-6a, has been shown to regulate
pre-mRNA splicing, albeit by an uncharacterised mechanism (Dickinson et al. 2002). Thus,
cyclin ania-6a was another interesting candidate for further study, given the recent interest
in TH-regulation of splicing factors during brain development (Bernal 2002).
5.3.2 Confirmation of DDRT-PCR results in cultures A and B
The initial aim of the secondary screening was to verify the results of the DDRT-PCR
analysis with respect to TH-regulation of yIP-10, cdc42b, and cyclin ania-6a in cultures A
and B. Total RNA from cultures A and B, treated with or without T3 in the presence of
CHX, was reverse transcribed using random hexamers. The expression of yIP-10, cdc42b
and cyclin ania-6a was studied by RT-PCR using target-specific primers (Section 2.9.1),
which amplified the expected 556, 362 and 649 bp products, respectively (Fig. 2.3).
Levels of yIP-10 and cyclin ania-6a mRNA were elevated in T3-treated neurons relative to
untreated cells (Table 5.5), as expected from the DDRT-PCR analysis (Figs. 5.1 & 5.2),
though T3 sensitivity was greater in culture A than culture B. The fold increase in the
abundance of each transcript was similar, whether expressed relative to 18S or GAPDH. In
contrast, the expression of cdc42b was not consistently down-regulated by T3, suggesting
the differentially expressed product in band 10 may not be cdc42b. Indeed, the nature of the
inserts in clones 10.3 and 10.4 suggests multiple cDNA fragments were reamplified from
fragment 10, some in tandem (Section 5.2.3.2). Alternatively, fragment 10 may represent a
false positive, since large differences in expression levels may be apparent by DDRT-PCR
when the actual difference is slight (Warthoe et al 1995).
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TA BLE 5.5 Effect o f T3 treatment on the expression o f yIP-10, cdc42b and cyclin ania-6a transcripts in primary neuronal cultures,
analysed by RT-PCR using random hexamer primers for reverse transcription o f total RNA.

Cultures

ylP-lO

[T3] (nM)

cdc42b

cyclin ania-6a

/18S

/GAPDH

/IBS

/GAPDH

/IBS

/GAPDH

A

0

0.01

0.09

0.04

0.32

0.01

0.09

(DDRT-PCR)

1

0.32

3.25

0.08

0.84

0.08

0.78

B

0

0.02

0.36

0.13

1.97

0.03

0.54

(DDRT-PCR)

1

0.41

4.69

0.09

1.04

0.09

1.08

C -G

0

0.28 ±0.12

0.47 ±0.14

0.41 ± 0.03

0.77 ±0.10

0.22 ±0.05

0.37 ± 0.02

(screening)

1

0.27 ±0.10

0.43 ±0.11

0.40 ± 0.04

0.68 ±0.04

0.21 ±0.02

0.35 ±0.02

H -M

0

0.12 ±0.05

0.12 ±0.05

0.64 ±0.21

0.69 ±0.18

0.12 ±0.02

0.12 ±0.03

(2 0 h)

1

0.08 ±0.05

0.08 ± 0.02

0.65 ±0.15

0.56 ±0.12

0.16 ±0.04

0.15 ±0.04

ê

RT-PCR analysis o f yIP-10, cdc42b and cyclin ania-6a transcripts in neuronal cultures used for DDRT-PCR analysis (A and B), secondary screening (C - G)
and cultures used in Chapter 4 for analysis o f transcripts for cytoskeletal proteins (H - M). Cultures A - G were treated with 0 or 1 nM T3 for 7 h in the
presence o f 10

fiMcycloheximide, and cultures H -

M were treated with 0 or 1 nM T3 for 20 h in the absence of cycloheximide. Total RNA was reverse

transcribed using random hexamer primers and yIP-10, cdc42 and cyclin ania-6a PCR product intensities were expressed relative to 18S rRNA and GAPDH
product intensities. Values for cultures C - G and H - M are mean ± S.E.M.

5.3.3 Screening of additional cell cultures
To further analyse the effect of T3 on yIP-10, cdc42b and cyclin ania-6a expression, five
additional cultures (C - G) were prepared, treated with CHX and T3, and screened by RTPCR, in the same manner as cultures A and B. Surprisingly, T3 had no effect on yIP-10,
cdc42b or cyclin ania-6a mRNA abundance in cultures C - G (relative to 18S rRNA or
GAPDH; Table 5.5). Since cultures C - G were prepared several months after cultures A
and B, it may be possible that this lack of response was due to long-term variance in culture
performance, perhaps resulting from reagent batch variation. Therefore, additional RT-PCR
screening was therefore performed using total RNA from cultures treated with 0 or 1 nM
T3 for 20 h in the absence of cycloheximide (cultures H - M; studied in Chapter 4), which
had been prepared 4 months prior to cultures A and B, and 5 months prior to cultures C - G.
T3 was however again without effect on yIP-10, cdc42b or cyclin ania-6a mRNA
abundance in cultures H - M (Table 5.5).
In cultures A and B, the T3-sensitivity of yIP-10 and cyclin ania-6a expression was
indicated by DDRT-PCR and confirmed by RT-PCR (Section 5.3.2). The lack of response
of these genes to T3 in cultures C - G and H - M was therefore confounding, albeit
comparison of cultures H - M with A and B must be made with care due to the different T3
exposure times. The response of cultures A - B to T3 appears anomalous however, perhaps
reflecting culture variability. This variability could be investigated because the inclusion of
an internal standard in different PCR runs allowed direct comparison of yIP-10 and cyclin
ania-6a mRNA abundance in cultures A and B with that in cultures C - G.
Cultures A and B were indeed anomalous relative to cultures C - G with respect to yIP-10
and cyclin ania-6a expression. Relative to 18S, basal yIP-10 expression was >10-fold lower
in cultures A and B than in cultures C - G, whereas expression in T3-treated cells was
similar in both sets (Table 5.5); thus yIP-10 expression was induced by T3 in cultures A
and B, but not in cultures C - G (Table 5.5). In contrast, when expressed relative to
GAPDH, basal levels of yIP-10 mRNA were only slightly lower in cultures A and B than in
cultures C - G, but T3 increased expression 10-fold in the former but not the latter culture
set (Table 5.5). Basal and T3-treated levels of cyclin ania-6a mRNA, relative to 18S, were
lower in cultures A and B than in C - G (Table 5.5). Relative to GAPDH however, basal
cyclin ania-6a expression was lower in culture A—and similar in culture B—compared
with cultures C - G, while levels in T3-treated cells were 2-fold higher in cultures A and B
than in cultures C - G (Table 5.5).
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The GAPDH/18S ratios in cultures A (0.11 & 0.10, -/+ T3, respectively) and B (0.06 &
0.09, -/+ T3, respectively) were 6-fold lower than the mean ratio in cultures C - G (0.56 ±
0.08 and 0.59 ± 0.06, -/+ T3, respectively). This difference explains why correction relative
to 18S rRNA or GAPDH alters the comparative expression levels of yIP-10 and cyclin
ania~6a between cultures A and B versus C - G , and again emphasises the anomalous
characteristics of cultures A and B. Possible explanations for this anomalous behaviour are
discussed below (Section 5.3.4).
5.3.4 Further characterisation of cell cultures used in DDRT-PCR and screening
5.3.4.1 Ejfect of basal expression ofyIP-10 and cyclin ania-6a on T3 sensitivity
As explained above, basal expression of ylP-10 and cyclinania-6a was markedly lower in
cultures A - B compared with C - G . Thus, basal expression of these genes may have
influenced their different responsiveness to T3 in the 2 culture sets. To asses this
possibility, the influence of basal levels of ylP-10 and cyclin ania-6a mRNA on the T3
responsiveness of these genes in cultures A - G was examined by regression analysis. This
relationship was also investigated in cultures H -M .
Basal yIP-10 expression had no influence on the T3 sensitivity of this gene in cultures A G (data not shown). In cultures H - M however, the responsiveness of yIP-10 to T3
treatment tended (P = 0.1) towards an inverse relationship with basal yIP-10 expression
(Fig. 5.11), a relationship possibly dependent on the longer time in culture (20 h).
Regarding cyclin ania-6a, interestingly, in cultures A - G the responsiveness of this gene to
T3 treatment displayed an inverse hyperbolic relationship with basal expression levels (Fig.
5.12). Thus the differing response of cyclin ania-6a to T3 treatment in cultures A and B
compared with C - G , may have been related to the lower basal levels in the former
cultures. Possible factors influencing basal expression of yIP-10 and cyclin ania-6a are
discussed below.
5.3.4.2 Ejfect of cell viability
In preparing primary cultures, cells are subjected to stress and injury by tissue dissociation
and cell purification procedures; cell viability is often measured as a surrogate for the
degree of cell injury. Good practice aims to minimise injury; in this study, only neuronal
suspensions exhibiting >70% viability were cultured. Given the role of ylP-lO in response
to injury (Section 5.3.1), differences in viability between cultures A - B, C - G, and H - M
may have influenced the basal expression and T3 sensitivity of ylP-10. Although the
expression of cyclin ania-6a in fetal brain is uncharacterised, it is likely to be linked to
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FIGURE 5.11 Relationship between response of yIP-10 mRNA to T3 treatment and basal levels of ylP-lO
mRNA in cultures treated with 0 or 1 nM T3 for 20 h. Total RNA was reverse transcribed using random
hexamer primers and ylP-lO PCR product intensities were expressed relative to either 18S rRNA (left panel)
or GAPDH (right panel) product intensities. Ratios for cells treated cells with 1 nM T3 were divided by ratios
for cells treated with 0 nM T3. Almost significant inverse linear relationships (dashed lines) were found when
ylP-lO was expressed relative to 18S rRNA (r ^= 0.518, P = 0.10) or GAPDH

10.0

= 0.535, P = 0.09).
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FIGURE 5.12 Relationship between response of cyclin ania-6a mRNA to T3 treatment and basal levels
of cyclin ania-6a mRNA in cultures treated with 0 or 1 nM T3 for 7 h in the presence of cycloheximide
(cultures A - G). Total RNA was reverse transcribed using random hexamer primers and cyclin ania-6a
mRNA PCR product intensities were expressed relative to 18S rRNA product intensities. Ratios for
cells treated with 1 nM T3 were divided by ratios for cells treated with 0 nM T3. The responsiveness
of cyclin ania-6a mRNA to T3 treatment displayed an inverse hyperbolic relationship (^ = 0.924) with
basal levels of this mRNA.
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neuronal differentiation since it is a transcriptional regulator and differentiation is
accompanied by increased gene transcription. Since cell viability impinges on cell
differentiation, the basal expression and/or T3-sensitivity of cyclin ania-6a may also be
influenced by cell viability. These hypotheses were tested by regression analysis of the
expression and T3-sensitivity of yIP-10 and cyclin ania-6a on cell viability.
Cell viability in cultures A and B was 80 and 84 %, respectively, well within the 75 - 91 %
and 73-91% viability ranges of cultures C - G and H -M , respectively. In cultures A - G,
cell viability had no influence on basal y/P-iO expression (expressed relative to 18S or
GAPDH) or the relative increase in expression in response to T3 (data not shown).
Therefore, differences in cell viability are unlikely to account for the variation in y/P-70
expression and T3 responsiveness between cultures A - B and C - G . Cell viability
however exhibited some positive influence on the T3-responsiveness of y/P-iO expression
in cultures H - M (Fig. 5.13), which may be related to their longer culture time and
exposure to T3 (20 h).
Cell viability in cultures A - G had no influence on basal cyclin ania-6a expression
(relative to 18S or GAPDH), or its responsiveness to T3-treatment (data not shown). In
contrast, basal cyclin ania-6a expression (relative to 18S only) in cultures H -M , exhibited
an inverse hyperbolic relationship with cell viability (Fig. 5.14).
5.3.5 Secondary screening by RT-PCR, using oligo (dT) primed RT
The reverse transcription step of the DDRT-PCR procedure was carried out using ET12X
primers, thus differentially expressed PCR products were derived largely from poly(A)^
mRNA, and it was possible that T3 selectively regulated the expression of poly(A)^yIP-10
and cyclin ania-6a transcripts. Subsequent screening however utilised random hexamer
primed RT, thus the cDNA analysed by target-specific PCR was derived from rRNA,
poly(A)^ RNA and poly(A)' RNA, the latter constituting a relatively large proportion of the
total RNA in brain (Sutcliffe 1988). If T3-related differences in abundance were confined
to poly(A)^ transcripts, they may have been difficult to detect amongst the cDNA
contribution from poly(A)' transcripts, especially if the poly(A)' : poly(A)^ ratio was high or
variant between the cultures sets. Such effects may explain the differences in ylP-lO and
cyclin ania-6a expression between cultures A - B and cultures C - G .
To assess this possibility, total RNA from cultures A - F was reverse transcribed using
oligo (dT) primer and yIP-10 and cyclin ania-6a expression estimated by semi-quantitative
RT-PCR. Cultures G and H - M were not analysed using oligo(dT) primer as no RNA
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FIGURE 5.13 Relationship between response of yIP-10 mRNA to T3 treatment and cell viability in
cultures treated with 0 or 1 nM T3 for 20 h. Total RNA was reverse transcribed using random hexamer
primers and ylP-lO PCR product intensities were expressed relative to either IBS rRNA (left panel) or
GAPDH (right panel) product intensities. Ratios for cells treated cells with 1 nM T3 were divided by
ratios for cells treated with 0 nM T3. A significant linear relationship (r

0.669, P < 0.05,) was found

when Y IP-10 was expressed relative to IBS rRNA (left panel). A similar trend was apparent when results
were expressed relative to GAPDH (right panel), however this was not significant (r^ = 0.411, P = 0.17;
dashed line).
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FIGURE 5.14 Relationship between levels of cyclin ania-6a mRNA and cell viability in cultures treated
with 0 nM T3 (open circles) or 1 nM T3 (closed circles) for 20 h. Total RNA was reverse transcribed
using random hexamer primers and ylP-10 PCR product intensities were expressed relative to IBS rRNA
product intensities. A inverse hyperbolic relationship (r^ = 0.96B) was found in cells treated with 0 nM
T3.
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remained. Expression levels were calculated relative to GAPDH as oligo (dT) priming does
not reverse transcribe 18S rRNA.
In cultures A and B, T3 increased yIP-10 expression to a similar degree whether reverse
transcription was performed with oligo (dT) or random hexamers (Tables 5.5 & 5.6),
whereas the increase in cyclin ania-6a expression was four times greater when using oligo
(dT) primers (Tables 5.5 & 5.6). Thus, T3 may have selectively up-regulated poly(A) ^
cyclin ania-6a transcripts in cultures A and B. Polyadenylation of mRNA activates
translation and is stimulated by two 3'-UTR elements, the hexanucleotide (AAUAAA) and
the cytoplasmic polyadenylation element (CPE; UUUUUAU) (reviewed in Richter 2001).
The CPE is bound by CPE binding protein (CPEB), which has been shown to regulate the
polyadenylation of several cyclin mRNAs (Stebbins-Boaz et al. 1996). Examination of the
cyclin ania-6a 3'-UTR revealed a CPE in this mRNA (bases 1888 - 1894 of coding
sequence) and, given that T3 appears to selectively up-regulate poly(A)^ cyclin ania-6a
mRNA abundance, it is interesting to speculate whether this occurs due to an effect of T3
on CPEB activity.
Using oligo (dT) it was not possible to detect any effect of T3 on yIP-10 and cyclin ania-6a
expression in cultures C - F (Table 5.6). When cultures A and B were directly compared
with C - F, basal yIP-10 and cyclin ania-6a expression was markedly lower in A and B, as
was seen when RT-PCR was performed with random hexamers (Table 5.6). Regression
analysis of cultures A - F demonstrated this difference was unrelated to cell viability; the
latter also had no influence on the T3 responsiveness of yIP-10 and cyclin ania-6a
expression (data not shown). Furthermore, no significant relationship was found between
the T3 responsiveness of yIP-10 and cyclin ania-6a and their basal levels (data not shown).

5.4 Summary
Using 21 primer combinations in a DDRT-PCR protocol, 32 bands appeared differentially
expressed in T3-treated versus untreated neurons in cultures A and B. The 3 cDNA
fragments exhibiting the greatest degree of T3 sensitivity were cloned and sequenced.
Based on sequence homology, they were identified as being derived from ylP-10, cdc42b
and cyclin ania-6a. T3 dependent up-regulation of yIP-10 and cyclin ania-6a expression in
cultures A and B was confirmed by semi-quantitative RT-PCR, however, the expected T3dependent down-regulation of cdc42b expression could not be confirmed. T3 regulation
was seen in the presence of CHX, thus it was likely that yIP-10 and cyclin ania-6a were
primary targets for TR-mediated transcriptional regulation.
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TA B LE 5.6 Effect of T3 treatment on the expression of yIP-10 and cyclin ania-6a transcripts in primary neuronal cultures, analysed
by RT-PCR using oligo(dT) primer for reverse transcription of total RNA.

o\

Cultures

[T3] (nM)

ylF-lO/GAPDH

cdc42b/GAPDH

cyclin ania-6a/GAPDH

A

0

0.06

0.3

0.03

(DDRT-PCR)

1

1.10

0.67

0.58

B

0

0.09

0.84

0.07

(DDRT-PCR)

1

0.96

0.54

0.57

C -F

0

0.43 ±0.18

0.47 ± 0.14

0.76 ±0.03

(screening)

1

0.48 ± 0.20

0.43 ±0.11

0.75 ±0.11

RT-PCR analysis o f yIP-10, cdc42b and cyclin ania-6a transcripts in neuronal cultures used for DDRT-PCR analysis (A & B) and secondary screening (C - F).
Cultures G and H - M could not be analysed due to insufficient sample quantities. Cultures A - F were treated with 0 or 1 nM T3 for 7 h in the presence o f 10
/iM cycloheximide. Total RNA was reverse transcribed using oligo(dT) primer. ylP-lO, cdc42b and cyclin ania-6a PCR product intensities were expressed
relative to GAPDH product intensities. Values for cultures C - F are mean ± S.E.M.

During subsequent confirmatory screening (cultures C - G ; treated identically to A and B)
however, the expression of yIP-10, cdc42b and cyclin ania-6a appeared to be unaffected by
T3-treatment. The reasons for the different responses of yIP-10 and cyclin ania-6a to T3treatment in cultures A and B compared with cultures C - G are unclear. An effect of cell
viability seems unlikely to account for these discrepancies. Rather, the abnormally high
responsiveness of yIP-10 and cyclin ania-6a mRNA to T3 in cultures A and B, may be
related to the low basal expression of these mRNAs when compared with cultures C - G .
The reasons for the lower basal levels of yIP-10 and cyclin ania-6a mRNA in cultures A
and B are unknown but may be due to aberrant culture conditions, perhaps related to batch
variability of the reagents used in their preparation. Nevertheless, these results demonstrate
that under certain conditions T3 is able to directly up-regulate the expression of yIP-10 and

cyclin ania-6a.
D DRT-PCR-based studies have often employed northern blotting as a method for
confirmatory screening of differentially expressed cDNA fragments. The latter method
involves the use of RNA polymerase, with the cloned cDNA fragments acting as templates
for the generation of antisense riboprobes; thus the correct orientation of cloned cDNA
fragments within plasmids is essential for success of this technique. Attempts to use
northern blotting in the present study were unsuccessful however, due to the presence of
primer-derived adapter sequences, which reversed the orientation o f some cloned cDNA
fragments (Section 5.2.3), resulting in the generation of sense rather than antisense probes
(data not shown). This problem was overcome successfully by sequencing of plasmid
DNA, which allowed confirmatory screening to be carried out by RT-PCR using primers
specific to the identified genes. It would appear therefore, that RT-PCR is the preferred
method for screening potentially differentially expressed genes in DDRT-PCR-based
studies employing directional cloning, since its reliability is independent of the orientation
of cloned cDNA fragments, which, as explained above, may be subject to variability.
Although differential expression of yIP-10 and cyclin ania-6a was only confirmed in
cultures A and B and not in C - G, this study nevertheless demonstrates further the ability
of DDRT-PCR to successfully identifying novel gene targets of T3.
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CHAPTER 6

DISCUSSION
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The influence of TH on neonatal brain development has been extensively investigated in
rat models of congenital hypothyroidism; several genes have been found to be THresponsive during postnatal brain development (Section 1.6.2). Recent evidence from
humans and rats indicates that early fetal brain development is also dependent on TH
(Sections 1.2 & 1.8). In particular, TH of maternal origin appears to be essential for
normal brain development, especially during the period prior to the onset of fetal TH
secretion. Indeed, maternal TH-deficiency during early gestation in humans is
associated with irreversible neurological defects in children, the degree of deficit being
influenced by the severity of maternal hypothyroxinemia. In rats, adult progeny of
moderately hypothyroid dams exhibit alterations in brain biochem istry as well as
behavioural dysfunction (Section 1.8.2). Fetal brain development is also disrupted in
such dams (Section 1.8.3), but the specific stages of brain development and parameters
under maternal TH control remain poorly characterised.
This thesis was based on a set of inter-related aims, which sought to provide a better
understanding of the influence of maternal TH on fetal brain development. The aim of
the initial experiments was to determine whether maternal hypothyroidism impacts on
the expression of cytoskeletal proteins in fetal brain and, if so, whether such proteins are
subject to transcriptional regulation by maternal TH. Another important objective of this
part of the study was to examine whether particular cell types in fetal brain are
influenced by maternal hypothyroidism and, if so, during which stages of development.
Subsequent experiments employed a primary neuronal cell culture model to determine
whether TH acts directly on early fetal brain neurons, albeit in cell culture. Finally, a
study was undertaken to identify novel primary targets of T3 in early differentiating
neurons.

6.1 Effect of maternal hypothyroidism on feto-placental
growth
The present study employed a surgically partially-thyroidectomised rat dam model to
investigate the effects of maternal hypothyroidism on fetal brain development. The use
of goitrogens and iodine-deficient diets was avoided in order to prevent interference
with fetal thyroid function. Indeed, studies using a similar model to that in the present
study have shown that although maternal TH synthesis is depressed, fetal thyroid
function is unaffected (Morreale de Escobar et al. 1985, Ruiz de Ona et al. 1988).
Partial thyroidectomy reduced pre-mating maternal serum total T4 to approximately one
quarter of control levels. The TX dams in this study were not so severely hypothyroid as
those studied by Morreale de Escobar et al. (1985)— in which serum T4 and T3 were
undetectable— but were more severely hypothyroid than dams employed in previous
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studies using the present model (Evans et al. 1999a, Pickard et al. 1999). Maternal
serum total T4 concentrations declined during pregnancy, as previously noted (Morreale
de Escobar et al. 1985, Pickard et al. 1999). Although fetal brain TH levels were not
determ ined in the present m odel, in a different m odel, m oderate m aternal
hypothyroidism induced post-conception by radiothyroidectomy, depresses fetal brain
T4 and T3 levels by 50% prior to the onset of fetal TH secretion (Porterfield &
H endrich 1992). It was assumed therefore that in our m odel fetal brain TH
concentration was also reduced to some extent.
Litter size was reduced in TX dams, consistent with previous reports demonstrating
reproductive compromise in hypothyroid dams (Morreale de Escobar et al. 1985,
Pickard et al. 1999). Reduced reproductive competence may be a direct consequence of
the TH deficit, since maternal hypothyroidism has been shown to disturb ovulation and
implantation (Parrott et al. 1960, Hagino 1971). Alternatively, reduced litter size may
represent a compensatory mechanism, reducing the total fetal demand for metabolic
substrates in hypothyroid pregnancies such that fetuses can be supported to term, albeit
in reduced numbers. Although the number of resorptions was not measured in this
study, litter size was constant between 16 and 21 dg in TX dams, suggesting that if fetal
resorption occurred, it did so prior to 16 dg. The normal placental growth in TX dams is
consistent with previous findings in dams made hypothyroid prior to conception
(Morreale de Escobar et al. 1985, Leonard et al. 1999, Pickard et al. 1999), and is also
in keeping with findings in hypothyroxinémie women, in which term placental weights
appear normal (Man et al. 1991).
The permanent deficits in fetal body and brain weight in this study are more consistent
with previous findings in severely hypothyroid dams, rather than in moderately
hypothyroid (pre-mating total T4 > 16.2 nM) dams in which late fetal growth appears
normal (Pickard et al. 2000). Indeed, given the mean pre-mating maternal serum total
T4 level in the TX dams in this study (14.36 ± 0.72 nM), permanent deficits in fetal
growth were expected. Nevertheless, near term, fetal brain weight was reduced to a
lesser extent than fetal body weight, suggesting the existence of a mechanism that
protects, to some degree, fetal brain grow th from the effects o f m aternal
hypothyroidism. Such a mechanism may involve increased 5 -D-II activity in fetal
brain, as suggested by Morreale de Escobar et al. (1992), and/or increased uptake of T4
into the fetal brain. With respect to the latter possibility, several plasma membrane T4
transporters, such as OATP, are expressed in brain (Abe et al. 1998, Fujiwara et al.

2001), albeit further work is required to investigate their expression in fetal brain and
their sensitivity to maternal thyroid status.
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Although materno-fetal T4 transfer contributes up to one fifth of the fetal extrathyroidal
TH pool at 21 dg in normal rat pregnancies (Morreale de Escobar et al. 1990), in dams
made more severely hypothyroid than those in the present study, fetal brain TH levels
normalise following the onset of fetal TH secretion (Ruiz de Ona et al. 1988). Thus, it is
unlikely that persisting fetal brain hypothyroidism is the cause of the reduced fetal brain
growth in late gestation noted in the present study. W ork in progress using the current
model indicates that severely hypothyroid dams are euglycemic and although they
exhibit disturbed liver and placental glycogen storage, such changes are unlikely to
impact on fetal growth during late gestation (submitted for publication). Fetal growth
near term is however dependent on pre-mating maternal serum total T4 levels (Pickard
et al. 2000). Thus, disturbed fetal growth near term may be due to the TH deficit in
early gestation causing deficits in early development, the effects of which are also
manifested during late gestation. Although gross placental growth is normal in the
present model, placental c-fos and c-jun expression are disturbed in severely
hypothyroid dams near term (Leonard et al. 1999). Thus, severely hypothyroid dams
may incur some degree of placental maldevelopment, which may in turn influence fetal
growth even after the onset of fetal TH secretion. Severe maternal hypothyroidism may
also influence fetal growth in later gestation via effects on other factors that are required
for fetal development. For example, the impact of hypothyroidism on insulin-like
growth factor-I (IGF-I) expression may be important (Miell et al. 1993), since maternal
IGF-I influences fetal growth in rats (Gluckman et al. 1992), partly by promoting the
transfer of amino acids from mother to fetus (Thongsong et al. 2002). Nevertheless,
further work is required to determine the mechanisms by which severe maternal
hypothyroidism retards fetal growth in the model used in this study.

6.2 Maternal thyroid status regulates the expression of
cytoskeletal proteins in fetal brain
6.2.1 Maternal hypothyroidism has no apparent effect on the acquisition of neural
precursor cells
Vimentin and nestin are the predominant IF proteins in several neuronal and astrocytic
precursors (Fliegner & Liem 1991). The lack of effect of maternal hypothyroidism on
vimentin protein or nestin mRNA in this study suggests normal acquisition of neuronal
and astrocytic precursor cells in fetal brain from TX dams (albeit nestin protein levels
could not be determined due to problems with the specificity of the nestin antibody;
Sections 3.3.1.2 & 3.4). In keeping with these findings, combined materno-fetal
hypothyroidism is also without effect on the number of immature glial cell fibers
expressing nestin protein, at least in fetal hippocampus (Martinez-Galan et al. 1997).
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Since it was not possible to accurately analyse nestin protein expression however, a
post-transcriptional effect of maternal TH on nestin expression cannot be ruled out.

6.2.2 Maternal hypothyroidism appears to disturb neuronal differentiation
a-IN is the first neuronal IF protein to be expressed in newly differentiating neurons
and constitutes the major neuronal IF protein prior to the onset of fetal TH secretion
(Fliegner et al. 1994). The influence of thyroid status on a -IN expression has not
however been investigated, despite its putative role in the stabilisation of small calibre
axons during early brain development (Fliegner et al. 1994). In this study, maternal
hypothyroidism was associated with a deficit in a-IN protein abundance in fetal brain
prior to the onset of fetal TH secretion and the absence of the expected ontogenic
decline during late fetal life. Consequently, a-IN protein levels were markedly elevated
in fetal brain from TX dams near term. Over-expression of a -IN results in motor co
ordination deficits and progressive loss of neurons in transgenic mice (Ching et al.
1999), suggesting that the elevated levels of a-IN protein in TX dam progeny may have
serious neurological consequences if not corrected. In this regard, the motor co
ordination deficits observed in adult progeny of TX dams from this model (Section
1.8.2) may be due in part to a long-term effect of elevated a-IN protein levels during
late fetal life. Interestingly, two other proteins with important roles in the acquisition of
sensorimotor function, ODC and DDC, display comparable ontogenic profiles to a-IN
in normal fetal brain and are similarly disturbed as a consequence of maternal thyroid
deficiency (Pickard et al. 1993, Evans et al. 1999a). These observations may suggest a
m echanistic relationship between TH and behavioural deficits in progeny of
hypothyroid dams.
NF-L is the major neuronal IF protein expressed immediately subsequent to a-IN
during early neuronal differentiation (Kaplan et al. 1990, Fliegner et al. 1994). Maternal
hypothyroidism reduced NF-L protein expression in fetal brain, both before the onset of
fetal thyroid function and near term. Although N and TX dam fetuses acquired NF-L
protein at similar rates as brain weight increased, NF-L levels in TX dam progeny were
approximately half those in N dam progeny for a given fetal brain weight. Thus, the
delay in NF-L protein expression in TX dams seemed to be independent of the fetal
brain growth retardation that occurred in these pregnancies.
The early deficit in NF-L protein is consistent with a recent report that TH positively
regulates NF-L expression in postnatal rat brain (Ghosh et al. 1999). The early deficit in
a-IN expression may also be influential in this regard, since a-IN is thought to form the
prim ary scaffold around which neurofilament triplet proteins, including NF-L, coassemble during development (Fliegner et al. 1994, Balin & M iller 1995, Ching & Liem
1998). The surfeit in a-IN and deficit in NF-L expression near term suggest delayed
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neuronal differentiation in progeny of TX dams. Disturbed expression of NF-L in
particular may have consequences for neuronal connectivity, since neurofilament
proteins play an essential role in regulating axonal calibre (Lee & Cleveland 1996).
Indeed, NF-L knockout mice exhibit reduced levels of NF-M and NF-H protein in brain
and axonal calibre is reduced in these mice (Zhu et al. 1997). Furthermore, a recent
study has shown that NF-L is also required for normal dendritic arborisation, albeit in
spinal motorneurons in vitro (Zhang et al. 2002), suggesting that disturbances in NF-L
expression may also affect synaptogenesis.
The period prior to the onset of fetal TH secretion is likely to be the most important
with regards to the effects of maternal TH on brain development, since the fetal brain is
entirely dependent on maternal T4 for its TH supply during this period. Thus, the
disturbances in a-IN and NF-L protein expression at 16 dg may be a direct consequence
of fetal brain hypothyroidism during this period. However, since hypothyroidism is
unlikely to persist in fetal brain during late gestation in this model, fetal brain
hypothyroidism is unlikely to account for the disturbances in a-IN and NF-L near term.
N evertheless, since the expression o f neuronal IF proteins follow s a strict
developmental programme during neuronal maturation (Section 1.7), interference with
its initial stages may permanently disrupt the normal sequence of neuronal IF protein
expression, which may account for the disturbances in a-IN and NF-L at 21 dg.

6.2.3 Maternal hypothyroidism appears to disturb astrocytic maturation near term
GFAP, the predominant IF protein in differentiating astrocytes, was detectable from 19
dg onwards. The lack of detectable GFAP protein at 16 dg was most likely due to a
scarcity of mature astrocytes during this period, and indeed, cerebral gliogenesis is
thought to commence largely during late gestation in the rat (Porterfield & Hendrich
1993). The increase in GFAP protein between 19 and 21 dg in normal fetal brain
coincided with a marked decline in the abundance of vimentin protein, consistent with
replacement of vimentin with GFAP as the major IF protein in differentiating astrocytes
(Gomes et al. 1999). The deficit in GFAP protein and mRNA in TX dam progeny at 21
dg indicates that maternal hypothyroidism impairs astrocytic maturation in fetal brain
towards the end of pregnancy. Previous studies of the effects of combined materno-fetal
hypothyroidism have also shown that vimentin and nestin protein expression appear
normal, but GFAP protein levels are reduced (Rami & Rabie 1988, Martinez-Galan et
al. 1997). For reasons discussed above, fetal brain hypothyroidism is unlikely to
account for the GFAP deficit in TX dam progeny near term. Rather, this latter effect
appears related to the retarded fetal brain growth, since TX dam progeny express
appropriate levels of GFAP protein and mRNA for fetal brain weight. Thus, the deficit
in GFAP is likely to be a consequence of the intrauterine growth retardation in TX dams
rather than an effect of fetal hypothyroidism per se.
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It is well established that neuronal-glial interactions influence neuronal development
(Rakic 1990, Hatten 1999, Lemke 2001). During cerebro-cortical development, radial
glial cells, which also express GFAP, constitute a significant proportion of glial and
possibly neuronal precursors (Noctor et al. 2002), and play an essential role in guiding
neuronal migration (Rakic 1990, Hatten 1999). Mature astrocytes also influence the
neuronal microenvironment by regulating ionic and neurotransmitter concentrations in
the extracellular fluid (Hof et al. 1999). Recently, it has been demonstrated that contact
with astroglial membranes induces axonal and dendritic outgrowth in human neurons in
culture and affects the distribution of MAP IB and the growth-associated protein-43
(Piontek et al. 2002). It is possible therefore that the disturbances in the neuronal
differentiation markers (a-lN and NF-L) and tubulin proteins in TX dam progeny near
term may arise partly due to disturbed neuronal-glial interactions consequent on
inadequate astrocytic maturation during this period. Furthermore, GFAP-null mice
exhibit disturbances in long-term potentiation as well as impaired myelination (McCall
et al. 1996, Liedtke et al. 1996). It is of interest therefore that behavioural deficits and
disturbed myelination are observed in adult progeny of TX dams (Section 1.8.2). These
deficits may be due, at least in part, to a long-term effect of the disturbed astrocytic
maturation suggested by the deficit in GFAP expression in fetal brain from TX dams
during late gestation.
6.2.4 M aternal hypothyroidism influences the expression o f general cytoskeletal
markers

This study measured the protein abundance of total a-tubulin and the combined level of
the rat P-tubulin isoforms, Rp.l and Rp.2. Maternal hypothyroidism had no effect on
total a-tubulin protein or combined Rp.l and Rp.2 protein abundance in fetal brain
prior to the onset of fetal TH secretion, but was associated with deficits in both
parameters near term. Unlike N dam progeny, TX dam progeny did not show linear
increases in the abundance of a-tubulin protein and combined Rp.l and Rp.2 protein
with fetal brain weight, suggesting that maternal hypothyroidism impairs the normal
accumulation of these proteins in fetal brain. The results in this study suggest that the
tubulin deficits in TX dam progeny are unlikely to be due simply to the general
retardation in fetal brain growth, albeit this cannot be ruled out. Reduced tubulin
expression near term may represent a long-term consequence of the earlier fetal brain
TH deficit, which manifests during late gestation in disruption of the normal programme
of tubulin protein expression. For example, disturbed tubulin expression near term may
be a consequence of the early disturbance in neuronal differentiation, as indicated by the
deficient levels of a-lN and NF-L protein prior to the onset of fetal TH secretion.
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Tubulin proteins serve multiple functions but the functions of specific tubulin isoforms
and the degree of functional redundancy remain poorly defined. It is therefore difficult
to ascertain precisely the significance of the tubulin deficits noted in TX dam progeny.
Transcripts encoding the a-tubulin isoform, T al, constitute over 95% of total a-tubulin
mRNA in fetal rat brain, this isoform having been implicated in neurite extension,
whereas the other a-tubulin isoform, T26, displays some enrichment in proliferative
zones in fetal brain (Miller et al. 1987, Miller et al. 1989). Although the present study
could not discriminate T al and T26 at the protein level, the higher abundance of T a l
mRNA relative to T26 in fetal brain suggests that deficient total a-tubulin protein in TX
dam progeny may reflect impaired neurite outgrowth, albeit extrapolations from mRNA
to protein levels must be cautiously made. R|3.1 and Rp.2 represent the major p-tubulin
isoforms associated with neural differentiation (Bond et al. 1984, Sullivan 1988),
though again precise functions remain ill-defined. Nevertheless, the results of this study
suggest that maternal hypothyroidism impairs neural cell maturation partly by altering
the normal programme of tubulin protein expression.
Besides their roles in neurite extension and organelle transport, tubulins also play a
crucial role in the maintenance of the mitotic spindle. Thus, the reduced tubulin
expression in fetal brain from TX dams may also reflect disturbances in cell division
near term, albeit as discussed previously, markers of neural precursor cells appeared
normal (Section 6.2.1). The majority of cell division that occurs during late gestation in
rat fetal cerebral cortex is due to glial progenitor proliferation (Porterfield & Hendrich
1993). It is possible therefore that a reduced number of mature astrocytes, possibly
arising from deficient glial progenitor proliferation, may account for the concomitant
deficits in tubulin and GFAP near term.

6.3 T3 regulates a-IN expression in neurons in culture
A primary neuronal cell culture model was employed to test the hypothesis that T3
directly regulates early neuronal differentiation. An important advantage of the cell
culture model is that it is free from confounding factors such as placental dysfunction
and maternal metabolic compromise, which may complicate the interpretation of
findings in the hypothyroid dam model. Cells from 15 dg fetal brain were cultured for
20 - 40 h in order to model neuronal development during the period prior to the onset of
fetal TH secretion in vivo. The culture conditions favoured the development and
survival of neurons but not astrocytes, as indicated by extensive neurite outgrowth.
Furthermore, cells in culture expressed a-IN protein and exhibited neuronal
morphology, whereas GFAP protein was almost undetectable up to 94 h, confirming
that the model comprised predominantly differentiating neurons, with minimal
astrocytic contamination. The lack of significant astrocytic contamination allowed
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investigation of the effects of T3 on neurons in isolation. The presence of glial
progenitor cells cannot be ruled out however, since significant levels of GFAP protein
where detectable after 150 h in culture.
Since the primary mechanism of TH action is the modulation of gene transcription via
binding of T3 to TR (Section 1.5), it was important to compare TR expression in the cell
culture model with that in fetal brain prior to the onset of fetal TH secretion. Levels of
TR al, c-erbAa2 and c-erbAa3 mRNA were similar in neuronal cultures and 16 dg fetal
brain. Nevertheless, the c-erbAa2:c-erbAa3 ratio was lower in neuronal cultures than in
fetal brain. As mentioned previously however, the significance of this novel finding is
unclear, due to the lack of information regarding the expression of these mRNAs in
different cell types at different stages of brain development. However, since c-erbAa2
and c-erbAa3 transcripts are derived from alternate splicing of the same gene, the
altered transcript ratio may represent different splicing mechanisms in the cell cultures
compared with fetal brain. The lower abundance of TRpl mRNA in cell culture
compared with fetal brain was expected (Castiglia et al. 1992), since TRpl mRNA
expression is more closely associated with proliferative zones in fetal brain (Bradley et
al. 1992), whereas the culture model comprised differentiating neurons. In agreement
with previous studies, T3 was without effect on the expression of transcripts for TR or
non-T3-binding c-erbA variants (Castiglia et al. 1992, Puymirat et al. 1992).
Nestin mRNA levels in the neuronal cultures appeared to be lower than in fetal brain,
and whereas levels declined between 16 and 19 dg in fetal brain, they remained stable
between 20 and 40 h in the neuronal cultures. Lower levels of nestin mRNA were
expected in cell culture, since nestin expression is associated with neural precursors
whereas the majority of neurons in culture were differentiating, as evidenced by
widespread a-IN immunoreactivity, together with extensive neurite outgrowth. It is
possible that a decline in nestin mRNA abundance occurred in the cell cultures prior to
20 h. Alternatively, the decline in nestin mRNA abundance in fetal brain in vivo may
occur due to glial cell differentiation, thus a similar decline would not be expected in
these predominantly neuronal cultures. T3 had no effect on nestin mRNA levels or on
DNA content per well in cell culture, suggesting that neuronal proliferation was
unaffected by T3 in this model. These findings are in agreement with the observation
that nestin mRNA was normal in fetal brain from hypothyroid dams in the in vivo study,
and support the notion that maternal hypothyroidism does not affect the acquisition of
neuronal precursors in fetal brain prior to the onset of fetal TH secretion. Furthermore,
the findings in cell culture confirm the redundancy of the putative TRE in nestin, during
this stage of development.
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The lack of effect of T3 on NF-L mRNA abundance in neuronal cultures was in
agreement with findings in the in vivo model, but contrasts with a recent report in which
T3 increased NF-L mRNA expression in cultures of neurons derived from 16-17 dg
fetal rat brain (Rahaman et al. 2000), This discrepancy is probably related to differences
in the two cell culture models. Firstly, the medium used by Rahaman et al. contained
fetal calf serum, a poorly defined and batch variable supplement that contains numerous
growth factors and hormones, such as platelet-derived growth factor, which are capable
of influencing neuronal development (Bottenstein 1989, Butler 1992). Secondly,
Rahaman et al. treated neurons in culture with 5 nM T3, a concentration 5-fold greater
than that employed in the present study and supraphysiological relative to the
concentration of T3 in fetal brain prior to the onset of fetal TH secretion. Furthermore,
T3 treatment was performed for 7 - 2 5 days, thus the neurons would have reached an
age far exceeding that equivalent to the period prior to the onset of fetal TH secretion in
vivo (Rahaman et al. 2000).
In control cultures, a-IN protein, but not mRNA, abundance increased between 20 and
40 h, suggesting that a-IN is subject to post-transcriptional regulation during this
period. A T3 concentration of 0.1 nM, which approximates the T3 level in rat fetal brain
prior to the onset of fetal TH secretion (Ruiz de Ona et al. 1988), positively stimulated
a-IN protein abundance at 20 h. At 40 h however, a significant increase in a-IN protein
was only seen in cells treated with 1 nM T3, albeit a similar trend was seen with 0.1 nM
T3. This trend perhaps failed to reach significance because the 0.1 nM T3 declined
during the 40 h period due to its metabolism by the neurons, coupled with a relatively
rapid protein turnover rate. Nevertheless, when taken together with the findings in vivo,
demonstrating higher a-IN protein abundance in early fetal brain from euthyroid
relative to hypothyroid dams, the findings in cell culture support a direct role for
maternal TH in the regulation of early neuronal differentiation.
6.3.1 Lim itations of the cell culture model

Findings in the neuronal culture model must be interpreted cautiously due to the
difficulties associated with extrapolating from cell culture models to the brain. The
complex 3-dimensional structure of the brain cannot be reliably replicated in vitro,
especially when cells are grown in monolayer, as in the present study. Consequently,
important cell-cell contacts and paracrine interactions may be absent in culture models,
possibly resulting in aberrant cell behaviour. Furthermore, commonly used cell culture
substrata do not effectively mimic the complex nature of the ECM that is present in
vivo. Since the ECM influences neuronal migration (Sobeih & Corfas 2002), the latter is
unlikely to be modelled accurately in cell culture. The presence of cell clusters in the
cultures employed here suggests however, that the PDL substrate facilitated some
degree of migration, albeit only in 2-dimensions. Indeed, PDL has been favoured as the
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standard substrate for primary neuronal cultures (Hertz et al. 1989). The presence of cell
clusters may be also due to neurons migrating over each other.
As mentioned previously, neuronal-glial interactions influence neuronal maturation
(Section 6.2.3). The present culture system aimed to model neuronal differentiation
prior to the onset of fetal TH secretion. Although the abundance of mature astrocytes is
minimal during this period, as evidenced by undetectable GFAP protein in fetal brain at
16 dg, interactions between neurons and glial progenitors/early differentiating glia may
nevertheless be important for early neuronal migration/differentiation in vivo. Thus, the
limited presence of glial cells in the cell culture model may have altered the
characteristics of neuronal development compared with that in vivo. Indeed, NF-L
protein was far lower in neuronal cell cultures than in fetal brain at 16 dg, despite NF-L
mRNA abundance in the cultures being markedly higher than in fetal brain. As
discussed previously (Section 4.4), this may have been due to impaired local translation
of NF-L mRNA in dendrites, possibly because of inadequate dendritic development as a
consequence of the absence of neuronal-glial interactions. This cell culture model may
therefore be of limited relevance to later stages of fetal brain development when
neuronal-glial interactions may be important. It is however thought to effectively model
neuronal development prior to the onset of fetal TH synthesis, since cultures expressed
T R al, c-erbAa2 and c-erbAa3 mRNA at similar levels to 16 dg fetal brain, and the upregulation of a-IN protein by T3 mirrored the sensitivity of this protein to maternal
thyroid status in early fetal brain. This cell culture model is therefore likely to serve as a
useful model for future work aimed at studying the molecular mechanisms by which
maternal TH regulates early neuronal differentiation.

6.4 Transcriptional versus post-transcriptional regulation of
cytoskeletal protein expression by TH in fetal brain
Maternal hypothyroidism had no effect on the abundance of a-tubulin or nestin mRNA,
with the latter also appearing unaffected by T3-treatment in cell culture. Thus a-tubulin
and nestin are unlikely to constitute primary targets for maternal TH action in fetal
brain, despite the functional (a-tubulin) and putative (nestin) TREs that have been
identified in these genes (Isglesias et al. 1996, Lothian et al. 1999). It is possible
however that nestin and a-tubulin mRNA expression are not TH-sensitive during the
period under study. Indeed, several genes in brain are TH-regulated in an age-specific
manner (Section 1.6.2). In this regard, COUP-TF, which is widely expressed throughout
the fetal CNS, at least in mice (Qiu et al. 1994, Anderson et al. 1998), is able to block
TR-mediated TH action on certain TREs (Section 1.5.1.2). Such a mechanism may be
relevant to the lack of effect of maternal hypothyroidism on nestin mRNA, since the
nestin promoter contains a putative binding site for COUP-TF (Lothian et al. 1999). It is
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possible therefore that the influence of factors such as COUP-TF may predominate on
certain TREs during early development.
a-IN and NF-L are also unlikely to be primary targets for TR-mediated TH action in
early fetal brain since their transcript levels were normal in fetuses of hypothyroid dams
and were unaffected by T3 treatment. Fetal brain GLUT-1 protein, but not mRNA
levels, are also deficient in fetal brain from TX dams at 16 dg (Pickard et al. 1999), and
maternal hypothyroidism induced post-conception reduces fetal brain ribosomal protein
synthesis (Hendrich & Porterfield 1996). Furthermore, MAP-2, synapsin 1 and
acetylcholine esterase exhibit variant protein but normal mRNA levels in response to T3
in neuronal culture and in animal models of congenital hypothyroidism (Silva & Rudas
1990, DiLiegro et at. 1995, Puymirat et al. 1995). Thus, maternal TH may regulate the
translation and/or stability of certain proteins in fetal brain, perhaps via transcriptional
regulation of post-transcriptional regulatory factors or via a direct effect on translation
or protein degradation. Indeed, TH influences tubulin protein expression by increasing
the rate of tubulin protein synthesis, whilst reducing its rate of degradation (Chaudhury
et al. 1985). Such a mechanism may be pertinent to regulation of a-lN and NF-L in
early fetal brain by maternal TH, albeit further experiments are required to investigate
this possibility.

6.5 Investigation of primary TH-responsive genes in
differentiating neurons in culture
As described previously, the primary mechanism of TH action is the modulation of gene
transcription via binding of T3 to TR (Section 1.5). Although TR are expressed in fetal
brain from before the onset of fetal TH secretion, little data is currently available
regarding TH-responsive genes in fetal brain. Indeed, some investigators have argued
that TR are unresponsive to TH in fetal brain and suggest that factors such as COUP-TF
suppress the response of genes to TH (Oppenheimer & Schwartz 1997, Schwartz et al.
1997b). Evidence in support of this theory is however based on studies of genes such as
MBP and PCP-2, which are expressed at low levels in fetal life (Schwartz et al. 1997b).
In this thesis, DDRT-PCR was therefore used to investigate primary gene targets of T3
in early fetal brain neurons in culture.
Various approaches to DDRT-PCR have been described, most of which differ with
respect to the number and configuration of the primers used (Warthoe et al. 1995).
Liang & Pardee (1992) originally used 288 primer sets. For the purposes of a
preliminary investigation, the present study employed a modified protocol (Liang et al.
1994), using 21 primer sets. Using these 21 primer combinations, 32 putative primary
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TH-responsive genes were noted, suggesting that a potentially large number of genes
expressed in fetal brain may be regulated by TH.
It is claimed that DDRT-PCR methodology suffers from a high proportion of falsepositives (Debouck 1995). In this preliminary study, differential expression of 2 out of
the 3 genes chosen for further study was independently confirmed in the same cultures
used for DDRT-PCR, suggesting that DDRT-PCR may be a more reliable method for
detecting differential expression than hitherto suggested. One of these genes, yIP-10, is
a chemokine (Section 5.3.1) implicated in calcium signalling in neurons (Gruol et al.
2001). The other, cyclin ania-6a, regulates pre-mRNA splicing (Dickinson et al. 2002).
It was not possible however to confirm T3-regulation of yIP-10 and cyclin ania-6a
expression in a set of cultures independent to those used for DDRT-PCR. It is difficult
therefore to draw firm conclusions regarding T3-regulation of their expression. The T3dependent up-regulation of ylP-10 and cyclin ania-6a mRNA was limited to the 2
cultures used for the DDRT-PCR procedure, which exhibited low basal expression
levels of these genes compared with those cultures used for secondary screening. The
reasons for the low basal expression were unclear, but were perhaps related to aberrant
culture conditions. Whilst the physiological relevance of these findings may be limited,
it is of interest nevertheless that under certain conditions T3 is able to regulate the
expression of ylP-10 and cyclin ania-6a.
Whilst present work was in progress, Dowling et al. demonstrated that maternal TH
influences the expression of several genes in fetal brain prior to the onset of fetal TH
secretion (Dowling et al. 2000a, Dowling et al. 2000b). These studies were performed
in an in vivo model however, and thus, the effects on gene expression in these studies
may represent indirect mechanisms of maternal TH action, such as those discussed
previously (Section 1.8.1). Consequently, direct regulation of gene expression in early
fetal brain by TH, remains to be demonstrated. ^

6.6 Summary and conclusions
This thesis has demonstrated that maternal hypothyroidism disturbs the expression of
several cytoskeletal proteins in fetal brain. Maternal hypothyroidism appeared to have
no effect on the proliferation of neural precursor cells in fetal brain. Nevertheless,
before the onset of fetal TH secretion, maternal hypothyroidism disrupted early
neuronal differentiation, specifically at the protein level, as demonstrated by deficits in
the expression of the cytoskeletal proteins a-lN and NF-L. These disturbances were not
corrected by the onset of fetal TH secretion and were accompanied by impaired
acquisition of more general cytoskeleton proteins near term, suggesting a long-term
170

disturbance in the pattern of cytoskeletal protein expression. Deficits in GFAP protein
and mRNA abundance indicated that astrocytic maturation was also perturbed during
late gestation, in accordance with a more general delay in fetal brain growth. T3
stimulated a-IN protein expression in primary cultures of early differentiating neurons,
suggesting that maternal TH may act directly on fetal brain to regulate early neuronal
differentiation.
Disruption of the co-ordinate maturation of neuronal and glial cells is likely to impinge
on the establishment of neural networks (Rakic et al. 1990, Hatten 1999), possibly
contributing to the long-term behavioural deficits and disturbed development of
neurotransmitter systems in progeny of hypothyroid rat dams (Attree et al. 1992,
Pickard et al. 1997, Evans et al. 1999a). The results in this thesis, together with
previous findings, demonstrate that maternal thyroid status influences several
developmental parameters during critical stages of brain development, and confirm the
existence of a TH-requiring window during early fetal brain development.
Findings in rats must be cautiously extrapolated to humans, given the differences in
materno-fetal TH economy, placentation and brain development between the two
species. The rat brain at birth corresponds to the human brain at midgestation.
Nevertheless, materno-fetal T4 transfer occurs in both species and stages of brain
development prior to the onset of fetal TH secretion are similar (Porterfield & Hendrich
1993). Indeed a-IN, NF-L, GFAP and a- and p-tubulin are expressed in human fetal
brain from before the onset of fetal TH secretion (Voronina & Preobrazhensky 1994,
Arnold & Trojanowski 1996). Thus, similar compromise in early neuronal and
astrocytic maturation in human brain, to that seen in the rat, may contribute to the
cognitive and motor dysfunction present in the offspring of hypothyroid women
(Connolly & Pharoah 1989, Man et al. 1991, Haddow et al. 1999).

6.7 Future work
The results in this thesis provide the basis for a substantial body of future research
aimed at defining more clearly the role of maternal TH in early brain development.
Fetal brain TH levels must be measured before and after the onset of fetal TH secretion
in the present model, to assess the degree of tissue hypothyroidism as well as to
determine the age at which fetal brain TH levels normalise in TX dam progeny. Further
work is also required to investigate the mechanisms by which maternal hypothyroidism
influences brain development during late gestation.
An important aspect of future work requires the use of immunohistochemical techniques
in order to identify specific brain regions and cell populations that are affected by
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maternal hypothyroidism. In addition, since many of the disturbances in cytoskeletal
protein expression may have implications for brain function, further studies are required
to determine whether the disturbances identified here persist during postnatal life.
Studies employing pulse-chase techniques to measure rates of protein
synthesis/degradation are also required to elucidate the post-transcriptional mechanisms
by which T3 regulates a-IN protein expression, especially since such mechanisms may
also be pertinent to the changes in NF-L expression. Furthermore, it would be of interest
to determine whether T3 regulates the expression of a-IN protein in primary cultures of
human fetal brain neurons, in order to investigate the possibility that TH regulates early
neuronal differentiation in humans.
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Maternal thyroid status regulates the expression of neuronal and
astrocytic cytoskeletal proteins in the fetal brain
D Sampson^ M R Pickard, A K Sinha, I M Evans, A J Leonard
and R P Ekins
Division of Molecular Endocrinology, University College London Medical School, Mortimer Street, London W IN 8AA, UK
(Requests for offprints should be addressed to A K Sinha)

A bstract
M aternal th y ro id h o rm o n e (T H ) crosses th e placen ta and
is postulated to regulate fetal b rain d ev elo p m en t. H o w 
ever, T H -d e p e n d e n t stages o f fetal b rain d e v elo p m en t
rem ain to be characterised. W e have th erefo re com pared
th e levels o f several n eu ro n al an d glial cytoskeletal proteins
in fetal brains from norm al (N ) and partially th y ro id ectom ised (T X ) rat dam s by im m u n o b lo ttin g . P regnancies
w ere studied b o th before and after th e onset o f fetal
T H secretion, w h ic h occurs at 17 5 days gestation (dg) in
th e rat.
M aternal hypothyroidism d isru p ted fetal g ro w th , so th at
fetal body and b rain w eights w e re re d u c e d n ear term .
V im en tin expression was unaffected, h o w ev er, in d icatin g
norm al acquisition o f n eu ro n al and glial p recu rso r cells.
Fetal brain levels o f glial fibriUary acidic p ro te in (G FAP)
w e re red u ced at 2 1 dg, suggesting delayed astrocytic

differentiation, alth o u g h regression analysis dem o n strated
appropriate G F A P levels for b rain w eig h t. Levels o f
a -in te m e x in , th e earUest n e u ro fila m e n t p ro tein expressed
in fetal b rain w ere re d u ce d at 16 dg in T X dams, b u t
increased at 21 dg. T h e on to g en y o f n e u ro fila m en t-L was
also p e rtu rb e d in these pregnancies, w ith deficient levels
apparent at b o th 16 an d 21 dg. T h ese effects on neuronal
cytoskeletal proteins w ere u n re la ted to fetal brain g ro w th
retardation.
T h ese findings confirm th a t m atern al hypothyroidism
disrupts early fetal brain d ev elo p m en t. E arly disturbances
in neu ro n al differentiation are n o t co rrected by th e onset
o f fetal T H secretion. Such disturbances m ay con trib u te
to th e neurological dam age observed in child ren b o rn to
h yp o th y ro x in aem ic m others.

In tro d u ctio n

w ith d isturbed expression o f n eu ro n al an d glial cellspecific structural proteins, in c lu d in g glial fibrillary acidic
p ro tein (G FAP) a n d th e n e u ro fila m en t trip let proteins
(R am i & R a b ie 1988, G h o sh et al. 1999).
In contrast, th e influ en ce o f m atern al T H on fetal brain
dev elo p m en t is poorly characterised. A d u lt pro g en y o f
th yroidectom ised rat dam s ex h ib it locom otor an d learning
dysfunction (H e n d rich et al. 1984, A ttree et al. 1992) and
fetal b rain g ro w th is im p aired in such m odels (M orreale de
Escobar et al. 1985, P o rterfield & H e n d ric h 1991, P ickard
et al. 1993). A lth o u g h b rain w e ig h t normaUses after th e
onset o f fetal T H synthesis in m o d erately hypo th y ro id
dams (Pickard et al. 2000), n eu ro n al m atu ratio n is
im p aired (R u iz de E lvira et al. 1988, P ickard et al.
1993, Evans et al. 1999), a n d lo n g -te rm changes o ccur
to oligodendroglial and m y e h n m etabolic m arkers
(H adjzadeh et al. 1990). In addition, iodine deficiency
d u rin g p regnancy decreases G F A P expression in radial glia
o f th e fetal h ippocam pus n ear te rm (M artin ez-G alan et al.
1997).
In order b e tte r to u n d erstan d th e in flu en ce o f m aternal
th y ro id dysfunction on early fetal b rain dev elo p m en t, a
partially th y ro id ecto m ised rat d am m o d el was utüised to

M aternal th y ro id h o rm o n e (T H ) is tran sferred to th e fetus
th ro u g h o u t p regnancy and is p o stu lated to regulate early
fetal brain d ev elo p m en t (P orterfield & H e n d ric h 1991,
M orreale de E scobar et al. 1997, P ick ard et al. 1997, S inha
et al. 1997). In hum ans, m atern al h y p o th y ro id ism d u rin g
p regnancy is associated w ith im p aired cognitive an d m o to r
fu nction in children (M an et al. 1991, H a d d o w et al.
1999). E v en in healthy pregnancies, in fan t n e u ro d ev elo p 
m e n t correlates directly w ith m atern al plasm a free th y ro x 
ine (T 4 ) levels d u rin g th e first trim este r (Pop et al. 1999).
Field studies in th e io d in e-d e fic ie n t endem ias have also
em phasised the im p o rtan ce o f m atern al th y ro id status
before th e onset o f fetal T H synthesis w ith respect to
neurological and in tellectu al d ev elo p m e n t o f th e offspring
(C onnolly & P haroah 1989).
T h e influence o f th y ro id h o rm o n e on b rain d evelop
m e n t has b een extensively inv estig ated in cell cu ltu re
and in vivo m odels o f congenital h y p o th y ro id ism (Bernal
& N u n e z 1995). T h y ro id h o rm o n e regulates m o st —if
n o t all —stages o f n eu ro n al an d glial cell d ev elo p m en t.
C o nsequently, congenital h y p o th y ro id ism is associated
journal o f Endocrinology (2000) 167, 4 3 9 -4 4 5
0 0 2 2 -0 7 9 5 /0 0 /0 1 6 7 -4 3 9 (g) 2 0 0 0 Society for Endocrinology

jo u rn a l o f E n docrinology (2000) 167, 439—445

O nline version via http ://w w w .en d o crin o lo g y .o rg
Printed in G reat Britain

440

D SAM PSON

a n d o th e rs

Maternal h ypothyroidism an d fetal brain

•

Table 1 M ate rn a l s eru m th y ro id h o rm o n e levels, litter size a n d fetal g ro w th in e u th y ro id (N) a n d partially th y ro id e c to m iz e d (TX) rat d a m

p re g n a n c ie s
M a te rn a l T 4 (nM )

Fetal tissue w e ig h t (mg)
Fetal brain

D am

P re-m atin g

P o st-m o rte m

(nM )

N
TX
N
TX
N
TX

565 ± 3 9
1 4 - 5 ± I'S'^
67 3 ± 6 4
12-8 ± 2-3=
58-9 ± 3 - 7
11 9 ± 1V':

38 1
163
27 2
9 1
15 1
9 -8 4

0
0
0
0
0
0

L itter size

B ody

Brain

14 4 ± 1 5
10 4 ± 1 2 '
1 5 - 9 ± 1-1
13 2 ± 0 7
18-6 ± 0 - 8
1 0 - 6 ± 1-2‘’

4 8 2 ± 11
4 5 6 ± 10
2359 ± 5 4
2075 ± 4 2 '
4 7 4 0 ± 184
3 4 8 3 ± 198

52-9
49-5
13 4 -4
125-8
187-6
168-3

(m g /g tissui

Days o f gestation

16
19
21

±2 4
± 2 4 "=
±10
± 2 3"=
±23
± 2-5

85
40
62
25
57
27

±
±
±
±
±
±

0
0
0
0
0
0

11
07^
12
12'
15
08'

± 1-4
±2 0
± 3-5
± 5 -8
± 4 -7
± 5 -0 '

64-3 ± 2 - 3
67 6 ± 1 -3
65-8 ± 1-3
64-5 ± 2-2
6 2 7 ± 1-7
67-5 ± 1-8

“P<0-05, ‘^P<0 01, "=P<0 001, TX compared with N dam pregnancy (Fisher's PLSD test; n ^ 7 different pregnancies).

evaluate th e expression o f cytoskeletal proteins im m ed i
ately before and after th e onset o f fetal T H secretion,
w h ic h occurs at 17 5 days gestation (dg) in th e rat
(M orreale de E scobar et al. 1985). T h e cytoskeletal p ro 
teins investigated in clu d ed th e in term ed iate filam ent (IF)
p ro tein v im en tin , expressed in early im m atu re neurons
and gha (D ahl et al. 1981, B ignam i et al. 1982); G FA P, the
p re d o m in a n t IF p ro tein o f m atu re astrocytes (Eng 1985);
a -in te rn e x in , an early axonal type IV IF p ro tein expressed
in d eveloping C N S neurons, and th e lo w m olecular
w e ig h t n eu ro fila m en t p ro tein (N F -L ), expressed in devel
o p in g n eurons subsequen t to a -in te rn e x in (K aplan et ai.
1990).

m ales w h e n total seru m T 4 levels w e re < 2 5 n M . A gem atc h e d p reg n an t norm al (N ) fem ales w ere the control
group. A nim als w ere m ain ta in e d on an iodine replete
(13 p g /g ) standard small laboratory anim al d ie t and d rin k 
in g w ater for T X dams was su p p lem en ted w ith 0 1 %
(w /v ) calcium lactate. P reg n a n t anim als w ere stu n n ed
th e n killed by cervical dislocation at 16, 19 or 21 dg and
m aternal blood collected by cardiac p u n ctu re . Fetuses and
placentae w ere separated on ice, and fetal brains quickly
dissected, freed o f blood a n d m en in g es, w eig h ed , and 5—7
brains from each litte r pooled. M atern al brain was also
collected from a control d am for use as an im m u n o b lo ttin g
standard. AH tissues w ere stored at — 20 °C. A nim als
w ere h an d led w ith in local regulations and th e A nim als
(Scientific Procedures) A ct 1986.

M aterials an d M ethods
M aterials

M onoclonal antibodies against v im e n tin (clone V 9), G FA P
(clone G -A -5 ) and N F -L (clone N R - 4 ) w ere from Sigm a
C h em ica l C o . L td (Poole, D orset, U K ); th e a -in te m e x in
m onoclonal antibody was from C h em ic o n In ternational
(H arrow , U K ). R a in b o w p ro tein m o lecu lar w e ig h t
m arkers, H y b o n d en h an c e d ch em ilu m in escen ce (ECL)
nitrocellulose m em b ran e, secondary antibody (anti-m ouse
im m u n o g lo b u h n , horseradish peroxidase lin k ed w hole
an tib o d y from sheep; N A 931) and E C L W e stern b lotting
d e tec tio n reagents w ere from A m ersh am Pharm acia
B io tech U K L td (Little C halfont, B ucks, U K ). Coomassie
P ro te in Plus reagent and bovine seru m alb u m in standard
w e re from P ierce (C hester, C h esh ire, U K ). T h e total T 4
R I A k it was from N E T R I A (London, U K ) and th e total
3 ,5 ,3 ’- tri-io d o th y ro n in e (T3) R IA k it was from B row nes
U K L td (C alcot, R e a d in g , Berks, U K ).
A n im a l model

S p rag u e-D aw ley rats w e re housed at 22 °C on a 14 h
h g h t and 10 h darkness cycle. Fem ale rats w ere partially
surgically thyroidectom ised (parathyroid-spared; T X ) and
allow ed to reco v er for 2 w eeks, th e n m a te d w ith norm al
journal o f Endocrinology (2000) 167, 4 3 9 -4 4 5

Sam ple preparation and W estern blotting

Brains w ere h om ogenised w ith 9 vol T E buffer (2 m M
E D T A , 0 5% v /v T rito n X -1 0 0 an d 10 m M p h en y lm ethylsulphonylfluoride in 50 m M T ris -H C l; p H 6 8 ),
d ilu ted to th e req u ire d p ro te in co n cen tratio n w ith T E
buffer, th e n boiled for 3 m in u n d e r red u cin g con
ditions (Laem m li 1970). A fter S D S -P A G E , samples w ere
electrophoretically transferred (2 h; 0 36 A; 4 °C) to
nitrocellulose m em b ran es (T o w b in et al. 1979).
Blots w ere blo ck ed w ith 10% (w /v ) d ried m ilk p o w d er
in T B S -T (0 1 % v / v T w e e n -2 0 in T ris-b u ffered saline;
p H 7 6 ) for 1 h at 25 °C, before in cu b atio n w ith eith er
a n ti-G F A P , an ti-v im en tin , a n ti-a -in te m e x in or an tiN F -L antibodies (diluted in blo ck in g solution at 1:20 000,
1:2000, 1:5000 and 1:2000 respectively) for 1 h at 25 °C.
Blots w ere w ashed in T B S -T before in cu b atio n for 1 h
w ith secondary antibody (diluted 1:1000). A fter fu rth er
w ash in g w ith T B S -T , blots w e re processed using th e
m an u factu rers’ E C L protocol, and exposed to pre-flashed
film . Blots w ere stained w ith India In k (H ancock & T sang
1983) in o rd er to confirm equal sam ple loading.
Im ages o f autoradiogram s w ere c ap tu red using a K odak
D C 4 0 digital cam era and th e b an d intensities estim ated
w w w .endocrinology.org
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50-

using N IH Im age software calibrated w ith an optical
density (O D ) step tablet. Sam ple bands w ere corrected for
filter-to-filter variation using standard signals by appli
cation o f the correction factor [x/S^^J .
w h ere x is the
O D o f the sam ple band; 5,^, is th e average O D o f
standards on all filters and S^,( is the O D o f the standard on
the same filter as the sam ple band (x).

66 -

Protein determination

A
kPa
75-

-5 0

45-

N

TX

16 dg

N

TX

19 dg

N

Protein was determ in ed
(Bradford 1976).

by

a

d y e-b in d in g

m ethod

Determination o f maternal thyroid hormone levels

TX

M aternal serum total T 4 and total T 3 levels w ere d eter
m ined by radioim munoassays according to m an u fictu rers’
protocols.

21 dg

B
160

Statistical analysis and linear regression

120

D ata from N and T X dam pregnancies w ere com pared
by tw o -w ay A N O V A using F isher’s p rotected least
significant difference (PLSD) test for post-hoc analysis.
H om ogeneity o f variance for all groups was verified using
B artlett’s test for samples o f unequal sizes and, w here
appropriate, a square root or log transform ation was applied
before statistical analysis. All values are expressed as
m eans ± s . e . m . T h e relationship b etw een cytoskeletal p ro 
tein level and fetal brain w eig h t was evaluated by linear
regression analysis.

o

Ï
Q
O
120

80
40

Results
16

17

18

19

20

21

A n im a l model

D a y s g e s ta tio n

P re-m atin g serum total T 4 levels in T X dams w ere
reduced to 2 0 -2 5 % o f controls (Table 1). D u rin g late

200
160
w 120

0 .1 0

0 .1 4

0.18

F e ta l b ra in w eig h t (g)
w w w .endocrinology.org
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Figure 1 The e x p re ssio n of vim entin a n d GFAP in fetal brain
from norm al (N) an d partially th y ro id e c to m iz e d (TX) rat dam s.
(A) R ep rese n ta tiv e p o rtio n s o f W e s te rn blots p ro b e d w ith vim entin
(u p p e r panels) a n d GFAP (low er panels) a n tib o d ie s. V im entin blots
c o n ta in e d sam p les a n d a 16 d g norm al fetal brain sta n d a rd (S), all
at 2 5 gg p ro tein loading. GFAP blots c o n ta in e d sam p les (10 gg
protein) a n d an ad u lt brain sta n d a rd (S; 0 25 g g protein). M igration
of m o le c u lar w e ig h t m arkers is in d ic a te d o n th e left a n d a u th e n tic
GFAP on th e right. T he GFAP a n tib o d y c ro ss-re a c ts w ith a
m inor 6 0 kD a p ro te in sp ec ie s, w hich w a s n o t stu d ie d further.
(B) O n to g e n ic profiles o f vim entin (u p p e r panel) a n d GFAP (low er
panel). Each p o in t is th e m e a n ± s .e .m . of at least six different N
(o p e n sym bols) o r TX (closed sym bols) dam s. Significant tre a tm e n t
(P < 0 05) an d a g e - tre a tm e n t (P < 0 05) effects w e re fo u n d for
GFAP; *P < 0 0 1 , TX c o m p a re d w ith N d a m (Fisher's PLSD).
(C) R egression o f GFAP levels o n fetal brain w eight; th e linear
relationships fo u n d for N (o p e n sym bols) (r^ = 0 64; P = 0 0 0 0 6 )
a nd for TX (closed sym bols) (r^ = 0-61; P = 0 0 0 2 6 ) d a m s w e re n o t
significantly different in slo p e o r elevation.
tournai o f Endocrinology (2000) 167, 4 3 9 -4 4 5
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pregnancy, differences in m aternal
levels betw een N
and T X dams w ere less m arked (Table 1), largely due
to the expected decline in circulating T 4 in N dams
(M orreale de Escobar et ai. 1985). M aternal serum total T 3
was also reduced in T X dams, to betw een 4 0 -50% o f
control levels (Table 1). T X dams carried few er fetuses
than N dams, and fetal body w eights w ere reduced at 19
and 21 dg to 8 8 % and 73% o f control levels respectively.
Fetal brain w eight was also red u ced (90% o f controls) in
T X dams at 21 dg, b u t fetal brain protein concentration
was norm al at all ages (Table 1). Placental w eight was also
norm al at all ages (data not show n).

kDa

66 -

45N

TX

16 dg

N

TX

N

TX

21 dg

19 dg

Vimentin expression

T h e v im entin antibody recognised a single 57 kD a band in
fetal brain (Fig. 1), as expected (Fliegner & Liem 1991).
T h e abundance o f vim entin rem ained constant betw een
16 and 19 dg, and decreased (P < 0 0 1 ) m arkedly thereafter
(Fig. 1). M aternal thyroidectom y was w ith o u t effect on
vim entin levels in fetal brain.

B
140

120
100

G V A P exp ressic 11
T h e G FA P antibody recognised a 50 kD a protein species,
as expected, and a less abundant slower m igrating species
(ca. 60 kDa) in fetal and adult brain (Fig. 1). T h e 50 kD a
band was specific for nervous tissue, w hereas the 60 kDa
band was detected in fetal liver, lung and heart (data not
shown) and was therefore not studied further. G FA P was
undetectable at 16 dg, bu t present at similar abundance in
both groups at 19 dg. Levels increased fivefold betw een 19
and 21 dg in N dam progeny, b u t only threefold in T X
dam progeny. C onsequently, G FA P was m arkedly de
ficient in T X fetal brain at 21 dg (44% o f control level).
Since fetal brain w eight was also reduced at this age in T X
dam progeny, w e com pared th e relationship betw een
GFA P abundance and brain w eig h t betw een 19 and 21 dg
in both groups. R egression o f G FA P on fetal brain w eight
resulted in superim posable regression lines (Fig. 1), in d i
cating appropriate G FAP expression for fetal brain w eight
in T X dam progeny.

a -ln te m e xin expression

T h e a -in te rn e x in antibody recognised the expected
6 6 kDa species in fetal and adult brain (Fliegner & Liem
1991) (Fig. 2). In N fetal brain, abundance declined
(P<0-01) b etw een 16 and 19 dg and th en rem ained stable.
M aternal thyroidectom y was associated w ith reduced
levels at 16 dg (71% o f control value), b u t increased
levels o f expression at 21 dg (147% o f control value).
a -In te rn e x in abundance exhibited an inverse Unear
relationship w ith fetal brain w eig h t in N dams thro u g h o u t
journal o f Endocrinology (2000) 167, 4 3 9 -4 4 5

80
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60
40
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Days gestation
Figure 2 The ex p re ssio n o f a-in te rn e x in in fetal brain from
norm al (N) a n d partially th y ro id e c to m iz e d (TX) rat dam s. (A)
R ep rese n ta tiv e p o rtio n s o f W e s te rn blots c o n ta in in g sam ples and
an adult brain sta n d a rd (S) all at 2 5 pg p ro te in loading. M igration
of m olecular w eig h t m arkers is in d ic a ted o n th e left. (B) O n to g e n ic
profile of a -internexin. Each p o in t is th e m e a n ± s .e .m . o f at least
sev en different N (o p e n sym bols) o r TX (clo sed sym bols) dam
p re g n a n cies. A significant a g e - tre a tm e n t in te ra c tio n o c c u rre d
(F < 0 01). *P<0 0 5 , TX c o m p a re d w ith N d a m (Fisher's PLSD).

the study period ( P =0-0008, r^ = 0 4), b u t was unrelated
to fetal brain w eigh t in T X dams (data n o t shown).

N F - L expression

T h e N F -L antibody recognised a 6 8 kD a species in fetal
and adult brain (Fig. 3) as expected (Fliegner & Liem
1991), the abundance o f w h ich increased (P < 0 05)
w w w .endocrinology.org
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N F -L at 16 dg (39% o f control level) and 21 dg (43% o f
control level). R egression o f N F -L levels on fetal brain
betw een 16 and 21 dg, revealed linear relationships in N
and T X dam progeny o f identical slope b u t differing
elevation (Fig. 3). T hus, for a given fetal brain w eight,
N F -L levels w ere low er in T X than N dam progeny.

kDa
D is c u s s io n
66

Partial thyroidectom y depressed p re-m atin g m aternal
serum total T 4 to around one q uarter o f control levels and
was associated w ith a red u ctio n in litter size. Fetal body
and brain w eights w ere depressed close to term , but
placental w eights w ere norm al, consistent w ith previous
studies o f severely hypothyroid dams (M orreale de Escobar
et al. 1985). In m oderate m aternal hypothyroxinaem ia
(pre-m ating total T^ > 1 6 2 nM ), how ever, late fetal
grow th appears norm al (Pickard et al. 2000).
V im en tin is the p red o m in an t IF protein in several
neuronal and astrocytic precursors. M aternal hypothy
roidism had no effect on vim en tin expression in fetal brain
over the study period, indicating norm al acquisition of
neuronal and astrocytic precursor cells.
G FA P was detectable only after th e onset o f fetal T H
secretion; levels w ere initially norm al at 19 dg, but
m arkedly deficient at 21 dg in T X dam progeny. This
indicates that m aternal hypothyroidism impairs astrocytic
m aturation in the fetal brain tow ards the end o f pregnancy.
Models o f com bined m atern o -fetal hypothyroidism have
show n that v im entin expression appears norm al, but
G FA P levels are reduced in perinatal hippocam pus (R am i
& R ab ie 1988, M artinez-G alan et al. 1997).
A lthough m atern o -fetal T 4 transfer may contribute as
m u ch as one fifth o f the fetal extrathyroidal T 4 pool at
21 dg (M orreale de Escobar et al. 1990), the onset o f fetal
secretion rapidly corrects fetal cerebral thyroid horm one
deficits in overtly h ypothyroid rat dams (M orreale de
Escobar et al. 1985). C onsequently, fetal brain hypothy
roidism is unlikely to account for the G FA P deficit in T X
dam progeny. R a th e r, this latter effect appears related to
the retarded fetal brain grow th, since T X dam fetuses
express appropriate levels o f G FA P for fetal brain w eight.
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Figure 3 The ex p re ssio n o f NF-L in fetal brain from norm al (N)
a n d partially th y ro id e c to m iz e d (TX) rat d am s. (A) R ep resen tativ e
p o rtio n s of W este rn blots c o n ta in in g sam p les (10 p g protein) and
an adult brain s tan d a rd (S; 0 5 p g p rotein). M igration of m olecular
w eig h t m arkers is in d ic a ted o n th e left. (B) O n to g e n ic profile of
NF-L. Each p o in t is th e m e a n ± s .e .m . of at le a st 5 different N (o p e n
sym bols) o r TX (clo sed sym bols) dam s. A significant (P < 0 001 )
tre a tm e n t effect w as found: *P < 0 05; **P<0 0 1 , TX c o m p a re d with
N d a m (Fisher's PLSD). (C) R egression o f NF-L levels on fetal brain
w eight. The linear re lationships fo u n d for N (o p e n sym bols)
(ri = 0-27; P = 0 0 38) a n d TX (clo sed sym bols) (ri = 0-47; P = 0 0 0 5 1 )
dam s had identical s lo p es b u t different (P < 0 05) elevations.
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a -In te m e x in is the first neu ro n al in term ed iate filam ent
to b e expressed in new ly d ifferentiating n eurons and
constitutes the m ajor neuro n al IF p ro tein p rio r to th e onset
o f fetal thyroid h orm one secretion. T o our k now ledge, the
influence o f th y ro id status on a -in te m e x in expression has
n o t previously b een investigated, despite its suggested role
in th e stabilisation o f small calibre axons d u rin g early brain
develo p m en t (FHegner et al. 1994). M atern al h y p o th y 
roidism was associated w ith a deficit in a -in te rn e x in
abu ndance at 16 dg and th e absence o f th e ex pected
ontogenic decHne o f this p ro tein d u rin g late fetal Life.
C onsequently a -in te rn e x in levels w ere m arkedly elevated
in T X fetal brain near term . T h is m ay have serious
consequences if not corrected soon after b irth , since
over-expression o f a -in te rn e x in is associated w ith m o to r
coordination deficits in transgenic m ice (C h in g et al.
1999). O rn ith in e decarboxylase and D O P A decarboxylase
also have im p o rtan t roles in th e acquisition o f sensorim otor
functions, and it is o f som e in terest th at th ey display
com parable ontogenic profiles to a -in te rn e x in in norm al
fetal brain and are similarly distu rb ed as a consequence o f
m aternal hypothyroxinaem ia (Pickard et al. 1993, Evans
et al. 1999).
N F -L is expressed subsequent to a -in te rn e x in d u rin g
early neuronal differentiation (Kaplan et al. 1990,
F hegner et al. 1994). M atern al h ypothyroidism was
associated w ith red u ced N F -L expression in fetal brain,
b o th before th e onset o f fetal th y ro id fu n ctio n an d near
term . A lthough N and T X dam pro g en y displayed
sim ilar rates o f increase o f N F -L w ith fetal brain w eig h t,
th e elevations o f these profiles w ere distinct. C o n se
quently, N F -L levels in T X dam progeny w ere
approxim ately h a lf those in th e ir norm al counterparts for
a given fetal brain w eight.
T h e early deficit in N F -L is consistent w ith th e recen t
rep o rt that thyroid h orm o n e positively regulates N F -L
expression in postnatal rat brain (G hosh et al. 1999).
FLowever, th e early deficit in a -in te m e x in expression m ay
also be influential, as this p ro tein is th o u g h t to form the
prim ary scaffold aro u n d w h ic h n eu ro fila m en t triplet
proteins co-assem ble d u rin g d ev elo p m en t (Fliegner et al.
1994, B alin & M iller 1995, C h in g & L iem 1998).
T o g eth er, these findings suggest th a t m atem al h y p o th y 
roidism in th e rat disrupts early stages o f n eu ro n al differ
entiation in fetal brain, an d th at such disturbances are n o t
corrected by th e onset o f fetal th y ro id h o rm o n e secretion.
A strocytic differentiation - alth o u g h initially n orm al - is
p e rtu rb e d near term con co m itan t w ith a m o re general
delay in fetal brain grow th. T h ese findings confirm th e
existence o f a critical perio d o f m atem al th y ro id h o rm o n e d ep en d en cy for fetal brain d ev elo p m en t (Pickard et al.
1997), be it m ed iated directly (th ro u g h in teractio n Avith
fetal brain T H nuclear receptors) or indirectly, at th e levels
o f m atem al m etabohsm a n d /o r placental fu n ctio n (B onet
& H errera 1988, H e n d ric h & P o rterfield 1992, L eonard
et al. 1999, P ickard et al. 1999, 2000).
lournal o f Endocrinology (2000) 167, 4 3 9 -4 4 5

D isru p tio n o f th e co -o rd in a te m atu ratio n o f neuronal
and glial cells is Ukely to im p in g e u p o n th e estabhshm ent
o f vital n eural connections (R ak ic 1990), possibly co n trib 
u tin g to th e b ehavioural deficits in postnatal p rogeny o f
hypo th y ro id rat dams (A ttree et al. 1992, S inha et al. 1997).
T h e h u m a n brain at b irth corresponds to th e rat brain at 10
postnatal days so th at m o st n eu ro n al differentiation occurs
prenatally in m an b u t postnatally in rats (Porterfield &
H e n d ric h 1993). Studies in hu m an s have em phasised the
im portance o f th e m a te m a l T H e n v iro n m e n t prior to the
onset o f fetal th y ro id fu n c tio n (18—20 w eeks gestation
in hum ans) w ith respect to fetal brain d ev elo p m en t
(C onnolly & P h aro ah 1989, P op et al. 1999). a -In te m e x in ,
N F -L and G FA P are expressed in h u m a n fetal brain from
at least 9 w eeks gestation (V oronina & P reobrazhensky
1994, A m o ld & T ro jan o w sk i 1996). T h u s, sim ilar com 
prom ise to th at seen in th e rat m ay co n trib u te to th e
cognitive and m o to r dysfunction seen in th e offspring o f
h y p o th y ro id w o m en (C onnolly & P h aro ah 1989, M a n
et al. 1991, H ad d o w et al. 1999). H o w e v er, given th e
differences in m a te m o -fe tal T H econom y and p lacen
tatio n b e tw e e n rats and h u m an s, extrapolations b etw ee n
these tw o species m u st be approached w ith sufficient
caution.
T h e ev idence p resen ted h ere, to g e th e r w ith previous
studies, dem onstrates th a t m a te m a l th y ro id status influ
ences several d ev elo p m en tal param eters in fetal brain.
E x p erim en ts in progress in o u r laboratory aim to elucidate
th e spatial changes and m o lecu lar m echanism s u n d erly in g
this regulation.
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M atern al h y p o th y ro id ism in th e r a t c o m p ro m is e s a -in te rn e x in
(a-IN ) e x p re ssio n in e a rly fe ta l b rain . W e have th e r e f o r e e x am in ed
w h e th e r 3 ,5 ,3 '-tr iio d o th y ro n in e (T 3) re g u la te s a -IN e x p re ss io n in
fetal b rain n e u ro n s in c u ltu re . C ells e x p re s s e d tr a n s c r ip ts en co d in g
T3 n u c le ar r e c e p t o r iso fo rm s in a T 3 - in d e p e n d e n t m an n er. a -IN
p ro te in a b u n d a n c e w a s in c re a se d in c u ltu re s t r e a te d w ith 0.1 and
I nM T3 fo r 20 h (177 and 185% c o n tro l, re sp e c tiv e ly ) a n d in c u ltu re s

t r e a te d w ith I nM T3 fo r 4 0 h (131% c o n tro l). a -IN tr a n s c r ip t a b u n 
d a n c e w a s u n a ffe c te d byT 3 tr e a tm e n t. In c o n clu sio n ,T 3 a t a physio
logical level, s tim u la te s a -IN p ro te in , b u t n o t m R N A , levels in e arly
d ifferen tiatin g n e u ro n s in c u ltu re . T h is s u p p o r ts th e h y p o th e sis
t h a t m a te rn a l th y ro id h o rm o n e d ire c tly re g u la te s e arly n eu ro n a l
d ifferen tiatio n . N euroR eport I 3:273 -2 7 6 (t) 2002 L ippincott W illiam s
& W ilkins.

Key w ords: a-lnternexin; N euronal cell culture; Thyroid horm one

IN TRO D U CTIO N
Maternal thyroid horm one (TH) is transferred to the fetus
throughout hum an and rat pregnancy and influences
cognitive and m otor function in offspring [1-3]. In the rat,
maternal hyp othyroid ism im pairs brain d evelop m en t from
before the onset of fetal thyroid function [2,4-6]. Affected
param eters include the neuron-specific cytoskeletal pro
teins, a-internexin (a-lN ) and neurofilam ent-L [6]. O f these,
a-lN is of particular interest, since it is the first to be
expressed up on neuronal differentiation and is thus the
major neuronal interm ediate filam ent protein prior to the
onset of fetal TH secretion [7].
The m echanism by w hich maternal TH regulates fetal
brain develop m en t is unclear [1-3]. Direct action is possible,
since early fetal brain accum ulates maternal thyroxine and
can m etabolise this to 3,5,3'-triiodothyronine (T3). c-erbAa
and -P derived transcripts, encoding both T3 nuclear
receptors (TRal and TRpi isoform s) and related non-T3
b in ding variants (c-erbAa2 and -a3) are also expressed.
More indirect m echanism s in volvin g the placenta a n d /o r
maternal tissues m ay also occur [3,5,8]. In order to
investigate the hyp othesis that TH directly regulates early
neuronal differentiation, w e have exam ined w hether T3
regulates a-lN expression in cultures of neurons derived
from early fetal brain.

MATERIALS AN D M ETHODS
Fetal brains
w ere obtained from pregnant Sp ragu e-D aw ley rats at 15
days gestation (dg; onset of fetal TH secretion is 17dg), and
neurons w ere cultured as described [9]. Brains w ere m inced
P r e p a r a t i o n o f p r i m a r y n e u r o n a l cell cu ltu res:

0 9 5 9 - 4 9 6 5 © L ip p in co tt W illiam s & W ilkins

and rinsed w ith H ank's balanced salts solution (Ca^^, Mg^"'"free) containing 15 m M HERBS buffer, lO O U /m l penicillin,
lO O gg/m l streptom ycin and 0.25 p g /m l am photericin B.
Rinsed cells w ere d issociated in fresh solution containing
2.5 p g /m l trypsin, 80 g g /m l D N ase I and 5m M M gC b for
20 min at 25°C. Soya bean trypsin inhibitor w as added to
1 m g /m l and the cells resusp en ded in DMEM:F-12 (1:1)
containing 2.5 mM L-glutam ine, 15 m M HERBS, lO O gg/m l
transferrin, 5 g g /m l insulin and antibiotics (as above),
passed through 70 and 40 pm cell strainers, then seeded
on poly-D -lysine at 5 x 10^ viable cells/cm ^. After 2 h
attached cells w ere cultured in fresh m edium pre-equili
bria ted w ith 1% w / v BSA and 0, 0.1 or 1 nM T3, for up to
40 h. All m aterials w ere from Invitrogen (Raisley, UK) except
cell culture grade insu lin , T3 and BSA (Sigma Chem ical Co.
Ltd, Roole, UK) and D N ase I (Roche D iagnostics, M an
nheim , G erm any). A n im als w ere handled in accordance
w ith the A nim als (Scientific Rrocedures) Act of the United
K ingdom , 1986.

N eu ron s in cham ber slides w ere
w ashed tw ice in phosphate-buffered salin e (RBS), fixed in
ethanol (15 m in, 4°C), blocked w ith norm al goat serum (1:20
in RBS, 15 m in, 25°C), incubated w ith an a-IN m onoclonal
antibody (1:1000 in RBS; overnight at 4°C) then w ashed
tw ice in RBS (10 m in, 25°C). After incubation w ith anti
m ou se IgC-biotin conjugate (1:500 in RBS; 40 m in, 25°C),
slid es w ere detected u sin g an avid in -b iotin com plex (ABC)
kit, as recom m en ded, and 3,3'-d iam inob en zidine tetrahydrochloride for 3 m in at 25°C. C ells w ere counterstained
with M ayer's haem atoxylin, m oun ted in DRX m ounting
h n m u n o c y to c h e m is try :
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m edium and photographed under brightfield illum ination.
The a-IN m onoclonal w as from C hem icon International
(Temecula CA. USA), the ABC kit from Vector Laboratories
Inc. (Burlingam e, CA, USA) and all other reagents w ere
from Sigm a C hem ical Co. Ltd (Poole, UK).
W e ste r n b l o t t i n g : C ells w ere harvested in PBS containing
10 mM ph en ylm ethylsu lphon ylflu oride, then stored at
—20°C and briefly sonicated before use. Western blotting
w as perform ed as described [6]. Briefly, 2.5 pg protein
sam p les and an adult brain standard w ere subjected to
SDS-PAGE and transferred to nitrocellulose m em branes.
M em branes w ere probed w ith the a-IN m onoclonal (1:5000)
then an H RP-linked secondary antibody, and im m unocom plexes detected usin g an ECL kit as recom m ended
(A m ersham Pharmacia Biotech UK Ltd, Little Chalfont,
UK). After im m unodetection, blots w ere stained w ith India
ink to confirm equal sam p le loading. Image capture and
analysis w ere as described p reviou sly [6]. Signals w ere
corrected for filter-to-filter variation usin g standard signals
by application of the correction factor: x. (Save/Sfiu) w here x
is the O D of the sam p le band; Save is the average O D of
standards on all filters and Sfiu is the O D of the standard on
the sam e filter as the sam ple band (x).

Total RNA w as iso
lated and reverse transcribed usin g random hexam ers as
described [10]. Serial dilutions of cD N A w ere subjected to a
hot start PCR protocol to ensure am plification w as specific
and proportional to cD N A input. Primers for a-IN PCR
w ere
5'-GAATCCCTGGAGAGGCAGAT-3'
and
5'CGCTGGAACTGGTGGTGATT-3', and the reaction ran for
28 cycles usin g an annealing tem perature of 59°C. Separate
PCR reactions w ere also perform ed for 18S rRNA, TRpi,
TR al and c-erb A a 2 /3 as published previou sly [lOj; c-erbAa2
and -a3 am plicons differed in length by 117bp and w ere
distin gu ish ed by electrophoresis. Electrophoresis and quan
titation of all PCR products w ere as described previously
[10]. Product y ield s w ere corrected for tem plate dilution,
averaged and expressed relative to 18S rRNA.
S e m i-q u a n tita tiv e RT-PCR a n a ly sis:

P r o t e i n a n d D N A d e t e r m i n a t i o n : Protein w as determ ined
by a dye bin ding m ethod [11]. D N A w as determ ined using
the bis-b en zim ide fluorom etric m ethod [12].

Data analysis w as by ANOVA using
Fisher's protected least significant difference (PLSD) test for
post hoc analysis. H om ogen eity of variance w as verified
u sin g Bartlett's test for sam p les of unequal sizes and, w here
appropriate, a square root or log transform ation w as
applied. All valu es are expressed as m ean ± s.e.m .

Fig. I. (a) Phase c o n tra st m icrograph ( x 300) of prim ary neuronal cul
tu re s at 20 h (0 nM T3) undergoing n eu rite o u tg ro w th , (b.c) Im m unocyto
chemical visualisation of a-IN p ro tein in prim ary neuronal cultures at
40 h. Cells w ere fixed in ethanol th e n incubated in th e presence (b) and
absence (c, negative control) of a-IN prim ary antibody. The antigen was
visualised w ith an av id in -b io tin com plex kit using DAB as a chrom agen
and Mayer's haem atoxylin for counterstaining. (b) The m ajority of cells in
culture stained positive for a-IN. (c) staining w as absent in th e no prim ary
antibody control. Bar = 100 pm.

significant effect on the D N A content per w ell, the
protein:D N A ratio and the RN A content per w ell ( n > 4
different cultures; data not sh ow n ).

S ta tistic a l analysis:

RESULTS
N eurite outgrow th w as evid en t soon
after cell attachm ent, m ost cells having established connec
tions by 20 h, w ith further elaboration of processes by 40 h
(Fig. 1). The vast majority of cells in culture exhibited
neuronal m orphology and stained p ositively for a-IN
(Fig. 1), su ggestin g a relatively pure population of differ
entiating neurons, as expected [9]. T3 w as w ithou t any
C e ll c u ltu re m o d e l :

274

Vol 13 N o 3 4 M arch 2002

c-erbA'x a n d -(3 e x p r e s s i o n : N euronal cD N A (« = 3 cultures)
w as am plified alongsid e fetal brain cD N A derived from
normal rat dam s at 16 d g (« = 3 pregnancies), with c-erbA
and 18S prim er sets. All PCR reactions gave products of the
expected length [10]. N eu ron s in culture expressed c-erbAa
transcripts, including those en cod in g the T3-binding TR
isoform (TR al) and non-T3-binding variants (c-erbAa2 and
c-erbAa3), as w ell as TRpi m RN A. Transcript abundance
(relative to 18S rRNA) w a s invariant betw een 20 and 40 h,
and w as unaffected by T3 treatm ent (data not show n). For
each transcript, m ean v alu es w ere calculated for each
culture at 20 h, and these w ere com pared w ith fetal brain.
L evels of T R al, c-erbAa2 and c-erbA a3 m R N A in neuronal
culture, (values w ere 2.22 ± 0.22, 0.19 ± 0.02 and 0.

T3 A N D a-IN T E R N E X IN EXPRESSION
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19 ± 0.01, respectively) w ere sim ilar to those in fetal brain
(values w ere 1.56 + 0.42, 0.28 + 0.05 and 0.12 + 0.03, re
spectively). H ow ever, the c-erbAa2:c-erbAa3 ratio w as
low er (p < 0.01) in neuronal cultures (1.02 + 0.09) than in
fetal brain (2.62 + 0.46). TRpi transcript abundance w as
low er in neuronal cultures than in fetal brain (0.79 + 0.17 vs
3.50 ± 0.24; p < 0.01).

100

80

In neuronal
cultures, the a-lN antibody recognised the expected 66 kDa
sp ecies [6], the abundance of w hich increased alm ost 3-fold
in control cultures as neuronal differentiation proceeded
(Fig. 2). T3 treatment increased ot-IN protein abundance at
20 h (182% and 216% control levels for 0.1 and 1 nM T3
respectively) and at 40 h (148% control level for 1 nM T3).
a-IN transcript abundance w as unaffected by T3 treatment
a - I n t e m e x i n p r o t e i n a n d m R N A e x p r e ss io n :

(Fig. 2).

Û

O
-u

60

40

20

DISCUSSION
To our k n ow led ge this is the first report on the regulation of
a-IN expression by T3 in rat fetal brain neurons in culture.
Short-term cultures w ere stu died to m odel early neuronal
differentiation, since maternal h yp othyroid ism com pro
m ises this process in fetal brain from before the onset of
fetal thyroid function. A n im portant advantage of the cell
culture m odel is that it is free from effects, such as maternal
m etabolic com prom ise and placental dysfunction, w hich
m ay com plicate the interpretation of in vivo findings.
N eurons in culture expressed transcripts encoding TR
isoform s, as w ell as related non-T3-binding variants, in a T3ind ep en d en t manner, as expected [13,141. A lso in agreem ent
with previou s findin gs [13], levels of T R al, the m ost
abundant TR isoform in early fetal brain [15], and com bined
c -erb A a 2 /a 3 variants, w ere com parable in cell cultures and
early fetal brain, w hereas TR(31 m R N A , w as less abundant
in the former. This difference is expected, since TR[31 m RN A
expression is predom inantly associated w ith zon es of
neuroblast d ivision in fetal brain, w hereas the cultures
com prise differentiating neurons [16]. The c-erbAa2:cerbAa3
transcript ratio w as low er in neurons in culture than in fetal
brain, even though TRal w as invariant. The basis for this
novel finding is unclear since, in previous work, cerbAa2
and c-erbAa3 transcripts have not been discrim inated in the
various brain cell types at different stages of developm ent.
The main finding in this study, w as that T3 p ositively
regulates a-lN protein abundance in neurons in culture.
Stim ulation of a-IN protein w as seen with a d ose as low as
0.1 nM T3, w h ich approxim ates the T3 level in fetal brain
before the onset of fetal thyroid function [17].
Indeed, at this d evelop m en tal stage, a-IN protein abun
dance in fetal brain is higher in euthyroid relative to
hypothyroid rat dam pregnancies [6]. Together, these
findings support a direct role for maternal TH in the
regulation of early neuronal differentiation.
The conventional m echanism of TH action is considered
to be the m odu lation of target gen e transcription. A number
of genes encoding neuron-specific proteins, including the
neurofilam ent triplet proteins, are transcriptionally regu
lated by TH in m odels of maternal and congenital
hypothyroidism , albeit TH response elem ents have been
identified in on ly a few of these genes [18-20]. On the other

2.0

1.5

1.0

0.5

0.0
C ulture tim e (h)
Fig. 2. Abundance of a-IN p ro tein (upper panel) and mRNA (low er pa
nel) in prim ary neuronal cultures tre a te d w ith 0 nM T3 (open bars). 0.1 nM
T3 (hatched bars) and 1.0 nM T3 (solid bars) for 2 0 - 4 0 h. Values are
m ean ± s.e.m. of > 4 different cultures.
< 0.05, cells tre a te d w ith
0.1 nM T3 o r 1.0 nM T3 vs cells tre a te d w ith 0 nM T3 (F ishers PLSD).

hand, in our study, T3 treatm ent of neuronal cultures w as
w ithout effect on the steady-state level of a-lN m RNA; this
parameter is also normal in fetal brain from hypothyroid rat
dam s [21]. In the latter m od el, G LUTl also exhibits variant
protein, but normal m R N A , abu nd ance in early fetal brain
[5], and sim ilar findings have been reported for micro
tubule-associated protein-2, syn ap sin 1, and acetylcholine
esterase in m odels of congenital h yp othyroid ism [22-24].
Thus T3 m ay regulate translation a n d /o r stability of certain
proteins in brain, perhaps via transcriptional m odulation of
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post-transcriptional regulatory factors. The cell culture
system em ployed here is likely to serve as a useful m odel
to elucidate the m olecular m echanism s by w hich maternal
TH regulates early neuronal differentiation.

CO N C LU SIO N
A n alogou s to findings in a rat m odel of maternal hypothyr
o id ism [6,21], w e have sh ow n that a physiological level of
T3 increases a-lN protein, but not m R N A , abundance in
neurons in culture. This supports the hyp othesis that
m aternal thyroid horm one directly regulates early neuronal
differentiation in fetal brain prior to the onset of fetal
thyroid function.
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