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ABSTRACT
Irreversible neurological dysfunction in children as a result of maternal thyroid hormone
deficit is a worldwide problem. The effects of thyroid hormone insufficiency on neonatal
brain development have been intensively studied, however, little is known regarding
thyroid hormone action during fetal brain development. A hypothyroxinémie rat dam model
was used to investigate the role of thyroid hormone in early brain development, with
particular respect to cholinergic and monoaminergic neurotransmitter metabolic enzymes
and receptors, and thyroid hormone nuclear receptors.
Maternal hypothyroxinemia disturbed the ontogeny of choline acetyltransferase,
monoamine oxidase and DOPA decarboxylase in fetal brain. During postnatal development,
region-specific increases in tyrosine hydroxylase, monoamine oxidase and DOPA
decarboxylase activities were observed, together with decreased p-adrenergic and D2
dopaminergic receptor binding sites.
The fetal ontogeny of thyroid hormone receptors was disturbed in experimental progeny,
but only in preparations of whole nuclei, which exhibited increased receptor binding sites at
16 and 21 days gestation. No differences in binding kinetics were apparent in salt-extracted
receptor preparations from experimental progeny and controls. Analysis of thyroid
hormone receptor isoform mRNA levels in fetal brain indicated that the non T3-binding
variant, a 2 (TRa2), was thyroid hormone regulated whereas the a l and p i receptor
isoforms were not.
This thesis provides further evidence supporting a role for maternal TH in fetal brain
development. Three candidate genes are identified, whose expression may be directly
affected by T3 in fetal brain, namely choline acetyltransferase, monoamine oxidase
(isoform A) and TRa2. Furthermore, these effects may be exacerbated by a general
increase in the inhibition of thyroid hormone and retinoic acid-mediated gene transcription
as a result of increased thyroid hormone receptor homodimer formation. The disturbed
ontogeny of these proteins, amongst others, may underlie the region specific biochemical
abnormalities exhibited in hypothyroxinémie dam progeny.
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CHAPTER 1.
INTRODUCTION

20

1.1 Historical review
The only established biological role for iodine is as a constituent of thyroid hormones
(TH). When iodine is lacking in the diet, a number of pathologies including goitre and
cretinism result—the exact pathology being determined by the timing and extent of the
deficiency— and these are collectively known as iodine deficiency disorders (IDD). The
relationship between iodine intake and goitre, however, has only relatively recently (in the
past eighty years) been accepted—despite the long and mostly separate histories of the
thyroid, iodine and goitre.
The first recorded mention of the thyroid gland is thought to have been in ancient Greece
{circa 200 AD), where Galen thought that it may function as a mucous secreting gland for
lubricating the pharynx and larynx (1). However this is disputed by Merke (2) who argued
that the anatomical descriptions attributed to Galen actually refer to the tonsils, and that the
thyroid was not anatomically described until the 1500s by Leonardo da Vinci (2). The
organ was formally named “the thyroid gland” by Wharton in 1656, due to its proximity in
the larynx to the thyroid cartilage (so named because of its distinctive shape—thyroid
derives from the Greek word for “oblong shield”) (3). Wharton thought that the thyroid
served a purely aesthetic role, giving the neck a rounded shape (3). It was later noted,
however that particular conditions were always associated with an alteration in the size of
the thyroid, leading to the hypothesis that the thyroid was important for day to day
maintenance of body function (cited in (1)).
Elemental iodine was discovered by Bernard Courtois in 1811 during the manufacture of
saltpetre from burnt seaweed (4). In 1820, Coindet deduced that the active ingredient of
burnt sponge (a commonly used remedy for goitre at the time) was iodine and successfully
treated goitrous patients with potassium iodide and tincture of iodide (4). Another chemist,
Boussingault, also recognised iodine deficiency as a cause of goitre in 1825.
Unfortunately, these views were largely ignored by the medical profession and it was not
until the 1850s that Adolphe Chatin, following his studies of measuring environmental
iodine levels, again proposed that iodine deficiency was linked with goitre. This theory was
once more received with scepticism due to problems with iodine overdoses in patients, and
did not become generally accepted until the studies of Marine, 1909-17 and von Fellenberg
in 1926 (2).
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Meanwhile, the 1870s onwards saw rapid developments in determining the role of the
thyroid gland. The relationship between atrophy of the thyroid and cretinism was first
recognised by Fagge in 1871 (5). This was followed by Gull in 1874, who described
several cases of adult-onset cretinism (6). The connection between the thyroid gland and
these disorders was confirmed in 1883, when Kocher and the Reverdin brothers performed
thyroidectomies on goitrous patients. They noticed an initial cosmetic improvement but the
patients’ health soon deteriorated with symptoms resembling cretinism and myxoedema
(2,5). Following on from Fagge’s work, Ord chaired a committee of the Clinical Society in
London to investigate myxoedema. The report, published in 1888, concluded that
myxoedema was a result of atrophy of the thyroid gland and essentially the same disease as
cretinism; the factor(s) behind the damage remained unknown (7). Initial success in treating
myxoedema by grafting a lobe of sheep thyroid by Bettencourt and Serrano in 1890 led to
the treatment of hypothyroidism, first by injection, and later by oral administration of
thyroid extract (8,9). These successes, together with the established remedies of burnt
sponge and iodine, led Kocher in 1895 to speculate that the thyroid contained iodine (5).
This was confirmed by Baumann in the same year when he discovered that the thyroid was
capable of incorporating iodine into organic compounds (1,2).
A major advance in the clinical classification of cretinism came in 1908 (10) when
McCarrison divided the disorder into two groups, myxoedematous and neurological,
depending on the symptoms. This classification is still used today, although there is
considerable debate whether two distinct groups actually exist (see section 1.7.1.2). In
1912, Gudemastch fed thyroid extract to tadpoles to demonstrate the role of TH in
maturation (11). In 1914 a major breakthrough came with the successful isolation and
crystallization of thyroxine (T4) by Kendall (12,13), and in 1927, Harrington and Berger
synthesised T4 and elucidated its chemical composition (13). It was not until 1952
however, that Gross and Pitt-Rivers discovered 3,5,3'-triiodothyronine (T3) and
demonstrated it to be more potent than T4 (14).
Research then centred on defining the effects and mechanisms of action of TH. It had been
speculated since the late 1960s that TH acted via the nucleus (15) and this was confirmed
with the demonstration of high affinity nuclear T3 receptors (16). Until recently, the nature
of these receptors was largely unknown; although their binding parameters could be
determined, attempts to purify the receptors led to loss of affinity. With the development of
molecular biological techniques in the 1980s two groups independently discovered
candidate genes coding for the nuclear T3 receptor in human (17) and avian (18) cDNA
libraries, the former on chromosome 3 and the latter having a human homologue on
chromosome 17. Both were related forms of the c-erbA proto-oncogene, the cellular
22

homologue of the viral y-erbA. gene which had kindled researchers’ interest because of its
resemblance to steroid hormone receptor genes (19,20). It thus became evident that the
nuclear T3 receptors (TR) belonged to a superfamily of ligand-activated transcription
factors (section 1.6).
Despite the many advances in our knowledge that have occurred during nearly a century of
research into TH action there are still several controversies - can maternal TH cross the
placenta and thereby influence early fetal development? Does TH affect the adult brain? Are
all the effects of TH mediated by nuclear receptors or are there extranuclear sites of action?
This thesis is concerned with the first question, and in particular will focus upon the
possible role of maternal TH in fetal brain development.
1.2 Development of the thyroid
The basic course of events in the development of the thyroid gland is virtually the same in
all mammals studied (1), although the rate of maturation of the thyroid gland tends to vary
greatly between species. For example, the thyroid follicles start to form in humans at 11-12
weeks gestation (wg) and in rats at 16 days gestation (dg) (21).
The thyroid gland originates from endodermal tissue as an invagination in the floor of the
pharynx known as the foramen caecum. This can be first seen in the human at 16-17 dg
(22) and in the rat at 10 dg (1). Proliferation of the original cells, augmented by movement
of pharyngeal epithelial cells, results in downward growth and evolution into a flask-like
vesicle with a narrow canal known as the thyroglossal duct. By 13-14 dg in rats, and 45-50
dg in humans, the vesicle has bifurcated into two lateral lobes and arrived at its final
location in front of the upper trachea. The vesicle, now consisting of two compact clusters
of epithelial cells, loses contact with the pharyngeal cavity as the thyroglossal duct
solidifies and atrophies. Blood vessels infiltrate the vesicle, leading to a high degree of
vascularisation in the developed gland. Finally the vesicle fuses with the ultimobranchial
body, which supplies the parafollicular and calcitonin-secreting C cells (1,23).
Follicle formation is a crucial stage in thyroid development as iodine organification and TH
synthesis cannot occur until they are fully formed (1). Folliculogenesis starts just after
fusion with the ultimobranchial body. Junctional complexes form in the cell membranes
between neighbouring cells leading to the formation of narrow clefts which develop into
follicular lumens (24). Coincident with this is the polarization of the follicle cells (section
1.3). lodination and TH synthesis soon follows— at 17.5 dg in rats (1), whereas in
humans the timing is more contentious. In vitro studies of developing thyroid explants
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suggest TH synthesis starts at around 10.5 wg, however, in vivo studies indicate that TH
synthesis may begin later, at any time between 15-24 wg (25). Accurate determination of
fetal TH synthesis in vivo is complicated by the presence of maternally transferred TH.
1.3 Thyroid hormone synthesis
The primary function of the thyroid gland is to concentrate inorganic iodide and use it for
TH synthesis. The thyroid gland also produces and secretes another hormone, calcitonin,
from the parafollicular cells but this will not be considered here as it is involved in calcium
homeostasis, and as such is outside the scope of this thesis. The functional unit of the
thyroid gland, the follicle, is roughly spherical in shape, ranging from 0.02 to 1.0 mm in
diameter (23). There are generally 20 to 50 follicles in each lobe of the gland, each
consisting of a single layer of epithelial cells surrounding the lumen (Fig. 1.1). The
epithelial cells are highly polarised in that the apical cell membrane (facing the lumen) has
many microvilli and pseudopods, whereas the basal cell membrane is relatively smooth.
The polarization is further reflected by differences in functional components between the
two membranes and the distribution of the organelles within the cell. For example, nuclei
and rough endoplasmic reticulum (RER) tend to be situated in the basal or central area of
the cell, while the Golgi apparatus and secretory vesicles are found in the apical area (26).
This highly organised arrangement is important for the coordination of the many processes
that occur during TH synthesis, as described below.
1.3.1 Iodide accumulation
Situated on the basal membrane are efficient active transport mechanisms capable of
importing iodide into the follicles against chemical and electrical gradients. Not
surprisingly, studies with uncouplers of oxidative phosphorylation have shown the
mechanism to be energy-dependent (27). Iodide accumulation also requires extracellular
Na+ and K+ ions (28), and the enzyme Na+,K+-ATPase has been demonstrated on the basal
cell membrane (29). Recently the cDNA encoding a Na+/I" symporter has been cloned from
rat, and subsequently human, thyroid (30,31). Sequence analysis suggests that the
symporter is composed of a membrane protein with 12 putative transmembrane domains,
sharing 24.6% homology with the glucose/Na+ co-transporter (30,32). The cellular interior
is kept negatively charged with respect to the lumen, allowing intracellular iodide to diffuse
rapidly across the apical cell membrane (33).
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1.3.2 lodination of thvroglobulin
Thyroglobulin is synthesised in the RER and transported, via the Golgi apparatus, to the
apical membrane where it is secreted into the follicular lumen—the site of iodination
(reviewed in (26,34)). The iodination of thyroglobulin is an oxidative reaction—requiring
an electron acceptor, hydrogen peroxide, which is generated by a NADPH oxidase
complex located in the apical membrane (26,34). In the presence of hydrogen peroxide,
thyroperoxidase catalyses the iodination of tyrosyl residues in thyroglobulin (35). This
process results in the formation of mono- and di-iodotyrosyls which are coupled by ether
linkage to form T3 and T4 (see Fig. 1.2 for chemical structures) (26,34). The exact
mechanisms of iodination and coupling are not yet known but they occur concurrently (see
(35) for the current theory). Thyroid stimulating hormone (TSH) exerts a powerful
stimulatory effect—enhancing iodination by two mechanisms. Firstly, by stimulating
exocytosis of vesicles at the apical membrane, TSH raises levels of non-iodinated
thyroglobulin, thyroperoxidase and NADPH oxidase (26). The second effect, increased
hydrogen peroxide release, occurs at high TSH concentrations (>10 mU/ml) and is Ca2+dependent (34).
1.3.3 Thyroid hormone release and secretion
lodinated thyroglobulin is taken up from the lumen into the follicle cells by endocytosis.
The endosomes then fuse with lysosomes, containing proteases and glycolytic hydrolases
(34), resulting in degradation of thyroglobulin to T3, T4 and mono- and di-iodotyrosines
(MIT and DIT respectively). Under normal conditions, preferential proteolysis results in 3fold higher production of T4 than T3 (34). Furthermore, serum T3 has a shorter half-life
than T4 (1 and 7 days respectively), so that the proportion of circulating T4:T3 increases to
50-fold. In hypothyroid conditions however, TSH-stimulated 5"-deiodination of T4 in the
thyroid results in a higher proportion of T3 being secreted (section 1.5.4). MIT and DIT
are deiodinated in follicle cells by microsomal iodotyrosine dehalogenase and the iodide is
recycled. The mechanism by which TH are transported across the basal membrane, into the
bloodstream is not yet known, but may occur through passive diffusion (34).
1.3.4 Regulation of thvroid function: the hvpothalamic-pituitary axis
In the adult, TH synthesis is largely under the control of TSH, a pituitary glycoprotein.
TSH enhances iodination and also has widespread effects on thyrocyte metabolism
(reviewed in (11)). Following the binding of TSH to its cell-surface receptor, rapid
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increases in thyroidal glucose oxidation, and the synthesis of lipid, RNA and protein
(particularly thyroglobulin) are observed (36). These effects are mediated via a cAMP
second messenger system (37). TSH synthesis in the pituitary is stimulated by a
hypothalamic hormone, thyrotrophin releasing hormone (TRH) and inhibited by TH.
Furthermore TRH synthesis is also inhibited by TH. TH regulation of both TSH and TRH
synthesis is primarily at the level of transcription (38), although post-transcriptional
modification of TSHp mRNA has also been demonstrated (39).
Development of this regulatory axis occurs prenatally in humans but largely postnatally in
rats (21,25). TRH can be first detected in human fetal hypothalamus at 9 wg, but TSH
cannot be detected in the pituitary until 12 wg. At around 18-22 wg however, there is a
surge in pituitary and serum TSH levels, and a corresponding rise in fetal serum TH
levels— suggesting that TSH-stimulated TH synthesis has developed by this time.
Furthermore, TH levels continue to rise as TSH and TRH levels decline, indicating
feedback regulation is also in place. In cases of congenital hypothyroidism however, TSH
levels are not elevated in response to the low TH levels, suggesting the feedback
mechanism has not yet fully matured (21,25). In the rat, TSH can be detected from 18 dg
and drug induced fetal hypothyroidism results in increased TSH levels. Nevertheless, TH
levels appear unresponsive to TSH until after birth when TRH, TSH and TH levels all rise
correspondingly (21).
1.4 Thyroid hormone transport and cellular uptake
In humans, 99.97% of T4 and 99.7% of T3 in the bloodstream is bound reversibly to three
plasma proteins, thyroid binding globulin (TBG), transthyretin (TTR) and albumin (23).
The relevant characteristics of the TH binding proteins are summarised in Table 1.1.
Although TBG is present at the lowest concentration, it possesses the highest affinity for
T3 and T4 and is therefore the most physiologically important protein in terms of serum TH
binding. It is interesting to note that although TBG only binds TH, TTR also binds retinol
binding protein (and consequently retinol) and albumin can bind many other compounds
(41).
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Table 1.1 Plasma concentration and binding characteristics of the TH binding proteins in
humans
TBG

TTR

Albumin

1-2

12-24

3000-4500

K afor T4 (M'l)

1 X IQio

7 x 1 0 5 -7 % 107

5 X 10^-7x106

K aforT 3 (M'O

5 x 108

6 X 105 - 1 X 10?

5 X 103 - 1 X 1Q5

% T4 bound

60-80

10-20

5-15

% T3 bound

50-70

< 1

30-50

Plasma concentration

>

S

(mg/dl)

Affinity constants (Ka) were determined at pH 7.4, 37 °C. The range of affinities is due to
co-operativity between multiple TH binding sites. Adapted from (23,40)

Under normal circumstances none of the binding proteins, even TBG, are saturated. This
gives the homeostatic mechanism considerable flexibility in that moderate changes in total
TH levels do not significantly alter free TH levels. A similar situation exists with respect to
the steroid hormones and their serum binding proteins, and has thus given rise to the free
hormone hypothesis which suggests that only free hormone is available to target tissues—
the hormone binding proteins acting as buffers, to mop up excess hormone or release it in
times of deficit (42). There is some evidence that increases in binding protein levels affec^
the tissue distribution of hormone (43). Other possible functions of serum TH-binding
proteins include increasing the biological half-life, by restricting access to degradative
enzymes, and prevention of loss by excretion from the renal system.
Although the free hormone hypothesis is generally well accepted, the functions of binding
proteins can also be served by intracellular TH binding sites (44). Indeed, it has been
estimated that 37% of the extrathyroidal T4 pool is intracellular (45). Experiments with
perfused liver have shown that in the absence of binding proteins, T4 is quickly extracted
from serum by the periportal cells (44). It has been proposed therefore, that serum TH
binding proteins ensure even distribution of TH within tissues (44).
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None of the proposed functions adequately explain why, in the case of TH, three different
hormone binding proteins exist. TBG is the only serum binding protein that exclusively
binds TH, could it therefore have a specific TH-related function not ascribed to TTR or
albumin? It is well known that TBG levels increase two to three-fold during pregnancy
(due to decreased metabolism and increased hepatic synthesis) with a concomitant rise in
TH levels (particularly T4) (46,47). It was originally suggested that the rise in TBG
prevented maternal TH transfer across the placenta, thus protecting the fetus from maternal
TH exposure (48). In contrast, it is now thought that maternal TH plays a role in fetal brain
development (49-52) and that TBG specifically transports maternal TH to the feto-placental
unit in humans, thereby facilitating transfer to the fetus (53). Placental TH transfer is
considered in detail in section 1.7.1.4.
1.4.1 Thyroid hormone cellular uptake
Thyroid hormones are lipophilic and should therefore be capable of diffusing through cell
membranes unaided, however there is evidence of cell membrane carrier-mediated uptake
systems for T3 and T4 in a range of tissues (41,54-56), including the brain. The
developing brain is a major target for TH (section 1.7), but there are two barriers hindering
its entry: the blood-brain barrier (consisting of the endothelial lining of the brain capillaries)
and the cerebrospinal fluid-brain barrier (consisting of the epithelium lining the vesicular
surface of the choroid plexus) (57). Radioactive T4 is rapidly taken up into the brain after
injection of an intravascular bolus (57), and free T3 and T4 concentrations in the
cerebrospinal fluid (CSF) are several-fold higher than in serum (58). Carrier-mediated
transport seems to be a plausible mechanism and recent studies suggest that TTR,
synthesised in the choroid plexus, mediates the passage of TH from choroid plexus into the
brain (59,60). It seems probable that TH also transverses the blood-brain barrier via
endothelial cell surface receptors similar to those found in other cell types (see below for
details) (57,61-63). There is some debate regarding the relative importance of these two
barriers in TH uptake into the brain (see (63,64)) and studies using radiolabelled TH
suggest that the blood-brain barrier route accounts for the majority of TH uptake into the
CNS (62,65). Other radiolabelled-TH experiments however, suggest that the choroid
plexus is an important site for T4, but not T3, uptake into the CSF (64)—in agreement with
studies indicating that the brain is dependant on local deiodination of T4 for its T3 supply
(section 1.5.2). Furthermore, TTR is expressed in the rat concomitant with neural tube
formation, long before the blood-brain barrier develops (59,66). Despite this, mice with a
null mutation of the TTR gene are normal except for decreased serum TH and retinol levels
(67). This casts doubt on the importance of TTR in TH transport into the brain, at least in
mice, but further studies are needed to resolve this issue.
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TH uptake systems have also been demonstrated in neuronal and glial cell cultures (56,68)
although there are considerable discrepancies between studies. One report characterised an
uptake system in neurons with a similar Km (310-400 nM) for T3 and T4, mediated either
by two distinct carriers or a single carrier with separate binding sites (56). In contrast, an
earlier study using a mouse neuroblastoma cell line reported Km values of 2.83 and 6.07
nM for T3 and T4 uptake, respectively, which was inhibited by amino acids (69). Another
study, using rat brain synaptosomes, suggested that only T3 uptake is carrier-mediated via
a Na+ co-transporter system (consisting of high affinity/low density and low affinity/high
density components), whereas T4 enters by diffusion (70). In astroglia, the transport
system is stereospecific and may be similarly linked to a Na+/H+ exchanger (68,71). T3
uptake in synaptosomes is inhibited by desmethylimipramine— a selective inhibitor of
presynaptic noradrenaline uptake (72,73). This is noteworthy because there are reports in
other tissues of cell surface T3 binding sites interacting with adrenergic agonists and
antagonists (74-76). Despite the differences outlined above, it is clear that TH is almost
certainly actively taken up into brain tissues. TH transport in the brain does not end at the
cell membrane however, there is evidence that TH is directed away from the initial site of
uptake via anterograde axonal transport (77) and synaptosomes have a higher TH
concentration than anywhere else in the brain (78), which may be related to putative
extranuclear TH actions (section 1.6.6).
1.5 Thyroid hormone metabolism
The extent and type of TH metabolism within a tissue or cell determines the local effect of
TH. There are several pathways by which TH are metabolised (Fig. 1.2), with the most
physiologically important being deiodination. This involves the removal of an iodine atom
from either the tyrosyl or phenol rings, and accounts for 80% of metabolised T4 (23).
Furthermore, metabolism of T4 via outer ring deiodination contributes 70-80% of T3
production in the body (the rest being synthesised in the thyroid) (79). There are at least
three deiodinases and their properties are summarised in Table 1.2.
5'- (or outer ring) deiodinases removes iodine atoms from the 5'- (or the chemically
equivalent 3"-) position on the phenolic ring whereas the 5- (or inner ring) deiodinase
removes iodine atoms from the 5- or 3- position on the tyrosyl ring (Fig. 1.2).
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Table 1.2 Properties of the thyroid hormone deiodinases
Propertv

Tvpe 15'-deiodinase

Tvpe n 5'-deiodinase

5-deiodinase

Substrate preference

rT3 » T4 » T3

T4 > rT3 » T3

T3>T4

thiouracils

strong

weak

weak

iopanate

strong

strong

strong

iodoacetates

strong

moderate/weak

unknown

hypothyroidism

increased activity

decreased activity

increased activity

hyperthyroidism

decreased activity

increased activity

decreased activity

Inhibition by:

Response to:

Adapted from (79,80)

1.5.1 Type I 5"-deiodinase
Type I 5'-deiodinase (5'D-I) is highly abundant and widely distributed, with the liver,
kidney and thyroid having the highest levels. 5'D-I differs from type II 5'-deiodinase (5'DII) in that it is strongly inhibited by thiouracils, and 3,3',5'-triiodothyronine (reverse T3;
rX3) is the preferred substrate over T4. It has been known for some time that 5'D-I is a
selenoprotein (81), and selenocysteine may be an essential active site residue (82).
5'D-I has restricted distribution within organs, e.g. in the kidney it is only found in the
proximal convoluted tubule and the outer portion of the renal cortex; in the liver it is found
in the hepatocyte (83); while in the brain, activity is confined to glial cells (80,84). At the
subcellular level, 5'D-I is a membrane bound protein (82). 5'D-I activity in fetal rat brain
has not been directly estimated, but is probably present, albeit at lower levels than 5'D-II
(85). Neonatal 5'D-I levels are generally very low, but show a gradual increase in activity
throughout postnatal development, reaching adult levels in most brain regions. In the brain
stem however, 5'D-I activity peaks at 30 postnatal days (pnd) whereas cerebellar activity
peaks at 11-12 pnd (86). Depending on the substrate, 5'D-I can serve either as an activating
(converting T4 to T3) or inactivating (converting T3 to di-iodothyronine) enzyme. In
addition, under alkaline conditions or when TH has been sulphated (section 1.5.5), 5'D-I
can also deiodinate the inner tyrosyl ring, thereby converting T4 to rT3 (i.e. 5-deiodinase
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Figure 1.2 Thyroid hormone metabolic pathways. For the sake of simplicity,
nondeiodinative pathways are shown for thyroxine only.
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activity) (79,87). Its main physiological role is thought to be the production of peripheral
T3 (88), however since its preferred substrate is rT3 it is also responsible for the clearance
of rT3 from the circulation and tissues (79,84).
1.5.2 Type I I 5 "-deiodinase
The placenta and brown adipose tissue have the highest levels of 5T)-II, with lower levels
being found in the brain and pituitary. It has been reported that 5"D-II is located mainly in
neurons (84), though others have demonstrated this enzyme in astroglial cell cultures (8991). Indeed, it has recently been proposed that 5"D-II is expressed predominantly in
astrocytes, where T4 is taken up, deiodinated to T3 and released for neuronal uptake (92).
At the subcellular level, 5T)-II is a microsomal protein (88). Until recently it was thought
that 5"D-II did not contain selenocysteine, however sequencing of rat and human 5'D-II
cDNA have shown that they code for selenoproteins (93).
5'D-II displays a higher affinity for T4 than rT3 and its main physiological role is thought
to be the generation of T3 from T4. It is therefore primarily an activating enzyme. In
connection with this, there is evidence that 5'D-II regulates TH action in the developing
brain; 5'D-II activity is expressed earlier than 5'D-I (79) and has been demonstrated in 17
dg rat fetal brain (85,94). There is a 4-fold increase in 5'D-II activity between 17 and 22 dg
with the main increase occurring in the latter stages of pregnancy (19-22 dg) (85). After
birth, 5'D-II activity declines to low levels by 4-5 pnd, increases steadily to term levels by
12 pnd, then gradually declines—remaining low in the adult (86,94). Both the fetal and
neonatal peaks in 5'D-II activity occur during important periods of brain development,
namely neuroblast and glial cell proliferation, respectively (94). Additionally, the fetal brain
is wholly dependant on the local deiodination of T4 for its T3 supply (95,96). Thus 5'D-II
plays a pivotal role in TH action in fetal brain (94,96).
1.5.3 5-Deiodinase
5-Deiodinase (5-D) has been demonstrated in the CNS, placenta, skin and pituitary (97).
Like 5'D-II, it was thought that 5-D was not a selenoprotein but recent studies have
indicated otherwise (93,98-100). 5-D activity is found glial cells (84) and may also be
present in neurons (101). The enzyme plays an inactivating role, converting T4 to rT3 and
T3 to di-iodothyronine. It may therefore serve to regulate T3 action and prevent excess
tissue levels of T3 (101).
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Placental 5-D has been implicated as a barrier to maternal TH transfer to the fetus (99,102).
Human placental 5-D activity is 200 times higher than 5T)-II activity throughout gestation,
and total 5-D activity increases with gestation, although activity decreases over time when
expressed as a function of DNA or protein (103,104). Koopdonk-Kool et. al. also suggest
that human placental 5-D activity is negatively regulated by maternal serum T3 but not T4,
and this is supported by a study in the rat showing placental 5-D to be less responsive to T4
than brain 5-D (105). However earlier studies showed no effect of thyroidectomy in rat
(106), or hyperthyroidism in humans (104) on placental 5-D activity. It is difficult to
envisage how maternal TH can cross the placenta without being deiodinated by the high
levels of placental 5-D. A recent study however, has found that placenta is not the only
tissue where 5-D activity during development appears to be higher than the other
deiodinases (107). The authors suggest that in vitro 5-D activity determined under optimal
conditions may not be representative of in vivo activity. It has been suggested that in
humans, placental 5"D-II activity in the first trimester converts transferred T4 to T3 in the
fetus, whereas during the second and third trimesters of pregnancy, higher 5-D activity is
responsible for the provision of iodine to the fetus (53,108). Although this remains to be
proved, amniotic and exocoelomic fluids contain iodothyronine metabolites (particularly
rT3) generated from placental 5-D activity (109).
In contrast to the other deiodinases, brain 5-D activity is 3-6 fold higher in the fetus than in
the adult (110,111). It has been detected at 14 dg, and by 19 dg activity has increased 1.5fold (111). After birth, activity increases sharply during the first few days of postnatal life,
peaking at 2-3 days, thereafter there is a decrease to adult levels by 20 pnd (86,110). This
general pattern varies with brain region and assay substrate, for example cortical levels are
low at birth and rise slowly, peaking at 20 or 30 pnd depending on whether T3 or T4 is the
assay substrate (86).
1.5.4 Regulation of deiodinases
Deiodinases respond in unison to changes in circulating TH levels (Table 1.2), in order to
keep both circulating and tissue T3 levels within narrow limits. Thus in hypothyroid rats,
liver and kidney 5T)-I activity decreases to reduce catabolism of circulating TH. Thyroidal
5 D-I activity however, is under TSH control (112) and increases during hypothyroidism
in order to elevate the proportion of T3 secreted. In the brain, 5'D-II plays a major role in
maintaining TH homeostasis, indeed the fetal brain is more resistant than other tissues to
decreased circulating TH levels. Although part of this response may involve increased brain
T4 uptake, a major factor is the rapid increase in 5'D-II activity that occurs in this tissue
(85,94,96). This is also true in neonatal brain albeit in a region-specific manner, with 5'D34

II activity increasing in the cerebral cortex, but not cerebellum, in response to
hypothyroidism (113). The increase in brain 5TD-II activity occurs independently of protein
synthesis and transcription, suggesting activation of pre-existing enzyme (114,115).
Studying 5T)-II inactivation by TH analogues, it has been found that T4 and rT3 are more
potent than T3 (116,117), which is of interest since these TH-analogues are traditionally
considered to have no direct physiological role. A proposed mechanism of action is that
T4/rT3 promote actin cytoskeleton polymerisation resulting in internalisation and
inactivation of microsomal membrane-bound 5'D-II (84). Presumably, low TH levels
reverse this process and allow more 5'D-II to reach the microsomal membrane. In contrast
to liver and kidney, adult rat brain 5'D-I is insensitive to changes in TH levels (82,118),
however whether this is also so in the developing rat brain is unknown. In fetal and adult
brain 5-D activity is upregulated by increased TH levels and downregulated by decreased
TH levels (110,119). This response occurs via a multistep protein synthetic pathway and
is therefore not so rapid as for 5'D-II (120).
Factors other than TH levels also influence deiodinase activity including; cAMP, phorbol
esters, fibroblast growth factor (89-91,121), protein disulphide isomerase activity (122)
and selenium deficiency (79). Selenium deficiency results in a lowering of 5'D-I activity in
all tissues except the thyroid (123,124), which seems to conserve selenium in times of
deficit (82). In extreme selenium deficiency however, thyroidal 5'D-I activity is reduced
leading to a reduction of circulating T3. Indeed, selenium regulates 5'D-I mRNA at both
the transcriptional and post-transcriptional level (82). The effect of selenium deficiency on
the other deiodinases is more complex, 5'D-II activity being reduced while 5-D activity
remains relatively unaffected (82,123). Selenium deficiency may exacerbate the effects of
iodine deficiency via the deiodinases (88). Selenium deficiency in adult rats decreased
cortical 5'D-II activity and T3 levels in most brain regions, but increased or did not affect
T4 levels (125). In contrast, combined iodine/selenium deficiency increased cortical 5'D-II
activity and decreased T3 and T4 levels in most regions and was very similar in effect to
iodine deficiency alone (125). This suggests that the effect of selenium deficiency in brain
is secondary to iodine deficiency, particularly with regards to deiodinase activities and TH
levels. There are other problems however, associated with selenium deficiency which may
impact upon brain development and these are discussed in section 1.7.1.2.
1.5.5 Non-deiodinative thvroid hormone metabolism
Of the other pathways of TH metabolism, the most physiologically important is
glucuronidation (Fig. 1.2). This increases the water solubility of TH, resulting in secretion
of glucuronide conjugates in bile, and up to 30% of T4 may be metabolised in this way
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(41). Actual bodily loss of T4 through bile excretion is only 15% however, since
deglucuronidation occurs, enabling reabsorption of T4 through the large intestine (126).
Another important metabolic pathway is sulphation (Fig. 1.2) which produces biologically
inactive analogues. Higher levels of sulphated TH have been found in fetal serum, amniotic
fluid and cord blood than in maternal serum (127), indicating that sulphation may play an
important role in TH homeostasis in early development (79,128). This may be linked to the
ability of 5T)-I to preferentially deiodinate TH sulphates (particularly T3-sulphate) at the 5position of the tyrosyl ring, thus allowing 5 D-I metabolise TH in a manner normally
restricted to the 5-D (87). 5"D-I activity is low in fetal brain however, and T3-sulphate is
poorly metabolised via this pathway (129). T3-sulphate may therefore be a source of T3,
with sulphatases in tissues (notably cerebral cortex) producing active T3 when needed
(128). Other pathways of TH metabolism include oxidative deamination (Fig. 1.2) which
accounts for under 2% of T3 metabolism and leads to the formation of triac (or tetrac in the
case of T4), and ether link cleavage (Fig. 1.2) to form DITs and MITs (from T4 and T3
respectively) as well as reactive iodine and oxygen radicals. This reaction may play a role in
the immune response against bacterial infection, but is of minor importance in terms of TH
metabolism (79).
1.6 Thyroid hormone action
It is generally thought that the primary mechanism of TH action is mediated via nuclear
receptors (TRs) (130), however there is evidence to indicate extranuclear actions as well
(section 1.6.6). TRs are members of a superfamily which includes receptors for vitamin D
(VDR), 9-cw-retinoic acid (retinoid X receptors; RXR), retinoic acid (RAR) and steroid
hormones, as well as orphan receptors—for which no ligands have been identified. Orphan
receptors apart, members of the superfamily can be divided into two classes; A {e.g,
steroid hormone receptors) and B {e.g. TR, RXR and RAR), depending on certain
characteristics. For example, unliganded class A receptors exist in the cytosol complexed
with heat shock proteins. Binding of ligand (steroid hormone) induces dissociation from
the complex, allowing liganded receptor to enter the nucleus and bind to specific regions of
DNA known as hormone response elements (HREs) (131). The HRE usually lies upstream
of the gene to be regulated and binding of the hormone-receptor complex to the HRE
induces a conformational change in the DNA structure (132) that activates transcription by
recruitment of the basal transcription complex (see section 1.6.3.1). In contrast, class B
receptors such as TRs, tend to be bound to their HREs even in the absence of ligand.
Nevertheless, crystallographic studies of ligand-bound TR indicate that T3 binding
produces the active receptor conformation (133), which can then induce transcription in a
similar manner to the steroid hormone-receptor-HRE complex (134).
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1.6.1 Superfamilv receptor structure
All superfamily receptors have the same basic structure which can be subdivided into
functional domains (Fig. 1.3). At the N-terminus of the receptor is the A/B domain which
varies considerably in size and composition between members. This domain may determine
target gene specificity for receptor isoforms which recognise the same HRE. The A/B
domain also contains a sequence known as the A Fl region which exhibits ligandindependent transactivation i.e. it mediates transcription or repression (135) via
interaction with components of the core transcription machinery (131).
The C domain is responsible for DNA binding, and as such is highly conserved throughout
the family members. The functional elements of the domain are two zinc fingers, so called
because of their distinctive shape formed by basic amino acids and four cysteine residues
tetrahedrally coordinated with a zinc atom (136). DNA binding specificity is determined by
several amino acids in the first zinc finger, known as the P box. All class B receptors have
identical P boxes, binding preferentially to HREs containing the sequence AGGTCA
(known as a half site), whereas Class A receptors have a slightly different P box which
binds preferentially to half sites of sequence TGTTCT (131,137). The half site is so called
because the receptors generally bind as dimers. The spacing and orientation of the two half
sites of the HRE determine which receptors will bind and also influence/ receptor
homo/heterodimerisation, as discussed in section 1.6.3.
The D domain is a small, variable region, also known as the hinge region due to its
structural flexibility. Its function seems to be related to the conformational changes that
occur in the receptor upon ligand binding. It is highly variable between receptor species
{i.e. between TRs and RXRs) but is conserved between receptor isoforms {i.e. between
T R pi and TRp2) (138). The E domain is large and variable and comprises the ligand
binding site. This domain is also implicated in dimérisation and DNA binding (138,139),
and contains the AF2 region, which is required for ligand-dependant transactivation via
interaction with co-activators/co-repressors (section 1.6.3.1) (140-142).
1.6.2 Thvroid hormone receptor isoforms
TRs exist in several isoforms (Fig. 1.3), categorised into two classes, termed a or p,
depending on their chromosomal localisation. The T R a isoforms derive from a gene
located on human chromosome 3 (143) and the TRP isoforms from a gene on human
chromosome 17 (17). Differential mRNA splicing produces at least three full length TRa
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Figure 1.3 Schematic diagrams showing comparison of rat thyroid hormone
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acid sequences compared with Tral, shaded regions indicate areas of no or little
homology (identical shading indicates identical homology). Numbers outside boxes
refer to the amino acid sequence.
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isoforms (TRa 1-3), two truncated TR a products (144) and two TR|3 isoforms (TRpl-2)
(145,146). T R al is the only TR a isoform that binds T3, since it contains a critical portion
of the E domain absent from TRa2 and a3 (145,147,148).
The function of the full length non-T3 binding isoforms is unknown but it has been
suggested, on the basis of transient transfection studies, that they serve as dominant
negative regulators of T R al and TRpl function, via competition at the level of the TR
response element (TRE) (149). Indeed it has been suggested that the high levels of TRa2
expression seen in adult brain and spleen may account for the supposed TH-insensitivity of
these tissues (in terms of O 2 consumption). However there is much evidence to suggest the
adult brain is TH-sensitive and the developing brain is unquestionably so, despite a high
TRa2 abundance. Furthermore, TRa2 does not bind to DNA as avidly as T R al, nor does
it heterodimerise with T R a l or other receptor superfamily members {e.g. RAR and
RXR), at least not on DNA (it weakly dimerises with T R a l in solution). (148). It is
therefore difficult to see how TRa2 could have a dominant negative effect on transcription.
Further studies of TRa2 function however, have shown that its poor DNA affinity is due
to the phosphorylation of serine residues on its C-terminus (150). Dephosphorylation
improves the interaction between TRa2 and DNA, and may therefore regulate its dominant
negative activity (150). Additionally, T R a2 may exert its dominant negative effect
independent of TRE-binding (151), possibly by titration of other factors such as co
activators (section 1.6.3.1). Indeed, recent evidence has pointed to a dual mechanism of
action, at low levels of TRa2 inhibition occurs via TRE binding, whereas at higher TRa2
levels inhibition becomes TRE-independent (152).
A related gene product, derived from the noncoding strand of the T R a gene, is R ev
erb A a. The coding strand at the y end of this gene is complimentary to a TRa2 specific
exon. Treatment of cultured cells with protein synthesis inhibitors increases Rev-erbAa
mRNA expression, and the ratio of T R a l:a 2 mRNA levels (153). The mechanism of
action is unknown, but the effect is post-transcriptional, possibly due to R ev-erbA a
mRNA hybridising to the TR a2 specific portion of the T R a gene transcript, thereby
inhibiting TRa2 message splicing in favour of T R al (153). This mechanism may therefore
function as a modulator of TR a2 expression—exerting a positive effect on TH action
(153). Rev-erbAa binds T3 very weakly (154), nevertheless in vitro studies have shown
that it can bind DNA as a monomer on a novel HRE, consisting of a 5 base pair AT-rich
sequence adjacent to a TRE halfsite, or as a homodimer (but not heterodimer) on direct
repeat TREs (section 1.6.3). In both cases Rev-ErbAa binding stimulated transcription
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(154,155), however the level of stimulation was low (relative to TRs) and the functional
significance of these results remains to be determined.
The truncated T R a isoforms derive from an internal promoter in intron 7 of the c-erhAa
gene which produces shortened forms of T R al and a 2 (termed TR A al and TRAa2
respectively) (144). These transcripts are expressed in chicken, mouse and human tissues,
including brain, and their protein products repress transcriptional activity. TRA al
specifically inhibits T R al, TRpl and RAR-activated transcription, whereas the repressive
action of TRAa2 is non-specific. Repression is thought to occur by prevention of
coactivator binding (144) (section 1.6.3.1).
In contrast to the T R a isoforms, both TRp isoforms bind T3—and differ only in the A/B
domain (146). This difference arises from an additional upstream promoter which induces
transcription of an alternative, larger, N-terminal exon to produce the TRp2 isoform
mRNA (156).
There is some question regarding the relevance of multiple T3-binding isoforms,
particularly when they have similar affinities for T3; structural variations may hold some
clues. All three T3-binding isoforms vary considerably in their A/B domains (Fig. 1.3).
There is some indication that differences in the N-termini of TRP isoforms allow TRp2 to
form more stable homodimers on palindromic response elements (section 1.6.3) (157).
TR a isoforms also differ from TRp isoforms in the second zinc finger of the DNA binding
domain (156). These differences may influence their TRE preference, or their ability to
stimulate transcription. Indeed, T R a l homodimers exhibit two-fold higher maximal
transcriptional activation than TRpl for several TH-responsive genes in vitro (158,159),
this difference being independent of the TRE sequence despite the fact that the TREs
determined overall transcriptional potency (159). There is some evidence suggesting T3
differentially regulates TR transcription (160-163), albeit not in adult rat brain (162,164).
T3 upregulates TRpl mRNA expression in astrocytic cultures without any effect on T R al
or a 2 mRNA expression (165). Nuclear T3-binding activity did not increase however,
casting doubt on the physiological significance of this result. Several studies indicate that
TR isoforms may have specific roles during development (section 1.6.4), and there is
evidence for an RXR-related protein in rat brain which heterodimerises specifically to
TRpl, and is only present during perinatal development (166).
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1.6.3 Mechanisms of thvroid hormone receptor action
The mechanism of action of TRs has been intensively studied in the past decade, and as
more details have been uncovered, the picture has become increasingly complex. TR can
bind to TRE as a monomer, homodimer or heterodimer (usually, but not exclusively, with
RXR). Furthermore, the TRE half sites may take the form of palindromes (PALs), inverted
palindromes (IPs) or direct repeats (DRs) (167). TREs are distinguished from other Class
B receptor HREs by the nucleotide spacing of the half-sites, however there are numerous
half-site arrangements capable of binding several Class B receptors, TR included (Table
1.3). There is considerable potential therefore for interplay and competition between Class
B receptors for these sites.

Table 1.3 Known half-site combinations for TR homo/heterodimers
Homo/Heterodimer

Half-site orientation

TR-TR

RXR-TR

TR-RAR
TR-VDR

Half-site spa(

DR

4

PAL

0

IP

4-6

DR

4 or 1-2

PAL

0

IP

5-6

DR

4

PAL

0

DR

3-4

IP

7

Adapted from (138,168-170).

Factors governing these interactions are not yet fully known, although TR binds with
higher affinity to TREs when heterodimerised to RXR (138). Nevertheless, TR
homodimers can form, especially in the absence of T3 when they tend to bind to DRs and
IPs to repress basal transcription (section 1.6.3.1). On DRs, T3 causes dissociation of TR
homodimers, thereby promoting TR-RXR heterodimerisation (170-172), whereas, 9-cisretinoic acid generally promotes RXR homodimerisation (138,168). Furthermore, only T3
is able to bind to TR-RXR heterodimers on DRs, 9-cfj-retinoic acid cannot (173). In
contrast, both ligands are usually required for efficient transcriptional activation by
heterodimers on IPs (168,174).
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The commonly held notion of TREs consisting solely of two hexamer half-sites has been
challenged recently by studies showing that T R al exhibits optimal binding as a monomer
to an octamer TRE (175,176). This TRE is able to induce transcription as efficiently as the
naturally occurring rat growth hormone TRE. When arranged as DRs with varying
spacing, both TR homodimers and TR-RXR heterodimers can bind to the response
elements and activate transcription regardless of nucleotide spacing. In contrast VDR and
RAR homo/heterodimers (with RXR) exhibited no binding at all on these HREs (176). The
authors proposed that the first two 5' bases of the sequence (TA in the case of TRs)
determined which receptor species (i.e. RXR, RAR and VDR) will bind the octamers
optimally (175). These studies also cast doubt on the role of RXR as universal mediator in
receptor action as TR-RXR heterodimers were no more effective than TR
mono/homodimers at binding or activating transcription (176).
1.6.3.1 TR-mediated activation and repression of transcription
For positively regulated genes (e.g. malic enzyme and rat growth hormone (177,178)),
transcription is enhanced by T3. There is some evidence for direct interaction between TR
and components of the transcriptional complex, particularly TATA binding protein (TBP)
and TFIIB (131,135,142). Although TRs are essential for T3-dependant transcriptional
activation, several other proteins (termed co-activators) are necessary for efficient
transcriptional activation.
Tripl (thyroid hormone receptor interacting protein) is a co-activator which is thought to
interact with the TR AFl transactivation domain, and TBP (179). Another co-activator,
CREB binding protein (CBP), interacts with the TR AF2 domain and the RNA polymerase
complex (141,180,181). CBP also promotes transcription through its intrinsic histone
acetyltransferase activity (182,183), which destabilises the nucleosome, facilitating access
of the transcriptional complex to the target gene. CBP can bind nuclear receptors on its own
or via association with another family of co-activator proteins, the steroid receptor co
activators (SRC; also known as nuclear receptor co-activators or NCoA-1)
(141,180,181,184,185). Other proteins thought to have TR co-activating functions include
RIP 140 (receptor interacting protein, 140 kDa) and RAP46 (receptor-associated protein, 46
kDa), however their modes of action are not fully understood (142). There is also evidence
that TRs can stimulate gene expression without binding to TREs, furthermore this effect is
not influenced by T3. The mechanism of action is unknown but may involve titration of
transcriptional inhibitors or interaction with the transcriptional machinery (186,187).
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Unliganded TRs tend to form homodimers and silence basal transcription on positively
regulated genes. This silencing activity is mediated via co-repressors, which deacetylate
histones—thereby preventing access of the transcriptional complex to the TRE. For
example, NCoR (nuclear receptor co-repressor) associates with two other proteins, also
known to be co-repressors (mSin3; mammalian suppressor interacting gene-3 and mRPD3;
mammalian reduced potassium dependency gene-3), to inhibit TH-mediated transcription
(188,189). Although mRPD3 alone has histone deacetylase activity, NCoR is required for
binding to the E domain of unliganded TRs, and mSin3 links the other two components,
thus all three components are required for effective transcriptional repression (188). SMRT
(silencing mediator for retinoid and thyroid hormone receptors) is another co-repressor that
binds to unliganded TRs (and RXRs/RARs) to silence basal transcription (190). Whether
SMRT functions via association with mSin3 and mRPD3 is unknown, however as SMRT
shares 48% homology with NCoR a similar mechanism of action is likely. In addition, the
E domain of unliganded TRs can bind directly with TFIIB to repress basal transcription in
vitro (135,140), and this is likely to be reinforced in vivo with co-repressors such as
NCoR acting as bridging proteins between unliganded receptors and components of the
transcriptional complex. Unliganded T R a l homo/heterodimers also repress basal
transcription of RAR pallindromic response elements as well as TREs, thereby affecting
retinoic acid-mediated responses (156,191,192). The concept of unliganded TR action has
important implications for the effects of maternal hypothyroxinemia on early fetal brain
development (section 1.8).
Negatively regulated genes (e.g, TRH and the TSH p- and a-subunits (146,163,177))
show repressed transcription in the presence of T3. The position and sequence of the TRE
is important in determining whether transcription is positively or negatively regulated
(163,193). Negative TREs tend to be close to the TATA box, suggesting an inhibitory
mechanism involving steric interference of the basal transcription complex (146,170,194).
Curiously, co-repressors have been shown to enhance transcription of these genes,
although the mechanism of action is currently unknown (195,196).
1.6.3.2 Orphan receptors
Orphan receptors are capable, at least in vitro, of modulating TH action—the roles of
T R a2 and Rev-Erb A a in this respect have already been mentioned. Another orphan
receptor, COUP-TF (chicken ovalbumin upstream promoter transcription factor), represses
TR-, RAR- and VDR-mediated transcription (197). COUP-TF does not bind to these
receptors, but directly competes for the RXR heterodimer partner, thereby preventing
formation of active TR-RXR etc. heterodimers. Furthermore COUP-TF also competes
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with these receptors at the HRE level, and suppress basal transcriptional activity in a similar
fashion to unliganded TRs (197). Which of these modes of action, if any, is dominant in
vivo is unclear, but probably depends on the relative levels of receptors involved.
1.6.3.3 Phosphorylation of thyroid hormone receptors
Phosphorylation may affect TR action at many levels. Binding studies with salt-extracted
TRs originally provided evidence that their affinity for T3 increases under phosphorylating
conditions (198), and the non T3-binding TRa2 isoform also appears to be influenced by
phosphorylation (section 1.6.2). More recently, several studies have focused on human
TR pl (hTRpi), which can be phosphorylated at multiple serine and threonine residues
(199-202). Phosphorylated hTRpi exhibits increased transcriptional activation and DNA
binding, but not T3-binding (199). There is inconsistent data regarding TR
phosphorylation and dimérisation. Bhat et.al. found that phosphorylation of hTRpi
promoted heterodimerisation (200), whereas another study reported that phosphorylation
increased hTRpi homodimer binding to DNA (201). A further role for phosphorylation
may be to increase hTRpi stability but this effect was only seen in COS-1 cell line, and not
in GH3 or neuro-2a cells (202), therefore the physiological relevance is hard to determine.
Studies with T R a l have been largely limited to the chicken receptor which can be
phosphorylated by cAMP-dependent protein kinase, caesin kinase II and protein kinase C
(203,204). Importantly, the serine residue phosphorylated by caesin kinase II is conserved
in rat and human T R a l and a 2 (203). The functional significance remains to be
determined, but mutation of this serine residue to alanine does not affect the affinity of TRs
for ligand (203). More recently, inhibition of protein phosphatases in CV-1 cells,
transiently transfected with either rat T R al or TRpl resulted in increased transcriptional
activity, particularly by T R al (205). However, effects of phosphorylation on auxiliary
receptor proteins and/or co-activators could not be ruled out (205).
1.6.4 TRs and brain development
T3 binding studies with salt-extracted receptor preparations initially showed that TRs could
first be detected in whole rat fetuses at 13 dg and in the brain at 14 dg (206,207). TR levels
in brain increased nearly 3-fold by 17 dg, then remained constant until after birth (207). In
humans, TRs were detected from at least 10 wg (earliest age studied), and receptor number
increased 10-fold by 16 wg (208,209). More recent work using molecular biological and
immunocytochemical techniques has shed some light on the developmental profiles of the
TR isoforms. A study of rat brain TR mRNA ontogeny by Northern hybridisation analysis
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found that T R al mRNA expression correlated strongly with TRa2, the mRNA levels of
the latter being an order of magnitude greater (210). Concentrations of both isoforms
doubled between 19 dg and birth, and again by 4 pnd. From 10 pnd, levels declined to
adult values—which were slightly higher than those at 19 dg. Levels of TR|3l mRNA were
less than 10% those of T R al at 19 dg, but increased 40-fold to reach adult levels by 10
pnd (210). Other studies have reported similar findings (164,211,212), although there are
inconsistencies regarding the magnitude of T R al increase and the prenatal ontogeny of
TRa2 mRNA, with evidence for (211) and against (164,212) co-ordinate expression with
T R a l. Rev-erbAa mRNA is not detectable in brain, at least by RNase protection assay,
until after 5 pnd (212).
In situ hybridisation, though only semi-quantitative, has been used to determine regional
expression of TR mRNA isoforms during development (213,214). At 11.5 dg (the earliest
age studied) T R a l and a2 mRNA are expressed in the neural tube, and by 12.5 dg in all
five major subdivisions of the brain (214). TR|3l mRNA is also detectable at 12.5 dg, but
only within ventral areas of hind brain and diencephalon (214). Both T R a l and a 2
mRNAs are widely expressed (with TRa2 mRNA levels generally higher) at subsequent
stages of development and reach maximal levels by the end of the first postnatal week,
before declining to adult values. TR|3l mRNA was only expressed in areas where TR a
isoforms were already present and, during fetal life, moderate to high levels are seen only
in caudate putamen and hippocampus. TRpl levels increase markedly during the first
postnatal week however, and peak one to two weeks later than T R al (213,214). TRp2
mRNA expression is first detectable at 13.5 dg, but only in the pituitary. Low levels of
expression can also be seen in striatum and hippocampus near term, and in neocortex
postnatally (161,214). During postnatal development, several regional differences in levels
of isoform expression become apparent. For example, TRpl mRNA is most abundant in
layers 2-3 of the frontal cortex whereas T R al mRNA expression is greatest in layers 1-2
and 5-6 (213).
Accumulating evidence suggests that the various TR isoforms may be subject to differential
translational/post-translational control since mRNA levels often show little correspondence
to the amount of TR protein present, as measured by Western blotting or binding assays
(210,211,215-217), however the existence of extranuclear TR-related proteins should also
be considered (section 1.6.5). This difference is most marked in the case of TRp2 whose
mRNA expression in the adult rat appears to be mainly restricted to the pituitary (161),
whereas immunocytochemical studies have demonstrated that TRp2 protein is widely
expressed throughout adult rat brain (218) and other tissues (217). It is important therefore
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to assess TR protein levels before conclusions can be made regarding possible
functions/roles. T3-binding following immunoprécipitation indicates that in 19 dg fetal
brain, T R al accounts for over 90% of the nuclear T3-binding activity whereas TR(3l T3binding activity is negligible (217). This is in contrast to a previous report which suggested
that T R pl may account for upto 5% of nuclear T3-binding (215). Nevertheless the
consensus is that at 19 dg T R al is more likely to be involved in mediating TH action in
fetal brain than T R pl. In general agreement with these results, a semi-quantitative
immunohistochemical study showed T R al to be the predominant T R a isoform from 14 17 dg, however TRpl was also detectable, albeit at low to moderate levels, at 14 dg. TRpl
was up-regulated between 17 and 21 dg, but remained fairly stable thereafter, upto 3
postnatal weeks. In contrast to mRNA studies, the temporal pattern of TRa2 protein
expression was similar to that of TRpl rather than T R al, however it should be noted that
the T R al levels were not directly determined, but inferred from TRa2 and TRa-common
antibody levels (219).
1.6.4.1 Cellular localisation
The cellular localisation of TRs is still uncertain, with some contradictory results still to be
resolved. In vivo nuclear T3-binding studies in adult rats indicate TRs exist in both
neurons and glia—although neuronal TRs are more numerous (220,221). During postnatal
development however, the concentration of TRs in glial nuclei is nearly two-fold higher
than that in neuronal nuclei at 5 pnd, and equivalent to neurons at 20 pnd (222). A
developmentally regulated decline in oligodendroglial TR expression during postnatal
development is supported by an immunocytochemical study in rat corpus callosum (223).
TRs could only be detected in immature oligodendrocytes, suggesting a transient
requirem ent

for

these

receptors

during

m yelinogenesis

(223).

Another

immunocytochemical study detected T R al (inferred from TRa2 and a-common staining),
TRa2 and TRpl protein in neurons and glia (219).
Nuclear T3-binding using primary cell cultures suggested that TRs were present only in
neurons (224). Nuclear T3-binding has, however, also been detected in cultured
astrocytes, albeit at lower levels (165,225). Leonard et al. demonstrated T R al and TRpl
(mRNA and protein) but not TRa2 in neuronal nuclei; and TR a2 (mRNA and protein),
T R a l (mRNA only) but not TRpi in astroglial nuclei (226). TR immunoreactivity has
been demonstrated in secondary cultures of oligodendrocytic subtypes using a non-specific
TR monoclonal antibody (223). As with the in vivo study, TR expression declined with
time in culture and was most evident in immature oligodendrocytes (223). Other studies
46

looking at both TR mRNA and protein however, have shown that oligodendrocytic
progenitor cells contain only TR a isoforms, whereas mature oligodendrocytes contain both
TR a isoforms and TR(3l (227-229). The presence of type 2 astrocytes in these studies may
account for these discrepancies as they contain all four TR isoforms (in the form of T R al,
a2 and p i mRNA and TRP2 protein) (230)
Lebel and coworkers have demonstrated T R al, a2 and pi mRNAs in astroglial cultures
from neonatal rat brain. No changes in mRNA levels were seen with time in culture,
however TR protein levels were not determined. TRpl protein was detected in cultured
astrocytes, but immunoreactivity was localised to perinuclear and cytoplasmic regions
(165). In contrast, Carlson et a l could not detect any TR isoform protein using
immunohistochemistry in type 1 astrocytes cultured from adult brain (229), although in a
later study they demonstrated TRP2 mRNA and protein (230). This study is also
noteworthy because the investigation distinguished between type 1 (glial fibrillary acidic
protein-positive; GFAP+ve, found in vivo and in vitro) and type 2 (GFAP-ve, only
found in vitro) astrocytes (230). Up to 95% of the astrocytes Lebel et a i had studied
were GFAP+ve, however (165) indicating that the different ages of the brains used for
culture may have accounted for the differences in TR expression.
1.6.4.2 Isoform specific roles in development
Analysis by in situ hybridisation of TR isoform mRNA expression in different cortical
layers in fetal rats has suggested that T R al is expressed most strongly in cells undergoing
differentiation, whereas TRpi is expressed most strongly in proliferating cells. (214). A
role for TRpl in modulating postnatal TH action in brain has been also proposed, based on
the ontogeny of TR isoform mRNA and tissue T3 levels (210,231). Indeed, cerebellar
Purkinje cells have been cited as a model of TRpl action in this respect (231) and TRpl
seems to influence myelinogenesis (see section 1.7.3). Furthermore, a novel nuclear
protein (probably related to the RXR family) is transiently expressed during perinatal brain
development and only heterodimerises to TRpl on the myelin basic protein TRE (166).
In contrast, in vitro studies have implicated TR a I in cell proliferation. In chick optic lobe
neuronal cell cultures, antisense oligonucleotides complementary to the T R a gene blocked
neuroblast proliferation whereas oligonucleotides complementary to the TRp sequence did
not (232). Further evidence that T R al has a role in differentiation/proliferation comes from
studies of rat PC 12 pheochromocytoma cells and E l 8 immortalised brain neuroblasts,
stably expressing T R a l (233). Unliganded T R a l inhibits nerve growth factor (NGF)
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dependent neuronal differentiation—as a result NGF induces proliferation. In the presence
of T3 the cells differentiate and require NGF for survival (233). In contrast, over
expression of human T R pl, but not rat T R a l, induced differentiation and prevented
proliferation of neuroblastoma cells in a T3-dependent manner (234), although no effects
were seen in the absence of T3. Interpretation of these in vitro studies is difficult however,
due to the uncertainties involved in extrapolating from immortalised cell lines (with nonphysiological TR levels) to the brain. Nevertheless, these studies, together with the
different spatial and temporal expression in brain, suggest distinct functions for the various
TR isoforms. T R al tends to predominate early in development, when cell proliferation is
active, whereas TRpi (and possibly TRp2) is up-regulated concomitant with terminal
differentiation. This relationship has been demonstrated in neuronal (235), oligodendroglial
(227,228) and astrocytic (165) cultures. Their exact roles however remain unclear.
1.6.5 Thvroid hormone receptor knockouts
The recent development of mice carrying null mutations of one or more of the genes
encoding the TRs has provided a new perspective on the roles of these receptors (236). In
mice in which both T R a l and TR a2 were not expressed, severe and progressive
hypothyroidism developed by 14 pnd and they died before 5 weeks (237). Body weight
was retarded, as was small intestine and bone growth, but no obvious abnormalities were
seen in the brain. T3 injection rescued these mice, returning T3 levels, and bone and
intestinal growth to normal, suggesting normal pituitary-thyroid axis function. Body
weight did not catch-up however and life span was still shortened (237). The rapid onset of
postnatal hypothyroidism suggests that TR a isoforms are responsible for upregulating TH
production, probably via TSH, during this period. In contrast, when just T R a l
expression was inactivated, mice showed normal growth and development but exhibited
bradycardia, reduced body temperature and mild hypothyroidism (238). Thus TRa2 seems
to have an important role in mouse development.
TRp knockout mice show similar symptoms to humans suffering from resistance to thyroid
hormone (163). Mice were deaf and showed a blunted response to TSH but brain
development appeared normal and, unlike the combined T R al/2 knockout, the life span
appeared normal.
The absence of crippling defects in brain development in these knockout mice may seem
puzzling, particularly when compared to the effects of fetal/neonatal TH deficits (section
1.7). One explanation is that the early effects of TH are mediated predominantly through
48

extranuclear binding sites (section 1.6.6), although the presence of nuclear TRs during fetal
development argue against this. A more likely explanation is related to the repressive
activities of the unliganded receptors. Thus, in TH-deficient brain, gene transcription is
repressed by the unliganded receptors, whereas in the knockout mice, the lack of receptors
per se will not repress transcription.
1.6.6 Extranuclear TH binding sites
Although it is accepted that TH effects are mediated by nuclear receptors there is
considerable evidence for extranuclear binding sites in a wide variety of tissues (reviewed
in (76)). The brain in particular has a number of potential extranuclear TH binding sites for
which a variety of physiological functions have been proposed. TH binding sites in
neuronal, glial and synaptosomal membranes have already been discussed with regards to
their role in TH uptake (see section 1.4.1). Synaptosomal TH binding sites may have
additional roles—amino acid and 2-deoxyglucose uptake into nerve endings of hypothyroid
(but not euthyroid) mouse cerebro-cortical slices are T3-regulated (239), as is 2deoxyglucose uptake into hypothyroid (but again, not euthyroid) adult rat synaptosomes
(240). In euthyroid and hypothyroid adult rat synaptosomes, T3 augments the fast phase of
depolarisation-induced Ca^+ uptake (241), and thereby, Ca^+-dependent GAB A (y-amino
butyric acid) release (242). T3 concentrated in pre-synaptic nerve terminals is itself released
during depolarisation (78). Furthermore, the presence of synaptic T3 processing systems,
provide evidence for a role for synaptic T3 in neurotransmission and the maintenance of
plasticity in adult brain (78,241-243). Possibly related to this are observations that adult
hypothyroidism increases the abundance of the inhibitory G-protein a subunit (244),
thereby increasing adenylate cyclase inhibition (245). Indeed, a G-protein-linked THbinding site has been recently reported in chick embryos (246). The functional significance
of these finding are, as yet, unclear but since many neurotransmitter receptors are coupled
with G-proteins, TH may regulate synaptic transmission through these sites.
1.6.6.1 Cytosolic TH binding sites
The existence of cytosolic T3 binding proteins (CTBPs) have been known for over two
decades, but they remain poorly characterised. Initial studies in postnatal rat brain described
the existence of a single class of low affinity (Ka = 0.07-5.0 x 10^ M'^) cytosolic T3 (247250) and T4 (251) binding sites which were expressed in a region-specific manner and
developmentally regulated, although many inconsistencies were apparent between studies
(252). It was thought the binding sites served either as a reservoir of TRs (247-249) or to
regulate the cytosolic free TH concentration— analogous to serum TH binding proteins
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(252). Other studies of cytosolic iodothyronine binding in cell culture models have
suggested that the CTBPs are predominantly neuronal (253,254) with high and low affinity
sites which bind T4 and T3 (the preferred ligand). Low levels of cytosolic binding were
also present in glial cell subcultures (253,254).
More recently, a high affinity (Ka = 1.56 x 10^ M'^) 58 kDa CTBP has been purified from
adult rat cerebral cortex (255) which may be identical to an extensively characterised 58
kDa kidney CTBP (256-258). Indeed, the ontogeny of this CTBP has also been reported in
brain where cytosolic T3 binding activity (Ka ca. 1.1 x 10^ M'O was detectable at 17 dg
(the earliest age point studied) (259). The number of sites peaked around the time of birth
in cerebrum and cerebellum, before declining concomitant with the main phase of glial
proliferation. The function of the 58 kDa brain CTBP is unknown, however NADPH
seems to regulate the number, but not affinity of CTBP sites (258-260). In kidney at least,
NADPH-activated CTBP appears to retain T3 within the cytosol, whereas the NADPactivated form may enhance T3 delivery to the nucleus (257,260), and/or mitochondria
(258). The physiological relevance of these observations is however questionable, since the
intracellular NADPH concentration is such that nuclear translocation of T3 should be
impossible (255). It may be that other compounds, such as thioredoxin are involved in the
regulation of CTBP activity (255).
Similarly, a CTBP has been demonstrated in the JBG-3 and COS-1 cell lines which also
modulates the availability of cytoplasmic T3 to the nucleus (261). This protein has been
identified as a subunit (also 58 kDa) of the M2 subtype of tetrameric pyruvate kinase. Only
the monomeric form binds T3 and tetramer-monomer interconversion is regulated by the
cellular glucose level via fructose 1,6-bisphosphate. Thus, as cellular glucose levels
decrease, CTBP activity increases. Furthermore in the absence of glucose, TR pl
transcriptional activity decreased, suggesting that in times of energy deprivation nonessential protein synthesis is restricted (261). It remains to be determined however whether
this CTBP is expressed in brain.
1.6.6.2 Mitochondrial TH binding sites
Mitochondria have long been viewed as a possible site of extranuclear TH action, since the
effect of TH on oxygen consumption occurs too promptly for it to be mediated by changes
in gene expression (262,263). There are several reports of high affinity, low capacity T3
binding sites (ca. 150 kDa in size, Ka > lO^i M 'l) located mainly in the inner
mitochondrial membrane (the site of oxidative phosphorylation) (264-266). Curiously,
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these sites are not seen in brains from rats older than 12 pnd (265). Furthermore, direct
effects of T3 upon oxygen consumption in various tissues, including brain, only occur at
supra-physiological doses of TH (262,267) and/or in preparations from hypothyroid rats
(262-264,268). The physiological significance of such effects therefore remain
controversial (reviewed in (269)).
A recent study has indicated that TH influences phospholipid composition and membrane
fluidity of adult rat brain mitochondria, however the physiological consequences remain to
be determined (270). An in vitro study using liver homogenate reported that 3,5diiodothyronine (3,5-T2) binds to mitochondrial sites with higher affinity than T3 (271).
3,5-T2 increased mitochondrial respiration, however reliable binding data could not be
obtained from isolated mitochondria—suggesting the involvement of cytoplasmic factors in
the process (271). Also in rat liver mitochondria, two groups have independently
demonstrated the presence of TR-related proteins using immunochemical approaches
(272,273). The earlier study reported the presence of TRa- and TRp-related proteins (48
and 55 kDa, respectively) in the mitochondria, with a strong signal for the latter protein.
No TR mRNA could be detected in the mitochondria, suggesting that the TRs are
transported from the nucleus to the mitochondrion (272). The other group detected only a
T R a 1-related protein (at 43 kDa) and an unidentified 28 kDa protein (273). The T R a lrelated protein could not be detected in mitochondria from adult brain—possibly related to
the lack of mitochondrial T3-binding in this tissue—but developing brain was not studied
(273). Inconsistencies in the isoform identity of these proteins between the reports may
have been due to the different antibodies used.
The T R a 1-related protein bound to TREs, as well as to a sequence within the
mitochondrial promoter, suggesting a possible role as a regulator of mitochondrial gene
transcription (273). It is of interest, therefore, that the expression of certain mitochondrialencoded genes in brain are TH-responsive (274,275). Combined feto-maternal
hypothyroidism resulted in decreased steady state levels of brain 16S rRNA at 19 dg.
Furthermore, reductions in 12S rRNA and cytochrome c oxidase subunit III (COX-III)
mRNA levels were seen immediately after birth and at 15 pnd, respectively. T3 replacement
therapy normalised mitochondrial gene expression but only 48 hours after administration.
The mRNA levels of the COX subunits encoded by the nucleus (types IV and Vic) were
also decreased postnatally, but normalised by 30 pnd, even though COX-III expression
remained depressed. As a result, COX enzyme activity was reduced, at least at 15 pnd.
Mitochondrial morphology was also disturbed, possibly as a result of the observed changes
in gene expression, with a decreases in transmembrane potential and inner membrane
cristae organisation (276). A further study has identified another mitochondrial gene,
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NADH dehydrogenase subunit 3, as being TH-sensitive in postnatal brain (but not in the
adult) (275). Postnatal hypothyroidism depressed the steady state mRNA levels in cerebral
cortex and hippocampus but not striatum.
1.6.6.3 TH extranuclear action and protein disulphide isomerase
T3 has also been reported to bind to a membrane-associated protein, subsequently
identified as protein disulphide isomerase (PDI) (277-279). This enzyme is associated with
the RER and has multiple functions, including the post-translational modification of
secretory proteins (280). It was initially thought that PDI may be related to 5 D-II (281),
however this was subsequently shown to be incorrect (88). In glial cells, most PDI is
associated with RER, though in the absence of TH ca. 25% is found in the cytosol. T4
induces relocation of a 55-kDA subunit of PDI from the cytosol to the F-actin
microfilaments (282). The functional significance of this effect is not known but may be
related to the proposed role of T4 in regulating 5'D-II activity and TH-dependant actin
polymerisation (282). The effectiveness of T3 in inducing this effect, however was not
determined—if this is part of the regulation of 5T)-II, then T3 should be at least 100-fold
less effective than T4.
1.7 Thyroid hormone and brain development
The classical notion of TH function is that of an age-dependant dual role i.e., modulating
fetal/postnatal brain development, and regulating cellular metabolism in all adult tissues
except in the brain, spleen and testis (283,284). The adult brain was traditionally
considered insensitive since TH had no effect on oxygen consumption, or activities of
malic enzyme and a-glycerophosphate dehydrogenase (285). These criteria may not be
relevant to the brain however, as no change in these parameters is seen in neonatal brain
[Schapiro, 1966 #144; Schwartz, 1978 #143], despite the acknowledged role of TH in this
organ.
The importance of TH for brain development is unquestionable and has been demonstrated
in numerous clinical studies of iodine deficiency and congenital hypothyroidism in human
offspring, and in studies using rat models of congenital hypothyroidism (reviewed in (286289). There is however considerable debate regarding the period during which brain
development is TH-sensitive.
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1.7.1 Studies in humans
1.7.1.1 Iodine deficiency - prevalence and prophylaxis
Iodine deficiency is a primary cause of goitre and hypothyroidism. Nearly one third of the
worlds population (1.5 billion people) are at risk from IDDs and 12% exhibit goitre of
varying severity (290). The problem is most severe in developing countries such as China
and the Republic of Guinea (291,292), however iodine deficiency is also prevalent in many
areas of Europe (290,293). Despite a growing awareness of this problem, there is
considerable controversy regarding the most effective and safe remedial action. Iodine
prophylaxis by distribution of iodised salt or bread is relatively inexpensive but rather non
specific. For instance, even after 1-2 years of salt iodination, mild iodine deficiency was
still prevalent in pregnant women in one iodine deficient endemia (294). Indeed, poorly
supervised iodine replacement can produce pockets of iodine excess and the attendant
problems of Wolff-Chaikoff syndrome in which thyroglobulin iodination is inhibited
(295), and iodine-induced thyrotoxicosis. A sudden influx of iodine to a hypothyroid
patient can also induce necrosis of the thyroid gland—especially when selenium is also
deficient (296). Although these problems do not occur with T4 replacement therapy, cost
and logistics prevent the widespread use of this option in developing countries. Thus iodine
is the treatment of choice but it must be tightly controlled to ensure the right amount is
going to the right people. The problem is not wholly overt, since subclinical iodine
deficiency may only become apparent during pregnancy, when the increased demand for
iodine can induce goitre—with serious consequences for the offspring (46,297)
1.7.1.2 Cretinism
The effects of iodine deficiency on brain development are manifested in their most extreme
form as cretinism. Cretinism has been classified into two related forms, neurological and
myxoedematous. Neurological cretinism is the more common form and presents as spastic
diplegia, clonus, deaf-mutism and severe mental retardation. Myxoedematous cretinism
results in gait disorders, impaired motor coordination, partial deafness, speech defects and
reduced IQ (4). Although it was originally thought that they represented distinct
syndromes, it is generally accepted that they are two extremes of a continuous spectrum.
There are several factors that determine whether the form of cretinism will tend towards
neurological or myxoedematous, although the precise aetiology is unknown. Neurological
cretinism is thought to result from maternal TH deficit during early fetal development
(4,298-300). lodine/TH replacement therapy given after the second half of pregnancy fails
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to correct the damage—indeed, neurological cretins have normal thyroid function
(4,298,299,301). Myxoedematous cretinism, on the other hand, seems to arise from iodine
deficiency and thus hypothyroidism, during later development. Thus myxoedematous
cretins have less severe mental retardation and are overtly hypothyroid—the thyroid gland
commonly being atrophied (4,302,303). Thus myxoedematous cretinism shares many
pathological features with congenital hypothyroidism (section 1.7.1.4) and TH/iodine
replacement therapy produces some improvement (302). It has been suggested that many
myxoedematous cretins display a similar degree of mental retardation to neurologic cretins,
thus myxoedematous cretinism simply results from an extension of hypothyroidism from
the early fetal period into postnatal life (300). It is difficult however, to reconcile the
conclusions of this study with the seminal studies discussed above, and it cannot be ruled
out

that

the

m yxoedem atous

cretins

studied

actually

had

com bined

neurological/myxoedematous cretinism.
Selenium deficiency has been implicated in the pathogenesis of myxoedematous cretinism
(304). In many areas of joint iodine and selenium deficiency, myxoedematous cretinism is
more prevalent than the neurological form (303,304). Selenium deficiency impairs
hydrogen peroxide catabolism, since the activity of the selenoprotein, glutathione
peroxidase, is reduced.High levels of hydrogen peroxide within the thyroid gland may
cause necrosis and atrophy (303). Alternatively, thyroid autoimmune disease may be
responsible for the atrophy, since IgG antibodies which inhibit TSH-induced DNA
synthesis have been found in 86% of patients with myxoedematous cretinism, but were
absent in euthyroid controls (305). Furthermore, the serum concentration of these
antibodies correlated with the degree of thyroid gland atrophy (305). The involvement of
thyroid autoimmune disease would also explain why myxoedematous cretins are apparently
spared the effects of hypothyroidism until later in development. The factors inducing the
presence of these antibodies in myxoedematous cretins, however are not known (305).
1.7.1.3 Maternal thyroid hormone and fetal brain development
The studies regarding the aetiology of neurological cretinism discussed above, gave the
first indications that TH was important for early fetal brain development. In the light of the
then prevalent belief that the placenta was impermeable to maternal TH, the results were
interpreted as suggesting a role for elemental iodine in early fetal brain development (299).
No evidence to support such a role could be found however, and further studies
demonstrated a direct correlation between maternal T4 levels during pregnancy and
parameters of cognitive/motor function in the offspring (306). More recently, Xue-Yi
et.al confirmed that only iodine replacement therapy during the first and second trimesters
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protected fetal brain development in an iodine deficient endemia (307). Iodine replacement
given in the last trimester improved brain growth but not neurological outcome.
Furthermore, schoolchildren in an area of Italy with mild iodine deficiency bom prior to an
iodine prophylaxis program, showed no signs of deficient cognitive performance but
exhibited slower reaction times compared to controls—suggestive of blunted motor
performance (308).
Thyroid hypofunction during pregnancy is not limited to the iodine deficient endemias. It
has been estimated that thyroid deficiency exists in 0.3 - 3% of iodine sufficient pregnant
women (309,310), and 20% of pregnant hypothyroid women are asymptomatic (47). In
clinical studies of these cases, there is a clear correlation between maternal
hypothyroxinemia and impaired cognitive and motor performance in offspring when
adequate TH replacement therapy was not administered during pregnancy (309,311). In
contrast, another study found no evidence of deficient IQ in children born to
hypothyroxinémie mothers (treated with T4 supplementation from between 1 3 - 2 8 wg)
(312). The reason for this conflicting data is unknown, however the study was limited in
size and scope.
1.7.1.4 Placental transfer of thyroid hormone
Controversy over whether maternal TH can cross the placenta and reach the fetus has raged
since the 1950s. Until the late 1980s the general consensus was that TH did not cross the
placenta in either rat or man (21). Many of these studies were flawed however, either
investigating late in gestation—when TH transfer is minimal, or focusing on T3 (e.g. see
(313)) whose transfer is minor compared to T4. In addition, techniques for estimating TH
levels were relatively insensitive compared with those used today.
Partly as a result of Pharoahs studies, Ekins postulated the hypothesis that maternal TH is
necessary for fetal brain development, and furthermore, that TBG plays a vital role in the
delivery of TH (T4 in particular) to the placenta (53). This proposal was based largely on
mathematical modelling of the behaviour of free and protein-bound TH in the
micro vasculature (108). These models indicate that an increase in hormone binding protein
concentration increases the concentration of free hormone at the capillary wall, thus
encouraging rather than preventing hormone release (108). In addition, binding proteins
capable of transporting more than one hormone can enhance the delivery of one hormoneji
relative to others in certain tissues, if the binding characteristics of the individual hormone
binding site vary. Thus in the case of TBG, T4 delivery may be increased relative to T3
when TBG levels rise (such as during pregnancy) (108). The placenta, with its unique
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vascular anatomy is a possible site at which TBG enhances T4 delivery (53). This theory
has been criticised for considering only unidirectional hormone flux into tissues (44). The
contention being that intracellular metabolism of the hormone is much slower than
movement either into or out of the cell, thus at steady-state hormone influx into the cell will
be almost equalled by hormone efflux. Nevertheless, TH transfer from mother to fetus has
been demonstrated in humans (51), and both T3 and T4 are detectable in human embryonic
limbs at 6-8 wg and brain at 9 wg (314).
Very little is known regarding the mechanism and regulation of placental TH transfer.
There are two barriers to such transfer; the first is mechanical—placental membranes being
relatively impermeable to iodothyronines; the second is that high levels of 5-D activity are
expressed in placenta (102) (see section 1.5.3). Human placental cell membranes exhibit
two T3 binding sites, one of low affinity, high capacity (Kd = 18.5 |XM; Bmax ~ 2.2
pmol/mg protein) and the other high affinity but low capacity (Kd = 2.0 nM; Bmax ~ 320
fmol/mg protein) (315). It is not known if they play any role in placental transfer of TH,
although they could conceivably play a part in overcoming the mechanical barrier.
1.7.1.5 Congenital hypothyroidism
Additional evidence supporting TH placental transfer has come from studies of congenitally
hypothyroid children (51). Congenital hypothyroidism affects 1 in 4000 live births and one
of the common characteristics of this disease is that newborn infants appear asymptomatic
at birth (316). Indeed if sufficient TH-replacement therapy is initiated by the second
postnatal week, little or no permanent brain damage (as measured by IQ tests) is sustained
(317,318). It was originally thought that this indicated that TH did not affect development
until the postnatal period, however placental transfer of TH to congenitally hypothyroid
fetuses is indicated by the presence of T4 in cord serum (51). Furthermore, in cases of
untreated congenital hypothyroidism there is no evidence of the hearing loss and
pyramidal/extrapyramidal defects associated with severe neurological cretinism, suggesting
that maternal TH transfer provides at least partial protection from the prenatal effects of
TH-deprivation in the congenitally hypothyroid fetus (317). Indeed, the higher incidences
of cerebral palsy and mental retardation seen in premature infants may be related to the
transient perinatal hypothyroxinemia consequent upon the premature loss of the maternal
TH contribution, although secondary metabolic effects arising from premature birth cannot
be ruled out (319-321).
Analysis of maternal TH function during early pregnancy has provided further, albeit
circumstantial, evidence for a fetal requirement for maternal TH in humans. Serum TH
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levels rise concomitant with the increase in TBG, occasionally to the point of transient
hyperthyroidism (46), even though TSH levels fall in the same period. This suggests the
existence of an alternative thyroid simulator, and human chorionic gonadotrophin (hCG) is
considered the most likely candidate (322-324). Serum levels of this placental glycoprotein
rise during the first trimester in correspondence with increasing TH and decreasing TSH
levels (322). Furthermore hCG is structurally related to TSH, containing an identical asubunit, and exists in various isoforms—some of which exhibit considerable thyrotrophic
activity. Thyrotrophic activity is partly determined by the degree of glycosylation and
acidity of the isoform and there is a higher proportion of acidic hCG isoforms in the first
trimester compared with the second (322,323). It has been proposed therefore that hCG
takes over the thyrotrophic role of TSH during early pregnancy, to ensure the increased
serum TH level required by the fetus (322,323). This remains to be proved, but seems to
be a plausible hypothesis.
1.7.2 Congenital hvpothyroidism models and brain development
There is considerable evidence that significant transfer of maternal TH across the placenta
occurs in a variety of mammals, including humans and rats (49-51,109,325-327). The long
held erroneous assumption that TH did not cross the placenta has however meant that the
effects of TH on brain development have largely been investigated in the perinatal period,
using rat models in which hypothyroidism is induced in the late fetal/neonatal period.
During this period (17 dg to birth) in the rat, cerebral neurogenesis and migration is
virtually complete; neuronal differentiation, axonal outgrowth, dendritic ontogeny,
synaptogenesis, gliogenesis and cerebellar neurogenesis are just commencing and
myelinogenesis does not occur until 10 pnd (52,287,328).
Early studies with this model revealed gross morphological abnormalities, predominantly in
the cerebellum but also in earlier developing brain regions, such as the forebrain. Cell
number and size were reduced—indicating alterations in the rate of cell migration,
proliferation and terminal differentiation (reviewed in (287,288,329)). Generally, the
proliferative phase was extended, particularly in the extragranular layer of the cerebellum,
and cell migration was impaired—probably as a result of delayed differentiation (329).
Other studies revealed severe hypoplasticity of the neuropil, particularly in the Purkinje
cells of the cerebellum (287,329), indicative of a reduction in the length and number of
dendrites and axons, and impaired intemeuronal connectivity and function. Synaptogenesis
was also delayed as a result of decreased intemeuronal connectivity and this is reflected by
changes in many aspects of neurotransmitter function, including neurotransmitter levels
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(330,331), metabolic enzyme activities (330-336) and receptor number and affinity (337341).
The morphological effects of postnatal TH deficiency are reflected by other biochemical
alterations, from reductions in DNA, RNA and protein synthesis, to more specific effects
on markers of neuronal terminal differentiation such as succinic acid dehydrogenase and
glutamic acid dehydrogenase activities (52,288). Levels of sulphated glycosaminoglycans
(extracellular matrix components with possible roles in cell differentiation) and gangliosides
are also reduced in the cerebellum of postnatal rats after feto-matemal hypothyroidism
(342,343). These changes however, are thought to be symptom of the general delay in
cerebellar development, rather than a specific effect of TH on sulphated glycosaminoglycan
expression (342,343). It has been suggested that changes in the cytoskeleton underlie many
of the neuronal morphological abnormalities (289), since TH regulates microtubule
assembly and stability, as well as the expression of two microtubule-associated proteins
(MAP2 and tau) (52,288,329,344). In addition, the transition between immature and
mature tau isoforms is delayed in neonatal hypothyroidism (289,344). Steady-state levels
of tau and MAP2 mRNA are however, unaffected (345) so the mode of regulation remains
unknown. More recently, |3- and y-actin mRNA levels were shown to be TH-regulated
(346). T3 directly increased their rates of transcription of these two cytoskeletal proteins,
with P-actin showing a greater response than y-actin. There is a lack of correlation between
the rates of transcription and steady state mRNA levels however, which suggests posttranscriptional regulation may occur (346). p- and y-actin protein expression is upregulated
in the normal rat concomitant with the the main phase of synaptogenesis (346), suggesting
a role for these cytoskeletal proteins in this process. Decreased levels arising from neonatal
hypothyroidism may therefore partly account for the defects in synaptogenesis mentioned
above.
Neurotransmission is severely affected by the retardation in myelinogenesis evident in
congenital hypothyroid rat models (329). Myelin synthetic enzymes activities are reduced
and myelin synthesis is delayed, albeit transiently. Furthermore, several genes encoding
myelin-associated proteins exhibit decreased expression in oligodendrocytes from postnatal
hypothyroid rats (345,347). Of these genes, myelin basic protein (MBP) and myelinassociated glycoprotein (MAG) have been extensively studied. The promoter region of the
MBP gene contains a TRE (348,349) and this, together with the presence TR isoforms
(particularly T R p i) in oligodendrocytes during myelination, suggests that MBP
transcription is directly regulated by T3 (223,227,229). Indeed, TRpl elicits a stronger
response from the MBP TRE than T R a l (349). T3 may also influence MBP mRNA
stability however (350,351). Postnatal hypothyroidism also delays MAG mRNA and
protein expression (352), particularly in cerebral cortex and hippocampus. The lack of T358

induced increase in MAG mRNA transcription in nuclear run-on assays indicates that TH
acts post-transcriptionally, possibly via regulation of mRNA stability (352). This
conclusion should be viewed with caution however, since in oligodendrocyte cultures, T3
increases mRNA levels of MAG and two other myelin-associated genes, 2 %3'-cyclic
nucleotide 3'-phosphodiesterase (CNPase) and proteolipid protein (PLP) (351); MAG and
CNPase mRNA were affected via direct transcriptional mechanisms whereas PLP mRNA
was affected via post-transcriptional regulation—probably increased mRNA stability
(350,351). Together these studies indicate that TH influences myelin gene expression at
multiple levels.
More recently, a comprehensive study of all four major myelin protein genes has shown
that neonatal hypothyroidism results in a transient decrease in their mRNA levels—all to a
similar degree (353). Regional variation was evident however, with rostral regions such as
cortex and striatum more severely affected, in terms of duration and degree of deficit, than
caudal regions. Myelination spreads in a caudal to rostral manner, thus it is the regions that
undergo myelination later that are affected most. As T3 can potentially affect the myelin
genes by several different mechanisms, it is surprising that the study shows such a uniform
response to neonatal hypothyroidism. TH may act therefore mainly in an indirect manner,
by promoting the differentiation of oligodendrocytes which in turn express the myelin
genes (353). This also explains the transient nature of the reduction in mRNA expression;
oligodendrocytes continue to differentiate, albeit at a slower rate, even at subnormal T3
levels. The other mechanisms of TH action such as alteration of gene transcription and
mRNA stability are thought to have have supplementary roles.
Astrocytes are also sensitive to TH during development (sections 1.6.4.1 and 1.7.3), and
as indicated by studies showing abnormal astroglial differentiation in hypothyroid postnatal
rats (354). It has been suggested that, like neurons, these effects are primarily due to
cytoskeletal deficiencies, arising from a lack of TH (355). Postnatal hypothyroidism results
in decreased GFAP expression in the cerebellum and hippocampus (355) and neonatal TH
supplementation induces premature appearance of GFAP-immunoreactive astrocytes in
basal forebrain and hippocampus (356). GFAP is required in astrocytes for process
outgrowth and morphogenesis (355), thus the effects of TH on astrocytic development may
be due to a reduction in GFAP expression. Other astroglial markers however, such as
vimentin, S I00 protein and glutamine synthetase are also TH-sensitive, and may therefore
also be involved (355-358).
The consequence of the structural and biochemical compromise seen in developing
hypothyroid rats is abnormal behaviour. Neonatal hypothyroid rats have impaired learning
59

ability, motor coordination and exploratory performance (52). Nevertheless despite our
knowledge of TH action on gene transcription, it is not yet clear how the lack of TH results
in the functional deficits, with the possible exception of myelin synthesis—even here much
remains to be elucidated. Several candidate genes have been proposed which may be
primary targets for transcriptional regulation by T3 (reviewed in (274,275,289,359,360)).
One such candidate is RC3 (rat cortex clone 3 or neurogranin) since combined
matemal/fetal/neonatal hypothyroidism reduces RC3 mRNA and protein expression from 5
pnd onwards in a region-dependent manner, with the striatum being most severely affected
(345). The disturbances in RC3 expression are most prominent after 10 pnd (360). Despite
intensive study however, a TRE has not been found in the flanking sequence of the RC3
gene, although retinoic acid and steroid HREs were identified (361). RC3 is a protein
kinase C substrate, localised in dendritic spines and cell bodies in postnatal forebrain
neurons, and implicated in postsynaptic calcium signalling and long-term potentiation
(360). It is possible therefore that the decreased RC3 levels in hypothyroid postnatal
animals may be related to their decreased cognitive performance.
Expression of immediate early gene NGFI-A (NGF-induced gene A) mRNA and protein
are both T3-sensitive in neonatal rat brain, levels being reduced in an age- and regiondependent manner in hypothyroid neonates (362,363). A sequence upstream of the
promoter region in the mouse gene may represent a TRE (363) but this awaits
confirmation. NGFI-A is also induced by a variety of growth factors (particularly NGF)
(364,365), which may themselves be TH-sensitive. The putative function of NGFI-A as a
transcriptional activator in the regulation of cell proliferation, differentiation and synaptic
plasticity (366-368) suggests that its altered expression in congenital hypothyroid models
may, at least partly, underlie some of the effects discussed. Postnatal hypothyroidism also
increases the steady state level of c-jun mRNA by an uncharacterised mechanism (345).
Several neurotrophins and, in some cases, their receptors show altered gene expression in
rat brain as a consequence of neonatal hypo/hyperthyroidism. For example, TH transiently
increased NGF mRNA levels in cultured postnatal cerebellar neuroblasts (369), and
fetal/postnatal hypothyroidism reduced NGF mRNA levels in cortex and hippocampus, but
not striatum (370). Curiously, the latter study showed that mRNA levels of the high
affinity NGF receptor (trkA) were reduced in striatum, while low affinity NGF receptor
(p75NGFR) mRNA was elevated in cerebellum (370). T3 replacement therapy normalised
NGF mRNA levels in the hippocampus, but not cortex. Neurotrophin-3 (NT-3) mRNA
levels were also affected by fetal/postnatal hypothyroidism, being increased in most regions
except cerebellum, but gene expression of brain-derived neurotrophic factor, and tyrosine
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kinase, trkB and trkC, receptors were unaffected (370). Other studies utilising perinatally
induced hypothyroidism also describe increases in mRNA and protein levels of p75NGFR
in postnatal rat cerebellum, while hyperthyroidism was associated with a transient decrease
in p75NGFR levels (347). NGF protein levels were unaffected by hypothyroidism, but
were transiently increased by fetal/postnatal hyperthyroidism (347). Unlike the other
studies, neonatal hypothyroidism has also been seen to decrease NT-3 mRNA levels in
cerebellum while T3 administration increased NT-3 gene expression in vivo and in vitro.
The authors proposed a novel interaction between the granule neurone and the developing
Purkinje cell, whereby T3 induces NT-3 in the granule cells, which in turn promotes
Purkinje cell differentiation via interaction with trkC receptors. (371). The reasons for the
discrepancies between the studies outlined above are unknown—as is the exact mechanism
of TH-modulation. Nevertheless, neurotrophins are vital for normal brain development,
and their regulation by TH may be important for normal development. For example, NGF
has been shown to induce apoptosis in mature oligodendrocytes via the p75NGFR
(372)—indicating another possible mechanism of TH regulation of myelination.
In agreement with the known TH sensitivity of cerebellar development, the accumulation of
Purkinje cell protein-2 (PCP-2) mRNA, a Purkinje cell-specific gene is delayed in rat
cerebellum by postnatal hypothyroidism (373). The promoter region of the PCP-2 gene
contains TREs, suggesting direct transcriptional regulation (373). The function of PCP-2 is
unknown but it is expressed coincident with Purkinje cell differentiation. Subtractive
hybridisation followed by PCR amplification has revealed two further TH-responsive
genes, expressed in the rat cerebellum at 10-15 pnd. These genes, synaptotagmin-related
gene 1 (5rgl) and the rat homologue of the mouse hairless gene {hr), are rapidly induced
by TH, suggesting direct transcriptional regulation, although the precise mechanism is
uncharacterised (374). Srgl is only expressed in the brain, whereas hr is also expressed
in skin—but in a TH-independent manner. The functions of these gene products are not
known, although Srg\ may be involved neurotransmitter release (374). Synaptotagmins
so far studied (syt I and syt III) are not TH-sensitive however this may not be true of the
other synaptotagmins (374). It is feasible that Srgl expression may be disturbed by TH
deficits, thus perturbing synaptogenesis. The hr protein contains a putative zinc finger
domain, thus disturbance in its expression may alter the transcriptional regulation of
multiple genes (374).
Other genes apparently under TH control include the myelin and mitochondrial genes
discussed previously (sections 1.6.6.2 and 1.7.2). None of the genes so far identified have
been shown to be capable of producing the the wide range of compromise seen in
congenital hypothyroidism models. Few of the genes examined appear to have upstream
61

TREs and thus many changes in gene expression may simply reflect, for example, cell loss
or abnormal cellular differentiation. In other cases, post-transcriptional mechanisms, such
as altered mRNA stability, may be important.
1.7.3 Cell culture studies
In vitro studies of the effects of TH on rat neural cell cultures have provided many insights
into TH action. T3 induces stem cells to become lineage-restricted oligodendrocyte
progenitors, blocking their proliferation and enhancing differentiation into oligodendrocytes
(375-377). Indeed, earlier studies showed that T3-induced morphological changes in
oligodendrocytes, increasing process length and neurite number (228). Furthermore, T3
continues to promote maturation in postmitotic oligodendrocytes, i.e. after differentiation
is com plete, by a distinct (and as yet unknown) m echanism to that of
antiproliferation/differentiation (377). The differentiating effects of T3 are not confined to
oligodendrocytes, but occur in glia in general (375,376). In astroglial cell cultures, T3
transforms flat cells into process bearing ones and increases GFAP mRNA expression
along with the secretion of several uncharacterised proteins (378,379). The effect of T3 on
astrocytic cultures varies with the site of origin and age of the astrocytes prior to culture.
For example, astrocytes cultured from newborn cerebellum are insensitive to T3 whereas
they are T3-responsive at 19 dg and 10 pnd; mesencephalic astrocytes, in contrast, are
affected at all ages studied (379). A more detailed study has identified two TH-sensitive
stages in astrocyte development (380). Lack of T3 delays the first stage, a change in
morphology from radial glia to flat polygonal, and prevents the second—differentiation into
mature process-bearing cells. Both stages are correlated with changes in the rate of actin
synthesis, which increases during transition to the first stage and declines prior to the
second stage. Thus, in hypothyroid astrocytic cultures, the initial increase in actin synthesis
is delayed, but a high rate is maintained thereafter (380). Other effects of TH on
cytoskeletal development have been studied in cell culture models, for example
physiological levels of T3 stimulated tubulin synthesis (independent of total protein
synthesis) in cultured rat fetal/neonatal whole brain. This effect was age-dependant, and
was not seen in cultures from rats 2 pnd and older (381).
T3 increases neuronal protein synthesis in general, as shown by leucine uptake and
incorporation into membrane-bound and cytosolic proteins (382). The effect of TH on
neurotransmitter turnover has also been extensively studied with neuronal cell culture
models. Several studies have demonstrated that T3 induces acetylcholinesterase (AChE)
and choline acetyltransferase (ChAT) activities, alone (383-385) or in concert with NGF
(386-388) or estrogen (389). T3 also induces muscarinic cholinergic receptor expression
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(390) and has morphological effects, increasing perikarya size, neurite outgrowth and
branching (384,385,387), Several other growth/neurotrophic factors induce similar
morphological changes but do not affect AChE and ChAT activities (387). Thus the T3mediated induction of these enzyme activities is via a mechanism distinct from that causing
the morphological effects. Similar findings have been reported for T3-induced tyrosine
hydroxylase and monoamine oxidase activities in two neuroblastoma cell lines (391). A
recent study using neuro-2a cells over-expressing T R ^ l implicated a cytosolic
serine/threonine protein kinase pathway in the T3-dependent stabilisation of AChE mRNA
(359), leading to an increase in AChE activity (234). It is not known however, if the other
enzymes are regulated in a similar manner. As with astrocytes, the morphological effects of
TH vary with the origin and age of neurons being cultured. In cultures of fetal mouse
mesencephalic dopaminergic neurons, T3 increased perikarya size, but not neurite
outgrowth or dopamine uptake (392). In contrast, fetal mouse hypothalamic cultured
neurons exhibit increases in perikarya size, neurite outgrowth and dopamine uptake in
response to T3 (393).
1.7.4 Maternal hvpothvroxinemia models
In addition to the studies in humans, various biochemical studies in a number of mammals
(particularly rats) indicate that maternal T4 is able to reach the fetus in biologically
significant amounts in early pregnancy, before the onset of fetal thyroid function
(49,50,325,326). TH is taken up and metabolised as early as 9-10 dg in whole rat fetuses,
when their only possible source of TH is maternal (49). More specifically, T3 and T4 are
detectable in rat fetal brain at 13 dg (326). There is also considerable evidence to suggest
that systems are active in fetal brain to utilise the maternal TH. The role of 5"D-II in
maintaining fetal brain T3 concentrations in the rat has been discussed (section 1.5.4), as
has the expression of TRs in fetal brain (section 1.6.4). In order to investigate the role of
maternal TH in fetal brain, rat models have been developed which exhibit deficient maternal
thyroid function, without affecting fetal thyroid function. In the model used here rat dams
(made hypothyroxinémie through partial thyroidectomy; Tx) were mated with normal males
and the brain biochemistry of their offspring was compared with age-matched offspring
from normal dams (section 2.1.2).
1.7.4.1 Adult progeny
Using this model, several biochemical changes in the brains of partial Tx dam adult
progeny (7 months old) have been demonstrated, in comparison with controls (394-398).
The changes are generally region-specific; usually (but not always) the cerebellum is
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unaffected, consistent with the TH deficit occurring prior to the main phase of cerebellar
development (which occurs postnatally). Gross biochemical parameters such as protein and
DNA concentrations are reduced in midbrain, cerebral cortex and medulla (DNA only),
whilst the protein:DNA ratio is affected in every region studied. Leucine uptake is reduced
in cerebral cortex preparations in vitro but not in vivo (399). Lysosomal enzyme function
is impaired—particularly those activities with preferential neuronal localisation, e.g, pgalactosidase and aryl sulphatase (400) have reduced activities in all brain regions except
cerebellum (398). AChE activity (present in neurons and glia) is also reduced in most brain
regions, however specific neuronal markers are more selectively affected. For example,
ChAT activity (a specific cholinergic neuronal marker) is only increased in subcortex
whereas GABAergic and glutamatergic neuronal markers are unaffected (401).
Glial markers such as N-acetylgalactosaminidase (general glia marker) (402) and glutamine
synthetase (astrocytic marker) are unaffected. Several oligodenroglial-associated enzymes
(5'nucleotidase, CNPase and oleate esterase) are however affected in a complex manner
(396,401). These altered enzyme activities, together with the observed reductions in Pgalactosidase and aryl sulphatase activities, and deficits in brain galactocerebroside and
galactocerebroside sulphate content, are strongly indicative of compromised myelination in
adult Tx dam progeny (398). Thus although myelination occurs largely postnatally in the
rat, it appears that the prenatal insult permanently affects oligodendrocyte function, perhaps
via disruption of oligodendroglial progenitor cell development. Another group, using a
different rat dam model (consisting of a low iodine diet or methimazole administration)
found that the 21 dg progeny of Tx dams had a lower proportion of mature radial glial cell
fibres in the CAl region of the hippocampus, although the number of immature glial cell
fibres was unchanged (403).
Adult Tx dam progeny also exhibit increased TR numbers in brain (as measured by nuclear
T3-binding assays) (397). The effect is region-specific, being seen only in cerebellum and
paleocortex. The adult progeny were euthyroid so it is not a homeostatic response to
reduced T3 levels, as has been postulated to explain the upregulation of TRs seen in
neonatal hypothyroid rat brain (404). Rather, it may indicate permanent disruption of the
TH regulatory/effector systems.
Younger experimental progeny (2-3 months old) have been utilised in behavioural studies
that reinforce the biochemical data by indicating impairment of brain function (405,406).
These tests show that Tx dam progeny are more cautious in their exploratory behaviour.
Sex differences are also apparent, female Tx dam progeny exhibit reduced locomotor
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activity in an open field relative to controls, while males do not. When a novel object is
introduced however, only male Tx dam progeny exhibit deficient locomotor behaviour. In
addition, Tx dam progeny of both sexes show impaired learning behaviour as demonstrated
in a food reward paradigm (406). Behavioural compromise has also been observed in adult
progeny of radiothyroidectomised (RTx) dams. Male and female RTx dam progeny appear
hyperactive and perform poorly in a Lashley alley maze compared with controls—indicative
of impaired memory and learning abilities (407).
1.7.4.2 Pre- and postnatal progeny
In the rat model of maternal hypothyroxinemia, the fetal brain TH deficit is thought to be
greatest just prior to the onset of fetal thyroid function, at 17.5 dg. Studies therefore
usually include 15 or 16 dg as the initial age point. Progeny are then studied throughout late
fetal and postnatal development to determine those effects that are corrected by fetal TH
synthesis, and those that are irreversible. At 15 dg, Tx dam fetuses have lower body and
brain weights relative to controls (408), but these parameters normalise by 19 dg and
remain so through to adulthood (396,397,408). Tx dam fetuses also show decreased brain
DNA content and proteiniDNA ratios, indicative of reduced cell number and size,
respectively; however cell density (as determined by DNA concentration) was increased
(408). These parameters were all normal throughout postnatal development, at least from 5
to 14 days— in contrast to the 7 month Tx dam progeny. Other groups, using more
severely thyroidectomised rat dam models (409-411), have demonstrated similar changes in
fetal brain DNA content, DNA concentration and protein:DNA ratio during early
development, along with body and brain weight reductions during late fetal life
(407,409,411,412). The effects however, tend to be more prolonged—persisting well into
the postnatal period (407,409,412). For example, transient reductions occur in whole brain
galactolipid concentrations at term, and in ganglioside accumulation at 5 pnd, in RTx dams
(410). The increased persistence of changes is probably due to the more severe degree of
maternal hypothyroidism induced in these models. Overall the above results from the
various models are indicative of delayed neuronal maturation in progeny.
Total protein concentrations in whole fetal brain and postnatal brain regions are unaffected
in the partial Tx dam model (408), although isolated differences in cytosolic and membrane
glycoprotein fractions have been observed postnatally (395,398). These findings are in
contrast with data in 7-month-old progeny, which also exhibit widespread abnormalities in
various enzyme activities not detected at earlier stages. These inconsistencies may be due to
differences in the degree of maternal hypothyroxinemia induced, or they could indicate
degenerative changes in the brain. Longitudinal studies are required to confirm this
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possibility. Other groups also report slightly different results, Morreale de Escobar et a l
observed protein concentrations to be normal at 20 dg but increased at 21 dg in
experimental progeny (411), whereas Porterfield and Hendrich observed deficits in brain
protein concentration at 22 dg and at 1,5 and 60 pnd (52,407,409).
Discrepant results between the various models may partly be accounted for by the different
methods used to induce hypothyroxinemia/hypothyroidism. In the model of Porterfield and
Hendrich (409), dams were fed an iodine deficient diet for a week, then
radiothyroidectomised by administration of 300 jLiCi

The RTx dams were then placed

on T4 replacement therapy for 2 weeks which was usually withdrawn the day after mating.
Although RTx dams show similar circulating TH levels to those seen in the partial Tx
model throughout pregnancy, the sudden withdrawal of T4 replacement during early
pregnancy may disturb the dams metabolism. Morreale de Escobar et. al. surgically
thyroidectomise rat dams prior to

administration (100 |xCi ^^H) and are only mated

when serum T4 and T3 levels are below detection levels (411). Thus maternal metabolic
compromise is likely in both models and may explain the more chronic changes in progeny
brain protein and DNA levels observed. Porterfield et. al. reported numerous metabolic
changes in mothers and pre/postnatal progeny, including growth hormone levels and
homeostasis (412) and this may explain the disturbances in progeny thyroid function in this
model (407). Indeed, severely hypothyroid dams are unable to accumulate fat stores during
the first half of gestation, and consequently, their fetuses suffer from reduced nutrient
supply during the second half of gestation and suckling (413,414). The partial Tx model
used in this thesis attempts to minimise these effects by inducing hypothyroxinemia rather
than hypothyroidism. Indeed, previous studies have shown that postnatal cerebellar growth
and biochemical functions are mostly normal, arguing against metabolic compromise in the
dam and, although body and brain weights are impaired during early fetal life, they become
normal by 19 dg and remain so at term (408). Placental dysfunction is another possible
confounding factor, however, there is no evidence of changes in placental weight or gross
indices of placental cellular development, e.g. ornithine decarboxylase (ODC) activity
(which is affected in fetal brain) (408). Changes in placental glucose transporter 1
(GLUTl) protein occur, but only near term (415) and, rat placenta shows only low levels
of expression of TR mRNAs and nuclear T3-binding suggesting this organ is largely THinsensitive (416). These observations indicate that placental dysfunction is also unlikely to
contribute significantly to fetal brain damage in the partial Tx dam model.
Developing Tx dam progeny also show a range of altered brain biochemistry. ODC is the
rate-limiting polyamine synthetic enzyme, and is known to be a highly sensitive marker for
normal early brain development. Changes in ODC activity occur as a consequence of a
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wide range of insults (417), including perinatal thyroid dysfunction (418-420). Maternal
hypothyroxinemia results in reduced ODC activity in fetal brain at 15 dg, normal activity at
19 dg, but elevated activity at 22 dg. In the early postnatal period ODC activity is
transiently reduced in all brain regions except cerebellum, but normal in all regions by 14
pnd (408). It is not known whether the changes in ODC activity merely reflect changes in
the TH-deprived fetal brain, or whether the effects of TH are, at least partly, mediated by
ODC and polyamines. The latter possibility is feasible as polyamines regulate gene
expression through modulation of histone acétylation and phosphorylation, and ODC itself
may be a RNA polymerase I initiation factor. Polyamines also have poorly defined roles in
axongenesis and synaptogenesis (417).
GLUTl is also expressed at high levels in rapidly developing tissues and after trophic
stimulation (421). Its expression is also deficient in Tx dam fetal brain at 16 dg, when
Western blotting of fetal brain microsome preparations with a GLUTl-specific antibody
reveals a large deficit in a subtype of this protein (415). Although GLUTl is predominantly
localised to the blood-brain barrier at this stage of development (422), this reduction is
unlikely to reflect a general compromise in blood-brain barrier function, since another
marker, alkaline phosphatase activity, appears normal (423).
Signal transduction systems in fetal brain are also affected in a selective manner by maternal
hypothyroxinemia (424). Protein kinase C specific activity is increased in Tx dam progeny
at 15 and 19 dg but normal by 22 dg. In contrast, protein kinase A was unaffected, while
Ca^+-ATPase activity is decreased at 15 and 19 dg, but increased at 22 dg (424). Whole
brain neutral and alkaline components of calmodulin-dependent phosphatase (calcineurin)
activity are markedly reduced in newborn Tx dam progeny (398), whereas by 2 months
only the cerebellum is affected, exhibiting increases in the activities of the neutral and acidic
components (395). Thus, although postnatal cell acquisition (408) and most other
parameters appear normal in cerebellum from Tx dam progeny, other aspects of its
development may be dependent on maternal thyroid status (395,398).
Together, these studies strongly suggest that maternal TH is necessary for normal brain
development. In Tx dam models, brain development is affected not only before the onset of
fetal TH synthesis but also in the late fetal/postnatal period, culminating in irreversible brain
dysfunction. In addition, the fact that many of the observed changes show varying degrees
of age and region-dependency suggests that TH has selective, rather than generalised
effects on early brain development.
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1.8 Rationale
Despite evidence implicating maternal TH as a regulator of early brain development, the
prenatal brain remains a relatively neglected tissue for studying TH action. When
considering the effects of maternal hypothyroxinemia, the period of brain development
before the onset of fetal thyroid function is of particular importance. This period
(corresponding to 0-17 dg in the rat and 0-12 wg in humans; see section 1.2) encompasses
the beginning of cerebral and brain stem neurogenesis and also some neuronal migration
(328). Only developmentally labile neurons undergoingj^at the time of TH insult are
vulnerable (425), therefore it would be expected that neurological compromise would be
limited to phylogenetically older regions, and previous studies with the Tx dam animal
model have shown this to be largely so (see section 1.7.4). Some effects are however,
irreversible and even processes that do not begin until after birth can be affected {e.g.
myelination). These chronic effects arising from a transient insult can be explained by the
role of TH as a biological clock during development (288). Brain development is highly
coordinated and requires the correct integration of the different regions of the brain, which
develop at different rates, to establish communications within and between brain regions
and also with the peripheral nervous system. This extremely complex process is influenced
directly and indirectly by signals from many factors, other than TH {e.g. grow th
hormones, various developmental signals and neurotrophins), and little is known about the
effects and interplay between these factors. Furthermore, the CNS is heterogenous, with
groups of neurons occupying the same region but differing biochemically, morphologically
and functionally. Changes in the developmental environment often result in very different
responses in the various neuronal populations (426). Thus a derangement in
synchronisation during early neurogenesis may have a catastrophic effect on the rest of
brain development and the functional performance of the fully developed brain may be suboptimal {i.e. the features of cretinism). In order to investigate the immediate effects of an
early TH deficit in fetal brain and their reversibility, progeny were studied before and after
the onset of fetal TH synthesis.
Neurotransmitters are probably the most directly relevant TH responsive system in the
developing brain, and a vast body of evidence indicates that thyroid status can affect CNS
neurotransm itter function—not only during rat postnatal development in vivo
(330,331,333,336-340) but also in rat neural cell culture models (section 1.7.3).
Furthermore, previous work has identified region-specific changes in brain AChE and
ChAT activities in Tx dam adult progeny (427), together with behavioural abnormalities,
including deficits in motor function, cognition and learning behaviour (405). It is possible
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therefore that TH regulates neurotransmitter function during fetal development. Several
studies suggest that certain neurotransmitters (and their metabolic enzymes) play a
neurotrophic role in the early stages of brain ontogenesis (428-430). Certainly, many
neurotransmitters, their metabolic enzymes and their receptors have been demonstrated in
the brain long before the onset of electrical activity (426,431-434). Disruption of
neurotransmitter systems by TH deficits in the early fetal brain could therefore have wide
ranging effects beyond synaptic transmission. In order to confirm this and investigate the
effects in more detail, a Tx dam model was used to study the effects of maternal
hypothyroxinemia on the ontogeny of cholinergic and catecholaminergic neurotransmitter
metabolic enzymes in the brains of pre- and postnatal progeny. This was supplemented by
a study on muscarinic cholinergic, p-adrenergic and D2 dopaminergic receptor binding
during posmatal development to characterise the chronic effects.
As discussed in section 6.1, the nucleus appears to be the primary site of TH action. It is
important therefore to establish whether TH status can affect TR ontogeny. The human
TRpl gene has two TREs in its promoter region which can be activated by both T R al and
TRpi, in the presence of T3, to enhance transcription (435). Indeed, T3 induction of TRpi
expression has been demonstrated in cultured astrocytes (165). Neonatal hypothyroidism
has been shown to increase the number of T3 receptors in the brain, although the affinity
was unaffected (404). Detrimental effects arising from a fetal TH deficit have also been
demonstrated, as adult progeny of Tx dams exhibit an increased number of TR binding
sites in the cerebellum and paleocortex (397). Furthermore, regardless of any direct effects
of a TH deficit on TR function, unliganded TRs may repress basal transcription of TH and
retinoic acid responsive genes (section 1.6.3.1). Maternal hypothyroxinemia may lead to an
increase in unliganded TR concentration in fetal brain (unless they are downregulated) and
the increase in transcriptional inhibition may be responsible for the asynchronous
development observed in Tx dam progeny. It is therefore important to assess the levels of
TRs in Tx and N dam progeny in fetal brain at the protein and mRNA level. Thus receptor
binding assays using whole nuclei and extracted receptor preparations were utilised to
determine the number and affinities of functional TRs, while Northern hybridisation
analysis and reverse transcription polymerase chain reaction were used to characterise the
mRNA levels of the three main TR isoforms {i.e. T R al, TRa2 and TRpl).
Together, these studies should provide important insights into the role and mechanism(s) of
action of maternal TH in fetal brain development. Furthermore, as well as providing some
answers, this study will hopefully act as a basis for further research.
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CHAPTER 2.
MATERIALS
AND
METHODS
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2.1 General
2.1.1 Materials
General laboratory reagents were purchased from Merck-BDH Ltd. (Hertfordshire, U.K.)
and fine chemicals from Sigma Chemical Co. (Dorset, U.K.), unless specified otherwise.
The radiochemicals, D,L-3,4-[alanine-l-i^C]dihydroxyphenylalanine, L-[l-^^C]tyrosine,
[acetyl-^H]acetyl coenzyme A, L-[benzilic-4,4'-^H(N)]quinuclidinyl benzilate and [benzene
ring-^H]spiperone were purchased from NEN Life Science Products Ltd. (Hounslow,
U.K.); acetyl[methyl-^HJcholine and L-[propyl-2,3-^H]dihydroalprenolol were obtained
from Amersham-Pharmacia Biotech Ltd. (Bucks, U.K.); [^^^I]T3 from BM Browne Ltd
(Reading, U.K.) and [^^Pjlabelled isotopes from ICN Biomedicals Ltd. (Oxon, U.K.).
Amersham-Pharmacia Biotech Ltd. was also the source for Hybond N nylon membranes,
NICK colunms. Hyperfilm MP, Biomax MS film and the Megaprime and 5' end labelling
kits. SOC medium, LB (Luria-Bertani) broth and agar, and all reagents and enzymes used
in the reverse transcription-polymerase chain reaction studies (section 2.6.7) were obtained
from Gibco Life Technologies Ltd (Paisley, U.K.). Dowex (l-X-8, Cl" form, 200-400
mesh) was obtained from Bio-Rad Laboratories Ltd. (Herts., U.K.). Sprague-Dawley rats
were obtained from Charles River Ltd (Margate, Kent, U.K.) and bred in the local animal
house facilities.
2.1.2 Animal model
Proven rat dam breeders were partially thyroidectomised (parathyroid-spared) by surgery.
Two weeks after surgery, blood was collected from the tail veins of the thyroidectomised
rat dams (Tx) and from age-matched normal rat dams (N), for serum TH and TSH
determination (section 2.1.4). Tx dams were mated with normal males when circulating T4
levels were < 25 nM. The control group constituted N dams, also mated with normal
males. All animals were maintained at 22 °C on a cycle of 14 h light : 10 h darkness with
free access to an iodine replete diet. The drinking water of the Tx dams was supplemented
with calcium lactate (0.1% w/v). When pregnancy was allowed to continue to term, N and
Tx dam litter sizes were standardised to seven pups on the day of birth. Occasionally, Tx
dams had litters with fewer than seven pups, and in these cases N dam litters were reduced
to the same number. N or Tx dam litters with fewer than three pups were not used.
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2.1.3 Sample preparation
Pregnant dams were stunned and killed by cervical dislocation at 14, 16, 19 and 21 dg, and
a blood sample obtained via cardiac puncture for serum TH determination. Conceptuses
were removed to ice, and fetuses and placentae were separated and weighed. Placentae
were kept for protein and DNA determination (sections 2.1.5 and 2.1.6). Fetal brains were
dissected, cleansed of meninges and blood vessels, and weighed. Postnatal progeny were
weighed and killed (either by decapitation or cervical dislocation depending on size) on the
day of birth and at 10, 20 and 30 pnd; brains were dissected and cleansed as for fetal
brains. From 10 pnd onwards, brains were dissected into four gross anatomical regions—
cerebral cortex, cerebellum, brain stem (comprising the pons and medulla) and subcortex.
For protein, DNA and enzyme assays, tissues were homogenised in 9 vol. of ice-cold 0.32
M sucrose, aliquoted and stored at -20 °C. For membrane receptor binding assays, tissues
(20 and 30 pnd brain regions only) were homogenised in 9 vol. of ice-cold 50 mM TrisHCl buffer (pH 7.4) and immediately used to prepare crude membrane fractions (section
2.3). For T3-binding assays, whole or extracted nuclei were prepared from fresh tissue (16
to 21 dg brains only) as detailed in section 2.4. For for RNA extraction (section 2.6),
brains (16 to 21 dg only) were frozen on dry ice and stored at -70 °C.
2.1.4 Determination of serum thyroid hormones and TSH
Blood was allowed to clot and serum was obtained by centrifugation (2500 g for 10 min; 4
°C). Serum Total T4 and T3 were determined using commercial radioimmunoassay kits
(North East Thames Radioimmunoassay Service, London, U.K.), according to the
suppliers protocol. Briefly, 25-50 |il serum was incubated with a primary antibody (anti-T3
or -T4), tracer (^^^I[T3] or 12^I[T4]; 20000 cpm), 200 jig 8-anilino-l-naphthalene
sulphonic acid (to displace thyroid hormone from the serum binding proteins) and a
secondary antibody (directed against the primary antibody). Antibody complexes were
precipitated with 4% (w/v) polyethylene glycol 6000 and centrifuged (1000 g for 30 min;
4 °C). The supernatant was decanted and the tracer remaining in the pellet determined by yspectrometry (Nuclear Enterprises NE 1600). The T3/T4 concentration was calculated by
the use of standards (0 - 160 nM for T4 and 0 - 1 2 nM for T3). Non-specific binding
(NSB) was determined by omitting primary antibody, and quality controls (BM Browne
Ltd.) were assayed in parallel. The detection limits of these assays were 3.19 nM for total
T4 and 0.29 nM for total T3.
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Serum TSH level was also determined using a commercial radioimmunoassay kit (Biocode
Biotechnology, Liege, Belgium). Serum, 0.1 ml was mixed with anti-rat TSH antibody
and incubated overnight at ambient temperature. ^^^I[TSH] (48000 cpm) was added and
the solution incubated at 37 °C for 3 h. A polyethylene glycol/secondary antibody mix was
then added, incubated for a further 30 min (at ambient temperature) and centrifuged (1500
g for 30 min). Supernatant was aspirated and the i^^I[TSH] in tubes determined by yspectrometry. TSH level was calculated using standards (0 - 20 ng/ml) and NSB was
determined in tubes without primary antibody. Internal quality controls were also assayed
in parallel.
2.1.5 Protein determination
Two different methods were used for protein estimation; the Folin-Lowry method and the
Bradford method. The former was used for estimation of the protein content of tissue
homogenates, whereas the latter method was used for membrane fractions, or as indicated
in the text.
2.1.5.1 Folin-Lowry method
This method works on the the principle that Cu^+ is reduced to Cu+ in the presence of
protein at alkaline pH (436). The Cu+ is chelated and forms a blue coloured complex with
Folin-Ciocalteau’s phenol reagent enhancing the colour formation. 3 ml alkaline copper
sulphate solution(o.04% w/v sodium carbonate, 0.5% w/v copper sulphate and 1% w/v
sodium-potassium tartrate in 0.02 M sodium hydroxide) was added to 1 ml sample,
standards (0 - 150 fxg bovine serum albumin; Pierce & Warriner Ltd, Chester, U.K.) or
water (reagent blank). After mixing, tubes were allowed to stand at room temperature for
15 min. Folin-Ciocalteau’s phenol reagent (0.3 ml; diluted 1 in 2 with water) was added
and the tube contents were incubated at room temperature for 40 min. The absorbance at
500 nm was determined in a Pye-Unicam spectrophotometer. Samples and standards were
assayed in triplicate.
2.1.5.2 Bradford method
For convenience, the dye binding method of Bradford (437) was used to determine protein
in crude membrane fractions (section 2.3.1) and partially purified hog kidney
dihydroxyphenylalanine decarboxylase (section 2.2.4.1). This method relies on the
quantitative binding of Coomassie Plus Brilliant Blue G250 reagent (Pierce & Warriner
Ltd) to protein. To 0.5 ml sample (diluted 1 in 5000), standards (0 - 6 jig bovine serum
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albumin) or water (reagent blank), 0.5 ml Coomassie Plus reagent was added. Absorbance
was immediately read at 595 nm in a Pye-Unicam spectrophotometer. Samples and
standards were assayed in triplicate.
2.1.6 DNA determination
DNA was estimated using the fluorimetric method of Labarca and Paigen (438). Samples
were diluted in phosphate buffered saline (PBS; 0.05 M NaH2P0^.2H20, 2 M NaCl and 2
mM EDTA; pH 7.4) then to 0.1 ml of each sample, 3 ml 6fj-benzimide (1 jxg/ml in PBS)
was added. After incubation in the dark at room temperature for 30 min, fluorescence was
measured in a Perkin Elmer fluorimeter (excitation wavelength of 356 nm; emission
wavelength of 458 nm). Calf thymus DNA standards (0 - 25 |Xg) were treated in the same
way as samples and both were assayed in triplicate.
2.2 Enzyme assays
For each enzyme assay preliminary experiments were performed to determine suitable
conditions for a linear reaction. Samples and blanks were assayed in triplicate.
2.2.1 Acetvlcholinesterase (EC 3.1.1.71
Acetylcholinesterase (AChE) degrades acetylcholine thereby terminating synaptic activation
(439). It is present throughout the brain and other tissues, in both cholinergic and
noncholinergic neurons. AChE activity was measured using the method of Ellman (440).
In a cuvette, 10 pi of homogenate was mixed with 3 ml assay buffer (0.1 M sodium
phosphate buffer; pH 8.0) and either 30 pi of water, or 1 mM eserine (for blanks). Eserine
is a specific inhibitor of acetylcholinesterase and therefore allows breakdown of substrate
by non-specific cholinesterases (such as butylcholinesterase) to be accounted for. The
mixture was incubated at room temperature for 5 min before the addition of 100 pi reagent
(0.01 M 5,5'-dithio6fj-(2-nitrobenzoic acid) and 18 mM sodium bicarbonate in 0.1 M
sodium phosphate buffer; pH 7.0) and 75 mM acetylthiocholine iodide. The increase in
absorbance at 412 nm over time was measured by spectrophotometry.
2.2.2 Choline acetvltransferase ŒC 2.3.1.6)
Choline acetyltransferase (ChAT) catalyses acetylcholine synthesis. Choline transport into
neurons is the limiting factor in acetylcholine synthesis, however, rather than ChAT activity
(439). Unlike AChE, ChAT serves as a specific marker of cholinergic neurons. ChAT
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activity was measured using the radiochemical method of Fonnum (441,442). In glass vials
on ice, 95

|Lil

of homogenate was mixed with 5 |xl 10% (w/v) Triton X-100. After 30 min,

0.5 ml assay mix (0.3 M NaCl, 20 mM EDTA, 8 mM choline bromide, 0.1 mM eserine
and 0.2 mM [^H]acetyl coenzyme A in 50 mM sodium phosphate buffer; pH 7.4) was
added, and the solution incubated for 15 min at 37 °C. 5 ml ice-cold sodium phosphate
buffer (10 mM; pH 7.4) was added to terminate the reaction. [^H]Acetylcholine was
separated from unreacted [^H]acetyl coenzyme A by the addition of 2 ml acetonitrile
(containing 10 mg sodium tetraphenylboron) followed by 10 ml scintillant (0.05% w/v
diphenyloxazole and 0.02% w/v l,4-6fj-4-methyl-5-phenyloxazole-2-yl benzene in
toluene). The vials were gently mixed facilitating the extraction of [^H]acetylcholine into
the upper phase (containing the scintillant). Phases were allowed to separate and vials
counted in a scintillation counter (LKB-Wallac Minibeta). Blanks consisted of 95 |il of
0.32 M sucrose and 5 pi 10% (v/v) Triton X-100 instead of homogenate, and were taken
throughout the entire procedure. Counting efficiency was determined using a known
amount of pH]acetylcholine in the same two-phase scintillant-buffer mix as the samples.
2.2.3 Dihvdroxvphenvlalanine (DOPAl decarboxylase (EC 4.1.1.281
DOPA decarboxylase (DDC) is an enzyme in the monoaminergic neurotransmitter pathway
which catalyses the synthesis of dopamine from DOPA. DDC can also decarboxylate 5hydroxytryptophan and therefore also plays a role in serotonin synthesis (443). DDC
activity was measured using the method of Okuno and Fujisawa (444). 100 pi Homogenate
(or 0.32 M sucrose for blanks) and 400 pi of assay mix (1 mM [alanine-l-^'^CjDOPA D,L3,4, 70 pM pyridoxal phosphate, 1 mM 2-mercaptoethanol, 0.1 mM EDTA and 0.01% v/v
Triton X-100 in 0.1 M sodium phosphate buffer; pH 7.0) were mixed on ice in glass vials.
A microfuge tube containing a filter paper wick, moistened with 0.2 ml potassium
hydroxide (30% w/v) was added to each vial. The vials were sealed with a Suba cap and
incubated at 37 °C for 30 min with vigorous shaking. Reactions were terminated by the
injection of 0.4 ml perchloric acid (8% v/v). This also facilitated the release of [^^C]C02,
produced by the action of the enzyme, which was collected by the alkaline wicks in the
microfuge tubes during 1 h of vigorous shaking. The contents of the microfuge tubes were
transferred to scintillation vials containing 4 ml Picoflour scintillant (Canberra-Packard Ltd,
Berks, U.K.) and counted in the scintillation counter. Counting efficiency was determined
using a known amount of assay mix in 4 ml scintillant.
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2.2.4 Tyrosine hvdroxvlase (EC 1.14.16.2)
Tyrosine hydroxylase (TyrH) is the initial, and rate-limiting, enzyme in the monoaminergic
neurotransmitter synthetic pathway. The assay was based on the method of Way mire (445)
which utilises DDC, purified from hog kidney (which has no detectable endogenous TyrH
activity), to release [i^C]C02 from DOPA produced by the action of TyrH on tyrosine.
2.2.4.1 Partial purification of DDC from hog kidney
DDC was partially purified from frozen hog kidney (Advanced Protein Products Ltd, West
Midlands, U.K.) as described previously (445), all procedures being performed at 4 °C.
The cortex was dissected from the medulla and homogenised in 4 vol. sucrose (0.32 M)
using a Waring blender at 3/4 speed for two 1 min periods. The homogenate was
centrifuged (6000 g for 15 min) and the supernatant was further centrifuged (27000 g for
1 h). Saturated ammonium sulphate solution (pH 8.0) was slowly added to the supernatant
with constant mixing to produce 37% (v/v) saturation. Once achieved, this was stirred for
30 min before centrifugation (27000 g for 30 min). The supernatant was collected and
additional saturated ammonium sulphate solution was added to produce 55% (v/v)
saturation. This was stirred for 30 min then centrifuged (27000 g for 30 min). The
resulting pellet containing partially purified DDC was resuspended in 0.5 ml 0.01 M
sodium phosphate buffer (pH 7.0), containing 20% (v/v) glycerol and stored at -70 °C.
It is vital that the DDC activity does not become rate limiting in the TyrH assay, therefore
the DDC activity of each preparation was determined. The protein concentration of each
fraction was determined by the Bradford method (section 2.1.5.2) and its DDC activity was
assayed with increasing amounts of protein under the conditions of the TyrH assay (section
2.2.4.2). The amount of protein which did not further increase DDC activity, was used in
subsequent TyrH assays.
2.2.4.2 Assay procedure
The TyrH assay was performed as follows, 100

|Lil

homogenate (or 0.32 M sucrose for

blanks) and 400 |il assay mix (80 |xM L-[l-i^C]tyrosine, 10 pM pyridoxal phosphate, 40
mM 2-mercaptoethanol, 2 mM 6,7-dimethyl-5,6,7,8-tetrahydropterine hydrochloride, 1
mM ferrous sulphate, 1 mM sodium phosphate, partially purified hog kidney DDC and
0.1% v/v Triton X-100 in 0.2 M sodium acetate buffer; pH 6.1) were mixed on ice in glass
vials. They were then treated as described for the DDC assay (section 2.2.3).
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2.2.5 Monoamine oxidase (EC 1.4.3.4)
Monoamine oxidase (MAO) is one of the main degradative enzymes of monoaminergic
neurotransmitters, capable of deactivating dopamine, noradrenaline, adrenaline and
serotonin. It has widespread distribution throughout the brain and other tissues. MAO
exists in two isoforms, A and B, which can be distinguished by substrate preference and
specific inhibitors (446). Total MAO activity was assayed using the fluorimetric method of
Krajl (447). Homogenate (20 pi) was mixed with kynuramine dihydrobromide (0.1 mg)
and sodium phosphate buffer (0.083 M; pH 7.4) to a final volume of 3 ml. The tubes were
incubated at 37 °C for 30 min and the reaction was terminated by the addition of 2 ml
trichloroacetic acid (10% w/v). Tubes were centrifuged (1000 g for 15 min; 4 °C) to
remove precipitated protein, and 1 ml of supernatant was added to 2 ml 1 M NaOH in a
quartz cuvette. Fluorescence was measured with an excitation wavelength of 315 nm and
emission wavelength of 380 nm. Standards (0 - 25 nmoles 4-hydroxyquinolene instead of
homogenate) and blanks (20 pi water instead of homogenate) were assayed in parallel.
In addition to total MAO, the activities of the A and B isoforms were assayed in brain at 16
and 19 dg. The same assay procedure was employed, but with the addition of specific
inhibitors for each isoform, namely clorgyline (MAO-A inhibitor) and R-(-)-deprenyl
hydrochloride (MAO-B inhibitor; ICN Biomedicals Ltd.). Preliminary experiments were
performed, using brain homogenate from 19 dg N dam progeny, to determine the optimal
concentrations for each inhibitor (section 4.1.2.3).
2.3 Neurotransmitter receptor binding studies
2.3.1 Crude membrane preparation
Tissue homogenates (section 2.1.3) were centrifuged (104000 g for 60 min; 4 °C). The
pellet was

w ashed

in ice-cold

Tris-HCl buffer (50 mM; pH 7.4), by

resuspension/centrifugation, resuspended in the same buffer and assayed for protein
concentration using the Bradford method (section 2.1.5.2). Crude membrane preparations
were aliquoted and stored at - 20 °C.
2.3.2 P-adrenergic receptor binding assav
The method was based on that of Smith et al. (338). Membrane fractions (150 to 300 pg
protein) were incubated with increasing concentrations (0.25, 0.5, 1.0, 2.0, 4.0 and 8.0
nM) of [^HJdihydroalprenolol (DHA; 39 Ci/mmol) in assay buffer (50mM Tris-HCl; pH
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7.8), in a total volume of 0.25 ml, for 30 min at 25 °C. NSB was determined in parallel
tubes containing 10 |xM propranolol (Cambridge Research Biochemicals Ltd, Cambridge,
U.K.). The reaction was terminated by the addition of 3 ml ice-cold assay buffer and
membrane-bound [^H]DHA was separated from free by immediate filtration through GF/B
glass fibre filters (Whatman Int., Kent, U.K.) on a vacuum manifold (Millipore Ltd.,
Herts, U.K.). Filters were washed twice with 5 ml ice-cold assay buffer, air-dried then
prepared for liquid scintillation counting. Counting efficiency was determined by counting
a known amount of [^H]DHA on a filter in 10 ml scintillant. Samples were assayed in
duplicate at each DHA concentration, with NSB being determined in singlicate.
2.3.3 Muscarinic cholinergic receptor binding assay
Muscarinic receptor binding was determined using the method of Patel et a l (337).
Membrane fractions (75 - 150 pg protein) were incubated with increasing concentrations
(0.1, 0.3, 0.75, 1.5 and 3.0 nM) of [^H]quinuclidinyl benzilate (44.9 Ci/mmol), in 50 mM
tris-HCl (pH 7.4), in a total volume of 0.25 ml, for 60 min at 25 °C. NSB was determined
in parallel tubes containing 100 pM oxotremorine. The assay was terminated and processed
as described in section 2.3.2.
2.3.4 Dopaminergic D2 receptor binding assav
Using the method of Atterwill (448), membrane fractions (150 - 300 pg protein) were
incubated with increasing concentrations (0.1, 0.25, 0.5, 1.0, 2.5 and 5.0 nM) of
[^H]spiperone (17.7 Ci/mmol), in 50 mM Tris-HCl (pH 6.9), in a total volume of 0.25 ml,
for 30 min at 37 °C. NSB was determined in parallel tubes containing 1 pM (+)-butaclamol
HCl (Semat Technical Ltd, Herts, U.K.). The assay was terminated and processed as
described in section 2.3.2.
2.4 Nuclear T3-binding studies
2.4.1 Nuclei isolation
The method used was a modification of the procedure used for adult brain (221,449). Fetal
brains were soaked in 9 vol. ice cold 10 mM MgCl2 in 0.25 M sucrose for 10 min. Tissue
was then minced and soaked again in the same solution for a further 10 min before
homogenisation. Homogenates were filtered through nylon mesh (110 pm pore size)
followed by steel gauze (40 pm pore size), and centrifuged (100 g for 10 min; 4 °C). The
crude nuclear pellet was resuspended in 10 vol. 2.0 M sucrose and centrifuged (104000 g
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for 40 min; 4 °C). The pellet was washed once in ice-cold 10 mM MgCl2/0.25 M sucrose
by resuspension/centrifugation (100 g for 10 min; 4 °C) before final resuspension in 5 ml
T3 nuclei binding buffer (T3NB; 1 mM dithiothreitol, 3 mM MgCl2 and 0.25 M sucrose in
20 mM Tris-HCl buffer; pH 7.4). All procedures were performed at 4 °C. Fractions from
each stage were kept for protein (Folin-Lowry method) and DNA determination (sections
2.1.5.1 and 2.1.6, respectively).
2.4.1.1 Receptor extraction
In a separate set of experiments, crude receptor extracts were obtained, using a published
procedure (450). Nuclei were isolated as detailed above and the nuclear suspension was
adjusted to a DNA concentration of 4 mg/ml T3NB. Nuclei were centrifuged (100 g for 10
min; 4 °C) and resuspended in the same volume of extraction buffer (0.4 M KCl, 1 mM
MgCl2 and 1 mM dithiothreitol in 10 mM Tris-HCl; pH 7.4). After vigorous mixing and
incubation at 4 °C for 45 min, DNA was pelleted by centrifugation (50000 g for 30 min; 4
°C) and the supernatant was used in the T3 binding assay.
2.4.2 Binding assav: whole nuclei
The binding assay was based on the the procedure of Gullo et al. (449). In 0.5 ml
microfuge tubes, 160 |il nuclear suspension {ca. 40

)L ig

DNA) were mixed on ice with 0.1

nM [125i]X3 (specific activity >1200 |xCi/|Xg) and unlabelled T3 to give a range of
concentrations (0.1, 0.2, 0.5, 1.0, 2.5, 5.0 and 10.0 nM) in a final volume of 200 pi.
NSB was determined in parallel tubes containing a large excess of by unlabelled T3 (1
pM). Samples were incubated at 37 °C for 30 min and the reaction was terminated the
addition of 200 pi ice-cold Triton X-100 (2% v/v) in T3NB. After mixing, tubes were
incubated on ice for 15 min and centrifuged (12000 g for 3 min; 4 °C). The supernatant
(free fraction) was removed by aspiration and the pellet (bound fraction) was washed with
400 pi Triton X-100 in T3NB (1% v/v) by resuspension and centrifugation. After removal
of supernatant, the bottom of the microfuge tube containing the pellet was cut off and
counted by y-spectrometry. Counting efficiency was determined using a known amount of
[125I]T3.
2.4.3 Binding assav: salt-extracted receptors
The assay was performed as detailed above, except after incubation, the reaction was
terminated by the addition of 200 pi of a suspension of Dowex (160 mg/ml) in assay buffer
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(0.3 M KCl, 1 mM MgCl2 and 2 mM dithiothreitol in 20 mM Tris-HCl; pH 8.5). The tubes
were incubated for 5 min at 4° C, with three mixes during the incubation. After
centrifugation (10000 g for 10 min; 4 °C), 200 pi supernatant (bound fraction) was
removed and counted by y-spectrometry.
2.5 Receptor binding analysis
Data from the receptor binding studies outlined in sections 2.3 and 2.4 were analysed by
nonlinear regression using a computer program, Prism 2.0 (Graphpad Software, CA,
USA) to determine the affinity (Kd) and receptor number (Bmax). Ligand receptor binding
data has traditionally been processed using “Scatchard” analysis which involves
transforming the data by dividing bound over free. This not only violates one of the
assumptions of linear regression, by altering the relationship between the parameters being
plotted, but also distorts the experimental error. Nonlinear regression does not require data
transformation, but is difficult to perform without the aid of a computer. It is based on an
iterative procedure in which the variables in the equation of the line are adjusted to minimise
the sum of squares. In the case of an assumed one-site saturation binding curve, the
equation is as follows:

Y=

BmaxrXl
Kd + X

where X is the initial ligand concentration, Y is the amount of ligand specifically bound and
Kd and Bmax are the variables to be determined.
2.6 Expression of TR isoform mRNA in fetal brain
Analysis of RNA presents a major methodological problem in that RNA is highly
susceptible to degradation by RNases, which are abundantly present in tissues and the
laboratory environment. Therefore precautions were taken to ensure a nuclease-free
environment. To this end most solutions were pre-treated with 0.1% (v/v) diethyl
pyrocarbonate (DEPC) overnight, then autoclaved to sterilise the solution and remove
residual DEPC. Amine-containing compounds such as Tris react with DEPC, therefore
these solutions were prepared in DEPC-treated water and autoclaved. Solutions containing
heat-sensitive compounds such as 3-(N-morpholino) propane sulphonic acid (MOPS),
were prepared in DEPC-treated water and filter-sterilised. Disposable plasticware was
either purchased sterilised or, where possible, autoclaved and glassware was baked at 180
°C overnight. All chemicals used were of “Molecular Biology Grade” i.e. certified as
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nuclease free by suppliers.
Certain solutions were used in several procedures and their compositions are detailed in
Table 2.1

Table 2.1 Composition of commonly used buffers and solutions
Solution

Composition

20 X Saline Sodium

3.0 M NaCl in 0.3 M sodium citrate buffer; pH 7.0

Citrate (SSC) buffer
20 X Saline Sodium

2.98 M NaCl and 0.02 M EDTA in 0.2 M sodium phosphate

Phosphate EDTA (SSPE)

buffer; pH 7.4

buffer
10 XMOPS-acetate-EDTA

0.8 M sodium acetate and 0.05 M EDTA in 0.5 M MOPS

(MAE) buffer

buffer; pH 7.5

Tris-EDTA (TE) buffer

5 XTris-Borate-EDTA

1 mM EDTA in 10 mM Tris-HCl; pH 8.0

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

(TBE) buffer
100 X Denhardt’s solution

2% (w/v) Ficoll, 2% (w/v) polyvinylpyrrolidone and 2%

(Anachem, Beds, U.K.)

(w/v) BSA

DNA loading buffer

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

RNA loading buffer

0.4% (w/v) bromophenol blue and 1 mM EDTA in 50%
(v/v) glycerol
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2.6.1 Agarose gel electrophoresis
Agarose gel electrophoresis is commonly used to separate RNA or DNA species according
to their molecular weight. It can also be used to determine the purity or concentration of a
DNA or RNA preparation. Electrophoresed nucleic acids were visualisd by either including
ethidium bromide within the sample or the gel, or by staining the gel with ethidium bromide
(0.5 |ig/ml) after electrophoresis.
2.6.1.1 RNA electrophoresis
RNA was electrophoresed using a minigel (8 x 10.6 x 0.5 cm) to assess its integrity after
extraction (section 2.6.2), or on a maxigel (20 x 20 x 0.5 cm) as a preliminary step to
Northern blotting (section 2.6.3). For minigel electrophoresis, 4 jil (6 pg) RNA was added
to 16 pi sample buffer (8% v/v formaldehyde, 65% v/v formamide and 0.02 pg/pl
ethidium bromide in 0.6 x MAE), heated at 55 °C for 15 min to denature the RNA, then
quenched on ice. To each sample, 2 pi RNA loading buffer was added and 20 pi was
loaded on a 1% (w/v) agarose minigel (containing Ix MAE buffer and 6.6% v/v
formaldehyde). The gel was run at 80 - 100 V, using Ix MAE as the running buffer, until
the dye front had migrated at least 5 cm. The 18 and 28S ribosomal RNA species were
visualised using a UV transilluminator and photographed. Only those samples which
displayed the expected 2:1 ratio between the 28S and 18S rRNA bands were used in
subsequent experiments.
For maxigel electrophoresis, 12 pi (20 pg) RNA, was mixed with 48 pi sample buffer
(same constituents as used for the minigel, but without ethidium bromide). Samples were
denatured as before, followed by the addition of 6 pi RNA loading buffer, 60 pi sample
was loaded on a 1% (w/v) agarose maxigel (same constituents as in the minigel) and run at
70 - 100 V, again with Ix MAE as the running buffer, until the dye front had travelled 8
cm. In addition to the samples, 7 pg 0.24-9.5 kb RNA ladder (Gibco Life Technologies
Ltd) was electrophoresed.
2.6.1.2 DNA electrophoresis
For DNA electrophoresis, agarose was dissolved in 0.5 x TBE, which was also used as the
running buffer. The amount of DNA loaded, sample buffer constituents and % agarose
used varied according to the particular application and are detailed in the text where
necessary.
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2.6.2 RNA isolation and standardisation
Total RNA was extracted from fetal brains using the method of Chomcynski and Saachi
(451). Briefly, tissue was homogenised with 9 vol. denaturing solution (solution D; 4 M
guanidium thiocyanate, 0.5 % w/v sarcosyl and 0.1 M 2-mercaptoethanol in 25 mM
sodium citrate; pH 7.0). To this was added 0.1 vol. 2 M sodium acetate (pH 4.0), 1 vol.
citrate buffer-saturated phenol (pH 4.3) and 0.2 vol. chloroform:isoamyl alcohol (49:1
mixture), the solution being vigorously shaken between each addition. Tubes were stood
on ice for 15 min, then centrifuged (10000 g for 20 min; 4 °C) and the aqueous phase was
removed to fresh tubes. An equal volume of isopropanol was added and the solution was
left at -20 °C for at least one hour to precipitate the RNA. After centrifugation (as above),
the RNA pellet was dissolved in 0.3 ml solution D and transferred to a microfuge tube. The
RNA was re-precipitated with isopropanol and pelleted by centrifugation (15000 g for 10
min; 4 °C). The pellet was washed twice in 1 ml ethanol (75% v/v) by
resuspension/centrifugation and left to air-dry for 15 min. Pellets were dissolved in a
suitable volume (0.25 |il/mg wet weight tissue extracted)|^sodium dodecyl sulphate (SDS;
0.5% w/v) and stored at -20 °C. RNA concentration was determined by spectrophotometry
(section 2.6.2.1) and RNA integrity by minigel electrophoresis (section 2.6.1.1) before
subsequent use.
2.6.2.1 Estimation of RNA concentration
Samples were diluted 1 in 500 with DEPC-treated water and the absorbance at 260 and 280
nm was measured using a Pye Unicam spectrophotometer. The RNA concentration was
calculated based on the assumption that a RNA solution of 40 |J.g/ml has an OD of 1 at 260
nM (452). The A 260/A 280 ratio indicates the degree of protein contamination. A ratio of 1.7
- 2.0 indicated a reasonably pure preparation whereas a ratio of less than 1.7 indicated
significant protein contamination thus the RNA was re-extracted with phenol-chloroformisoamyl alcohol and isopropanol-precipitated as described previously.
2.6.3 Northern blotting
After RNA samples had been electrophoresed on a maxigel (section 2.6.1.1), the marker
lane was removed, stained with ethidium bromide, visualised by UV transillumination and
photographed. The distance travelled by the RNA marker bands relative to the dye front (Rf
value) were measured and plotted against the log of their size in kb, allowing the later
determination of size of any bands detected by autoradiography. The electrophoresed
sample RNA was blotted onto nylon membrane (Hybond-N; Amersham-Pharmacia
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Biotech) by overnight capillary transfer, using 20 x SSC as the transfer buffer (452). The
gel was stained with ethidium bromide to confirm complete transfer of RNA, and RNA
was covalently bound to the nylon membrane by UV irradiation (Spectrolinker XL-1000
UV crosslinker).
2.6.4 Preparation of cDNA probes
Probes for the TR isoforms were derived from Bluescript KS+ plasmids containing the rat
TR cDNA coding sequences (Fig. 2.1). T R al and TR a2 cDNA (160) were gifts from
Professor Chin (Howard Hughes Medical Institute, Boston, MA, USA), and TRpl cDNA
was donated by Dr Koenig (University of Michigan Medical Centre, Michigan, MI, USA)
(453).
2.6.4.1 Transformation and culture
Competent Escherichia coli, strain HBlOl (Promega Corp, Southampton, U.K.), were
transformed with 10 ng plasmid by heat shock (50 s at 42 °C, followed by immediate
placement on ice for 2 min). 900 |Lil SOC medium was added and the cells were cultured for
1 hour at 37 °C with shaking at 225 rpm. A loopful of cells were streaked onto LB agar
plates, containing 50 flg/ml ampicillin. As well as the TR cDNA, the plasmids also contain
the gene for ampicillin resistance (Fig. 2.1 A), allowing the selection of transformed cells.
After overnight culture at 37 °C, several single colonies were removed from the plate, each
being suspended in 10 ml LB broth, containing 0.1% w/v glucose and 25 )Lig/ml ampicillin.
An aliquot (1 ml) of suspension was used to inoculate 500 ml LB broth, which was then
incubated overnight at 37 °C with shaking as before. The remaining suspension was stored
in 15% (v/v) glycerol at -70 °C.
2.6.4.2 Plasmid purification
Cells were harvested by centrifugation (10000 g for 5 min) and plasmids were isolated
using a commercial kit (Qiagen Plasmid Maxi Kit; Qiagen Ltd, Surrey, U.K.). The pellet
was resuspended in 10 ml buffer PI (10 mM EDTA and 100 |ig/ml RNase A in 50 mM
Tris-HCl; pH 8.0) followed by addition of 10 ml buffer P2 (1% w/v SDS in 200 mM
NaOH) to lyse the cells. After 5 min incubation and gentle mixing, 10 ml buffer P3 (3.0 M
potassium acetate; pH 5.5) was added the solution was centrifuged (20000 g for 30 min; 4
°C). The supernatant was removed and re-centrifuged (20000 g for 15 min; 4 °C) to ensure
complete removal of particulate matter. The resulting supernatant was applied to an
equilibrated Qiagen-Tip anion exchange column, washed twice with 30 ml buffer QC (15%
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Figure 2.1 A) Schematic diagram of Bluescript KS+ plasmid (MCS; multiple
cloning site). B) Detail of the TR isoform cDNA inserts within the MCS
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v/v ethanol and 1.0 M NaCl in 50 mM MOPS; pH 7.0), and the plasmid was eluted with
15 ml buffer QF (15% v/v ethanol and 1.5 M NaCl in 50 mM Tris-HCl; pH 8.5). The
plasmid was precipitated with 0.7 vol. isopropanol and centrifuged (15000 g for 30 min; 4
°C). After washing with 75% (v/v) ethanol, the plasmid was dissolved in 200 |xl sterile
water. An aliquot was diluted 10-fold and 2 jil of this was added to 8 |il TE and 2 )Lil DNA
loading buffer. After mixing, 10 jil was electrophoresed on a 1% w/v agarose minigel
(section 2.6.1.2). Varying amounts of a 1 kb ladder, of known DNA concentration
(Stratagene Ltd, Cambridge, U.K.), were run with the sample to provide approximate
quantitation and to confirm the expected size of the plasmid.
2.Ô.4.3 Plasmid digestion
Plasmids were digested with restriction enzymes by overnight incubation at 37 °C to excise
the cDNA. T R al and TR a2 inserts were excised with EcoR l, although in the case of
TRa2, the internal EcoRl site meant that the insert was cleaved into two portions—the
fragment of interest being the 600 bp TRa2-specific portion at the 3' end (Fig. 2. IB). The
T R pl cDNA was excised with X hol and P stl (Fig. 2.IB). A TR common probe was
also produced from the T R al cDNA (corresponding to nucleotides 964-1554). This probe
has been shown to detect all three TR isoforms (226) and was produced by Stul digestion
(Fig. 2.IB). Digestion products were separated by electrophoresis on a preparative 1%
(w/v) low melting point agarose (Promega Corp.) minigel, with a single 54 x 1 x 4 mm
well allowing the whole sample (100 |il of the digest added to 20

|X l

DNA loading buffer)

to be loaded. After electrophoresis, the gel was stained with ethidium bromide and the
fragment of interest cut from the gel under UV translumination. A commercial kit (Hybaid
Recovery Purification Kit II; Hybaid) was used for purification of the cDNA fragment.
Briefly, portions of the gel (300 mg) were melted at 55 °C and applied to a silica gel matrix
column with 400 |il binding buffer in a spin filter tube. The column was washed twice then
the cDNA insert was eluted in 25 |il elution buffer. An aliquot was used for quantitation on
a gel as before, the rest being stored at -20 °C until required.
2.6.5 Probe labelling
cDNA probes were synthesised from template cDNA, incorporating [^^P]dCTP using
Klenow DNA polymerase, as described by Feinberg and Vogelstein (454). The reagents,
radiolabel apart, were supplied in a commercial kit (Megaprime DNA labelling system;
Amersham-Pharmacia Biotech) and the manufacturers protocol was followed. Template (25
ng cDNA) was added to random nonomer primers solution, denatured by boiling for 5
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min, then incubated at 65 °C for 5 min to allow primers to anneal. After cooling, buffer
(containing dATP, dGTP and dTTP) was added, followed by 2 U Klenow enzyme and 17
pmol [^^PjdCTP (specific activity; 3000 Ci/mmol). The reaction mix was incubated for 1 h
at 37 °C. Unincorporated radioactivity was separated from the radiolabelled probe by gel
chromatography, using Sephadex G25 (NICK column; Amersham-Pharmacia Biotech) and
TE buffer as eluate. Eluate fractions were collected and 1 - 5 |il aliquots were added to 5 ml
scintillant for counting. The labelled (and unlabelled) probe, being excluded from the
sephadex matrix, is eluted before the free p^PjdCTP. The fractions containing the first
peak of eluted radioactivity were pooled therefore and added to hybridisation solution
(section 2.6.6). The specific activity of the probe, calculated from the counts obtained via
the column, was always > 1 x 10^ cpm/pg cDNA.
For 18S hybridisation and confirmation of reverse transcription polymerase chain reaction
products (section ), oligonucleotide probes were used. 18S was used as a control to
account for RNA loading differences, and utilised an oligonucleotide probe complementary
to bases 292-321 of the published rat 18S sequence (CCACTGAGATCTATTGGAGCCC
GGCTAGCG; synthesised by Amersham-Pharmacia Biotech) (455,456). Oligonucleotides
were labelled using a 5'-end labelling kit (Amersham-Pharmacia Biotech), in which T4
polynucleotide kinase transfers the terminal phosphate from [^^P]y-ATP (ICN
Biomedicals) to the 5 '-terminal phosphate of the oligonucleotide. Briefly, 5 pmol
oligonucleotide probe was added to 1 x phosphorylation buffer, 5.5 pmol [32p]y-ATP
(specific activity <4000 Ci/mmol) and 5 U T4 polynucleotide kinase. After incubation for
30 min at 37 °C, the reaction mixture was heated to 70 °C for 5 min to deactivate the
enzyme and the probe was purified on a Sephadex G25 column as described above.
2.6.6 Hvbridisation
For hybridisation with cDNA probes, nylon membranes were pre-wetted in 2 x SSC then
placed individually in bottles with 5 ml prehybridisation solution (5x SSC, 5x Denhardt’s
solution, 50% v/v formamide, 0.5% w/v SDS and 50 |ig/ml salmon sperm DNA) and
incubated for 4 hours at 42 °C with constant rotation in a hybridisation oven (Hybaid). The
solution was changed after the first hour. Membranes were then hybridised overnight at 42
°C with rotation in fresh prehybridisation solution, containing labelled probe, at 5 ml
solution per bottle.
For hybridisation with oligonucleotide probes, formamide was not included in the
prehyb/hybridisation solution, and the hybridisation temperature, which is dependent on
the melting temperature (Tm) and therefore the GC content of the oligonucleotide, was
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determined by the following formula:
Tm (°C) = 81.5 + 0.41 (% probe GC content) - % mismatched bases - (675/probe length)
Thus, for the IBS oligonucleotide the Tm was 83.6 °C and the prehyb/hybridisation was
performed at 15 °C below this temperature, 68.6 °C. The prehybridisation/hybridisation
solutions consisted of 6 x SSPE, 5 x Denhardt’s solution, and 50 |ig/ml Salmon sperm
DNA.
2.6.6.1 Washing
Hybridisation solution was decanted and the membranes were removed and washed
according to a set protocol of increasing stringency. For cDNA hybridisations, the washing
protocol was:
Once with 2 x SSC/0.1% (w/v) SDS (50 ml per wash) at 60 °C for 10 min
Twice with 1 x SSC/0.1% (w/v) SDS at 60 °C for 10 min
Twice with 0.1 x SSC/0.1% (w/v) SDS at 60 °C for 10 min
After hybridisation with oligonucleotide probes, membranes were washed according to the
following protocol:
Twice with 6 x SSPE at room temperature for 10 min.
Twice with 6 x SSPE/0.1% (w/v) SDS at hybridisation temperature for 10 min.
Once with 6 x SSPE/0.1% (w/v) SDS at 5 °C below the Tm for 2 min.
The optimal washing conditions were determined in preliminary experiments.
2.6.6.2 Autoradiography
Washed membranes were wrapped in clingfilm and exposed at -70 °C to autoradiographic
film in light-proof cassettes with intensifying screens. Generally, Hyperfilm-MP
(Amersham-Pharmacia Biotech) was used and this was pre-flashed to bring the signal to
within the linear range. For very faint signals Kodak BioMax MS film (AmershamPharmacia Biotech) was used, without pre-flashing, since this film is approximately 4-fold
more light sensitive. Exposure times therefore varied with signal strength and are given in
the text (section 5.3.1).
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2 .6 .6 3 Image analysis

Autoradiographic images were digitised using a digital camera (Kodak DC40), with an
optical density (OD) step-tablet ( 0 -3 OD units; Kodak) included for calibration. Digitised
images were subjected to densitometric analysis using the computer program NTH Image
1.61 (public domain program developed at the National Institutes of Health, USA and
available on the internet at http://rsb.info.nih.gov/nih-image/). Using the calibration curve
obtained from the step-tablet, the program is able to calculate the mean area OD of the
bands of interest, which is proportional to the amount of radioactivity, and therefore
mRNA content in those bands. The size of the bands (in kb) was also calculated, using the
calibration curve generated by the RNA markers (section 2.6.3).
2.6.7 Reverse transcription and polvmerase chain reaction
2.6.7.1 Reverse transcription
SDS inhibits reverse transcription, therefore RNA was re-precipitated by the addition of
0.1 vol. 3 M sodium acetate (pH 5.2) and 1 vol isopropanol and overnight incubation at 20° C. Centrifugation and ethanol washing of the RNA pellet was performed as detailed
previously (section 2.6.2), then the RNA was resuspended in nuclease-free water and
purity and concentration were confirmed (sections 2.6.2.1 and 2.6.2.2). 2 pg of RNA
were taken for reverse transcription, with residual genomic DNA being removed by
incubation with 1 U DNase I, 1 x DNase buffer (2 mM MgCl2 and 50 mM KCl in 20 mM
Tris-Hcl; pH 8.4) and 40 U RNasin (20 pi final volume) for 15 min at 25 °C. The reaction
was terminated by adding 2 pi 25 mM EDTA (pH 8.0) and heating to 70 °C for 10 min.
The mixture was divided into two equal aliquots, to which random hexamers were added
(final concentration of 50 ng/pl) and heated to 70 °C for 10 min, then chilled on ice. Both
aliquots had the following components of the reverse transcription reaction added to final
concentrations of Ix first strand buffer (37.5 mM KCl and 1.5 mM MgCl2 in 25 mM TrisHCl; pH 8.3), 5 mM dithiothreitol and 500 pM dNTP mix (19 pi final volume. Then 200
U Superscript II RNase H" reverse transcriptase was added to one aliquot (RT+; reverse
transcribed sample), while the other aliquot (RT-; negative control) received the same
volume (1 pi) of water. Both aliquots were incubated at 42 °C for 50 min before being
heated to 70 °C for 15 min to inactivate the enzyme, and stored at -20 °C until required.
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2.6.7.2 Primer design
Designing primers for specific amplification of a desired product is a crucial step in
polymerase chain reaction (PCR). Primers should satisfy several criteria, achieving a
balance between high specificity and efficiency (457,458). Specificity can be obtained
primarily by designing primers which exactly match the target sequence, though primer
length is also important—the longer the primer the more specifically it will bind. For
greater PCR efficiency however, primers should be as short as possible to enable them to
quickly anneal to the DNA and form an effective template. An effective compromise
between specificity and efficiency is achieved with oligos of 18-24 nucleotides (457). For
efficient annealing, primers should have melting temperatures (Tm) of between 56 and 62°
C, Tm being influenced by primer length and GC content, which ideally should be close to
50% (457). Primer pairs should have similar Tms to avoid mispriming if the lower Tm is
used, or loss of signal at the higher Tm. Mispriming can also arise from the formation of
primer dimers with either the same primer or its pair, this is particularly critical with the 3'
end. Product length should also be considered, amplification of a long sequence (> 1 kb) is
unlikely to occur efficiently. Nevertheless, a product should be long enough to allow the
generation of specific internal oligo probes to confirm its identity, products of between
250-750 bp are therefore preferred (457).
A computer program, Oligo 5.0 (National Biosciences Inc., MN, USA), was used to help
choose suitable primers since it automatically rejects primers which do not fulfil the criteria.
Complete cDNA sequences for each TR isoform were obtained from the Thyroid Hormone
Receptor Resource internet site [http://xanadu.mgh.harvard.edu/receptor/trrfront.html].
Upstream and downstream primers were located on different exons, preventing possible
interference from signals arising from residual genomic DNA. Furthermore, the identical
sequences of the c-erbA a and c-erbh^ gene splice variants were exploited to produce
common primers (Fig. 2.2). Thus, T R al and TRa2 share a common upper primer, and
T R p i and TRp2 share a common lower primer—in each case the other primer was
complementary to an isoform specific sequence (Table 2.2). The TRa-common upper
primer was upstream of the transcription start-site of the recently described truncated a l
and a 2 receptors (144), therefore the amplified products can only be derived from full
length TR a mRNAs. Additionally, the position of the TRa2 lower primer was chosen to
allow differentiation between TRa2 and a3 splice variants according to product length
(Fig. 2.2). 18S primers were also designed and used to control for the efficiency of the
reverse transcription between samples. Primers were synthesised by Genosys
Biotechnologies (Cambridge, U.K.) and details are given in Fig. 2.2 and Table. 2.2.
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Figure 2.2 Schematic representation of the PCR primer positions on the TR
isoforms. Shading represent the main receptor domains (A/B domain, DNA
binding domain and ligand binding domain from left to right, respectively) and
identical shading indicates identical homology in those regions. Numbers represent
bases, from the transcription start site onwards.
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Table 2.2 RT-PCR primer pairs

Product

Sequence (5' - 3')

Expected poduct

Annealing

length (bp)

temp(°C)

515

60

TRalpha2 Upper primer CACCCCGGCCATCACC
Lower primer ACTTCCCGCTTCACCAAACTG

610*

60

TRbetal

Upper primer CAAGCGCCCAGACTTTC
Lower primer TTCCCCATTCAAGGTTAGAGT

758

60

TRbeta2

Upper primer AAGCCTTTTCCTCAAGTGC
Lower primer TTCCCCATTCAAGGTTAGAGT

766

56

IBS

Upper primer GTCCCCCAACTTCTTAGAG
Lower primer CACCTACGGAAACCTTGTTAG

413

53

TRalphal

Upper primer CACCCCGGCCATCACC
Lower primer TGGGGCACTCGACTTTCATGT

*for the TRa3 variant, the expected product size will be 493 base pairs

2.6.7.3 Polymerase chain reaction
To minimise mispriming, “hot start” PCR was employed using “Platinum” Taq DNA
polymerase which is inactive at low temperature due to an antibody binding at the active
site. At 94 °C, the antibody denatures and the enzyme becomes active. PCR reactions
consisted of: 0.5 |xl of template (RT+A or water), 1 x PCR buffer (50 mM KCl in 20 mM
Tris-HCl; pH 8.4), 1 - 4 mM MgCl2 (depending on optimisation; Table 2.3), 200 |iM
dNTP, 0.1 jiM each primer and 50 mU/pl “Platinum” Taq DNA polymerase in a total
volume of 25 pi. PCR was performed in a Perkin Elmer Gene Amp 9600 thermal cycler for
the required number of cycles.
After PCR, an aliquot (10 pi) of each reaction was mixed with 2 pi DNA loading buffer
and electrophoresed, along with a 100 bp marker (Gibco BRL) on a 2% (w/v) agarose gel
(section 2.6.1.2), then stained with ethidium bromide (5 min staining followed by 1 h
destaining). The 100 bp marker was used to confirm that the PCR products were of the
expected size. Stained gels were photographed with UV transillumination using a digital
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camera and an ethidium bromide filter. Digitised images were converted to 256 point
greyscale, inverted and analysed by NIH image to determine band intensity.
To ensure maximal sensitivity and linearity of response, PCR conditions were optimised
for each primer pair, using a template mix produced by pooling aliquots of all RT+
reactions; RT‘ reactions were similarly pooled for the negative control. Both RT+ and RT
template mixes were diluted 1:2 with water. Cycle number was first varied, to determine a
suitable degree of amplification such that the product was detectable by ethidium bromide
staining and within the linear range.
The 18S PCR reaction was first optimised using the standard conditions of 2 mM MgCl2
and an annealing temperature of 52 °C (determined by the length and GC composition of
the 18S primers). PCR was performed for 16, 18, 20, 22 and 24 cycles. A single band of
the expected size was first seen after 18 cycles and a linear increase in signal strength was
seen up to 24 cycles. The optimal MgCl2 concentration was then determined by performing
the PCR for 22 cycles at 1-4 mM MgCl2- 1 mM seemed to be optimal with product
amplification reduced by -50% at greater than 3 mM MgCl2- Thus 1 mM MgCl2 was used
in subsequent 18S PCR reactions. The final step was PCR (22 cycles; 1 mM MgCl2) with
serial dilutions of template concentration, starting with 1:2 and going down to a 1:16
dilution. A linear response was evident throughout the range of dilutions (Fig. 2.3).
T R al and TRa2/3 were optimised in parallel, due to the common upper primer. Initially,
PCR was performed at 2 mM MgCl2 and with an annealing temperature of 60 °C for 22,
26, 30, 34 and 38 cycles. For T R a l, a single band of the expected size was detectable
from 30 cycles onwards whereas TRa2/3 PCR produced two bands. The main band,
corresponding to the expected size for TR a2 was first seen at 26 cycles, with a fainter
second band (corresponding to the expected TRa3 product size) apparent at 30 cycles. All
three products increased linearly up to 38 cycles. Using 34 cycles of amplification and 1-4
mM MgCl2, T R al and TRa3 signal strengths peaked at 1.5 mM MgCl2 before declining
while TRa2 peaked at 2.0 mM MgCl2- There was not however much difference in signal
strength between the two MgCl2 concentrations therefore 2.0 mM MgCl2 was subsequently
used. Finally, using 2.0 mM MgCl2 and 34 cycles of amplification, the effect of serial
template dilutions was assessed (Fig. 2.4). Only TRa3 gave a linear response over the full
range of dilutions; T R al and TRa2 signals were nonlinear when the template dilution was
1:2. Therefore, to ensure linearity T R al PCR was run for 30 cycles and TRa2/3 PCR for
28 cycles.
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Figure 2.3 Effect of template concentration on 18S PCR. A) Representative
ethidium bromide stained gel. Lane A; 100 bp DNA ladder; Lanes B-E: serial
template dilutions from 1 in 2 to 1 in 16, 18S PCR product size is given in
bold. B) Plot using data from digitised images analysed with NIH image,
each point represents the mean ± SEM of 2 replicates.
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Figure 2.4 Effect of template concentration on TRa isoform PCR. A) Representative
ethidium bromide stained gel. Lanes E & J: 100 bp DNA ladder; Lanes A & F: 1 in 16
template dilution; Lanes B & G: 1 in 8 dilution; Lanes C & H: 1 in 4 dilution; Lanes D
& I: 1 in 2 dilution, PCR product sizes are given in bold. B) Plot of TRal (circles),
TRa2 (squares) and TRa3 (triangles) from digitised images analysed with NIH image,
each point represents the mean ± SEM of 2 replicates.
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TR pl and TRp2 were also optimised parallel. Using 2.0 mM MgCl2 and an annealing
temperature of 56 °C, PCR was performed at 24, 28, 32, 36, 40 and 44 cycles. TRP2 was
undetectable after 44 cycles, which was not surprising as its presence is highly localised
and in very small quantities in the fetal brain. No further optimisation was attempted for
TRP2. For T R pl, a single band of the expected size was visible after 32 cycles, its
intensity increasing linearly up to 44 cycles, although some mispriming was evident after
40 cycles. The effect of varying MgCl2 concentration was determined using 34 cycles.
Signal strength peaked at 2.0 mM MgCl2 and this was subsequently used. Template
dilution experiments were initially hindered by mispriming, which was remedied by
increasing the annealing temperature to 60 °C without loss of signal. TRpl PCR performed
for 34 cycles at 60 °C with 2 mM MgCl2, showed a linear response throughout the range of
template dilutions used (Fig. 2.5). Optimised conditions for all PCR reactions are
summarised in Table 2.3.

Table 2.3 Optimised PCR conditions
Amplicon

[MgCl2]
(mM)

Optimal annealing

Template

temperature (°C)

dilution

Cycle number

IBS

1

52

1:2, 1:4 & 1:8

20

T R al

2

60

1:2, 1:4 & 1:8

30

TRa2/3

2

60

1:2, 1:4 & 1:8

28

TRpl

2

60

1:2, 1:4 & 1:8

34

As further confirmation of the identity of PCR products. Southern blotting was used to
transfer DNA from the agarose gel onto Hybond N membranes, which were then probed
with specific oligonucleotides. Prior to blotting, the DNA was denatured by soaking the
gels in 0.5 M NaOH/1.5 M NaCl for 30 min then neutralised in 1.5 M Tris-HCl; pH
7.4/1.5 M NaCl for 30 min. DNA was transferred onto nylon membranes using the same
set-up as for Northern blotting (section 2.6.3).
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Figure 2.5 Effect of template concentration on TR|31 PCR. A) Representative
ethidium bromide stained gel. Lane A: 100 bp DNA ladder; Lanes B-D: serial
template dilutions from 1 in 2 to 1 in 8, TR(3l PCR product size is given in bold.
B) Plot using data from digitised images analysed with NIH image, each point
represents the mean ± SEM of 2 replicates.
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2.6.1 A Oligonucleotide probe design and hybridisation
Specific oligonucleotide probes were designed using Oligo 5, for 18S and each of the TR
isoforms - including a common TR a2/a3 probe and a specific TRa2 probe (Table 2.4).
These were synthesised by Genosys Biotechnologies Ltd. The labelling, hybridisation and
washing procedures were performed as detailed in sections 2.6.5 and 2.6.6, and films
were analysed as detailed in section 2.6.5.1.

Table 2.4 RT-PCR product oligonucleotide probes
Product

Probe sequence

T R al

GGAAGCGGCTGGCGTGGCAGG

65.6 °C

TRa2

GGACGCCCAGTGACCCGCCCG

67.6 °C

TRa2/3

GCTCAAGCTGCCGGACCTGCG

63.7 °C

TRpi

CCGTGGCTTTGTCCCCGCACA

61.7 °C

IBS

Hvbridisation temp

TAAGTGCGGGTCATAAGCTTGCGTTGATTA

61.6 °C

2.7 S tatistical analysis
In most cases, statistical significance was assessed by two-way analysis of variance
(ANOVA) with post-hoc analysis by Fisher’s protected least significant difference (PLSD)
test where required. Prior to analysis, data were tested to ensure that the criteria for twoway ANOVA were satisfied. Firstly, the data was subjected to Bartlett’s test for
homogeneity of variance, using the equation for unequal sample sizes (459). If the data
passed this test, it was tested for normality. Residuals were determined, arranged in
numerical order and split into four or more groups, based on the normal distribution. Chisquared analysis was used to determine whether the number of residuals in each group
differed significantly from the expected. When data failed to satisfy either of these tests it
was transformed, either logarithmically or squared, and re-tested. Where two-way ANOVA
was not appropriate, data was analysed by Student’s t-test, as indicated in text.

98

CHAPTER 3.
THE INFLUENCE OF
MATERNAL HYPOTHYROXINEMIA
ON FETO PLACENTAL AND
NEONATAL GROWTH
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3.1 Animal model
The animal model used in this study is designed to enable investigation of the effects of
maternal TH deprivation on fetal development. Fetal thyroid function should therefore be
unaffected, indeed work with similar, albeit more severe, rat dam hypothyroid models
indicates that fetal brain TH levels normalise soon after the onset of fetal thyroid function
(411). The rat dams in this model are only partially thyroidectomised, the remaining thyroid
gland responds by increasing T3 secretion compared to T4. Thus maternal
hypothyroxinemia, rather hypothyroidism, is induced, which is analogous to the maternal
hypothyroxinemia seen in humans in both iodine deficient and sufficient endemias.
Although fetal thyroid function is thought to be normal, other potential confounding factors
may occur when maternal TH function is disrupted. In severely hypothyroid dams,
metabolic compromise occurs which impinges on fetal development (413,414). Similarly
there is a risk that placental function is disturbed with detrimental effects upon the fetus. To
avoid, or at least minimise, these confounding factors the degree of hypothyroxinemia
induced in these studies is mild compared with that in other models (section 1.7.4).
Before analysing the results of maternal hypothyroxinemia on brain development therefore,
it is important to ascertain whether the model satisfies the criteria of reduced maternal T4
without acquiring the confounding factors detailed above. One way of achieving this is to
monitor the maternal serum TH and TSH levels throughout pregnancy and also examine
fetal and neonatal parameters of growth and development—particularly brain, body and
placental weights, and protein and DNA concentrations.
3.2 Maternal thyroid function
Maternal serum total T3, total T4 and TSH levels were all affected by treatment (Table 3.1
& Figs. 3.1 & 3.2). In addition, T4 levels exhibited age-dependency whereas TSH showed
age-treatment interaction. In normal dams, serum T3 increased 1.5-fold from 14 to 16 dg,
but showed no further change by 21 dg (Table 3.1). Partial thyroidectomy did not
significantly change serum T3 levels at 14 dg, but they were reduced to 58-70% of control
levels at the other ages.
T4 levels in N dams declined by 47% between 16 and 21 dg, with the largest fall (by 36%)
occurring between 16 and 19 dg (Table 3.1). In contrast, Tx dam serum T4 levels
decreased by 21% between 19 and 21 dg. Thus, while Tx dam T4 levels were ca. 35% of
controls at 14 and 16 dg, they were 52% of control values at 19 and 21 dg.
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Table 3.1 Maternal serum total 3,5,3’-triiodothyronine (T3) and thyroxine (T4)
levels in normal (N) and partially thyroidectomised (Tx) rat dam pregnancies

A)
Gestational
stage

Dam
status

T3
(nM)

T4
(nM)

14 dg

N

0.89 ± 0.06 (7)

39.69 ± 1.70 (7)

14 dg

Tx

0.60 ±0.14 (5)

13.71 ±1.69** (5)

16 dg

N

1.31 +0.08 (34)

43.48 ± 1.60 (40)

16 dg

Tx

0.76 ±0.09** (29)

13.76 ±0.92** (32)

19 dg

N

1.27 ±0.09 (28)

27.64 ± 1.27 (36)

19 dg

Tx

0.89 ± 0.08* (27)

14.67 ±0.83** (31)

21 dg

N

1.39 ±0.12 (14)

22.94 ± 1.63 (25)

21 dg

Tx

0.88 ±0.13* (18)

11.65 ±0.74** (22)

Values are mean ± SEM; n given in parentheses

B) Statistical analysis, NS - No significant difference
2-wav ANOVA
Age
Treatment
Age-treatment interaction

T3
NS
P < 0.0005
NS

Fisher’s PLSD
I. Treatment-related (Tx vs. N dam)
*P < 0.005 and **P< 0.0005
II. Age-related
T3
16 vs. 14 dg
19 V5. 16 dg
19 v^. 21 dg

N dams
P < 0.05
NS
NS

T4
P < 0.0005
P < 0.0005
P < 0.0005

T4
Tx dams
NS
NS
NS
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N dams
NS
P < 0.0005
P < 0 .0 1

Tx dams
NS
NS
P < 0.05

A) Gestational profile
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B) Statistical analysis
2-wav ANOVA
Age
NS
Treatment
P < 0.0005
Age-treatment interaction
F < 0.05
Fisher’s PLSD
I. Treatment-related (Tx vs. N dam)
*P < 0.0005
II. Age-related
N dam
Tx dam
19 vs. 16 dg NS
NS
2 1 v5. 19dg f < 0.05
NS

Figure 3.1 The influence of maternal hypothyroxinemia on serum thyroid
stimulating hormone (TSH) in dams throughout pregnancy. A) Gestational
profile - each point represents the mean ± SEM of normal (N; open circles)
or partially thyroidectomised (Tx; closed circles) dams, n is given in
parentheses. B) Statistical analysis - NS; no significant difference.
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Figure 3.2 Serum TSH concentration versus total T4 for normal (N; open
symbols) and partially thyroidectomised (Tx; closed symbols) rat dams at 16
(squares), 19 (triangles) and 21 dg (circles).
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In N dams, serum TSH levels (Fig, 3.1) did not change significantly between 16 and 19 dg
although they tended to be higher at the latter age. Indeed by 21 dg, levels had fallen by
72% relative to 19 dg, although they were not significantly different to the 16 dg levels. In
Tx dams, TSH levels were consistently higher than in controls, being 7-fold higher at 16
dg, 4-fold at 19 dg and 13-fold by 21 dg. Serum TSH levels did not change significantly
with age in the Tx dams, although there was a tendency for levels to rise from 16 to 21 dg.
It is interesting to note that when TSH levels are plotted against T4, there is little, or no,
correlation between the two parameters in either group, yet TSH is always higher in Tx
dams even when T4 levels are similar. TSH concentration is a more sensitive indicator of
partial thyroidectomy, if not thyroid dysfunction, than T4.
3.3 Litter number
The number of progeny in each litter was strongly dependent on treatment and, to a lesser
extent, on age (Fig. 3.3). In controls, litter number was constant between 14 and 19 dg,
then decreased by 13% between 19 and 21 dg. The number of viable pups at birth was
unchanged from the number of fetuses at 21 dg. In contrast, Tx dam litter size dropped by
34% between 21 dg and birth, but was unchanged prior to 21 dg. In addition, litter number
was reduced in Tx dams at 16 dg (by 18%), and 19 dg (by 24%), relative to controls. Tx
dam litter number normalised by 21 dg—due to the ontogenic decrease seen in N dams, but
by birth, the average number of viable pups was lower (by 34%) than controls.
3.4 Gross parameters of growth in prenatal progeny
3.4.1 Fetal body and brain weights
As expected, body and brain weights were strongly dependent on age (Fig. 3.4 & Table
3.2). In addition, body weight was also treatment-dependent. Body weight increased 32fold between 14 and 21 dg in N dam progeny and 29-fold in Tx dam progeny (Fig. 3.4).
Between 16 and 21 dg however, body weight was consistently (7-8%) lower in Tx dam
progeny relative to controls. Brain weight increased between 6.5 to 7-fold in N and Tx dam
progeny between 14 and 21 dg, with no significant differences apparent between the
treatment groups at any age (Table 3.2).
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B) Statistical analysis
2-wav ANOVA
Age
Treatment
Age-treatment interaction

P < 0.005
P < 0.0005
NS

Fisher’s PLSD
/. Treatment-related (Tx vs. N dam progeny)
*P < 0.005 and **P < 0.0005
II. Age-related
N dam progeny
14 vs. 16 dg
NS
19 vs. 16 dg
NS
21 v.y. 19 dg
P < 0.05
birth V.S. 21 dg
NS

Tx dam progeny
NS
NS
NS
P < 0.001

Figure 3.3 The influence of maternal hypothyroxinemia on the number of
progeny per litter. A) Ontogenic profile - each bar represents the mean ± SEM of
normal (N; open bars) or partially thyroidectomised (Tx; closed bars) dam litters,
n is indicated in the bars. B) Statistical analysis - NS; no significant difference.
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B) Statistical analysis
2-wav ANOVA
Prenatal
Age
P < 0.0005
Treatment
P < 0.0005
Age-treatment interaction
NS
Fisher’s PLSD
I. Treatment-related (Tx vs. N dam progeny)
*P < 0.01 and **P < 0.001
II. Age-related
N dam progeny
16 vs. 14 dg
P < 0.0005
19 vs. 16 dg
P < 0.0005
21 v5. 19 dg
P < 0.0005
birth vs. 21 dg
P < 0.0005
10 pnd vs. birth
P < 0.0005
20 vs. 10 pnd
P < 0.0005
30 vs. 20 pnd
P < 0.0005

Postnatal
P < 0.0005
NS
NS

Tx dam progeny
P < 0.0005
P < 0.0005
P < 0.0005
P < 0.0005
P < 0.0005
P < 0.0005
P < 0.0005

Figure 3.4 The influence of maternal hypothyroxinemia on progeny body
weight. A) Ontogenic profile - each bar represents the mean ± SEM of normal
(N; open bars) or partially thyroidectomised (Tx; closed bars) dam progeny, n is
indicated in the bars. B) Statistical analysis - NS; no significant difference.
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Table 3.2 Fetal brain weight, protein and DNA levels in normal (N) and partially thyroidectomised (Tx) dam progeny
A ge

Dam
status

Fetal brain
weight
(mg)

Fetal brain protein
concentration
content
(mg/g wet weight)
(mg)

14

N
Tx

27.3 ± 1.3 (7)
26.0 ± 0.5 (7)

41.64 ± 1.67 (7)
38.62 ± 1.53 (5)

1.13 ±0.06 (7)
1.00 ±0.02 (5)

16

N
Tx

47.3 ± 1.9 (38) 60.62 ± 1.80(15)
48.4 ± 1.9 (30) 62.14 ±4.65 (10)

3.08 ±0.18 (15)
2.83 ±0.23 (10)

8.79 ± 1.14 (6) 0.47 ± 0.07 (6)
9.51 ±0.71 (6) 0.43 ± 0.03 (6)

7.67 ± 1.05 (6)
7.67 ± 0.79 (6)

19

N
Tx

127.8 ± 2.0 (37) 63.34 ± 2.24 (12)
121.7 ± 2.2 (27) 67.08 ± 2.32 (13)

8.36 ±0.34 (12)
8.08 ±0.29 (13)

9.52 ± 0.49 (4)
9.47 ± 0.79 (4)

1.34 ±0.11 (4)
1.13 ±0.18 (4)

7.41 ± 0.67 (4)
7.95 ± 0.71 (4)

21

N
Tx

177.2 ± 2.8 (25) 72.72 ± 4.85 (9)
179.9 ± 5.7 (20) 68.69 ± 2.86 (8)

12.61 ± 0.78 (9)
12.49 ±0.78 (8)

6.98 ±0.61 (7)
6.91 ± 1.31 (4)

1.20 ±0.10 (7)
1.17 ±0.22 (4)

11.71 ± 1.08 (7)
11.91 ±2.66 (4)

< 0.0005
NS
NS

< 0.0005
NS
NS

<0.05
NS
NS

< 0.0005
NS
NS

< 0.005
NS
NS

< 0.0005
NS
NS

< 0.0005
< 0.0005
< 0.0005

NS
NS

< 0.0005
NS

NS
<0.05

< 0.0005
NS
NS

< 0.0005
< 0.0005
< 0.0005

NS
NS

< 0.0005
NS

NS
NS

(dg)

2-way ANOVA
< 0.0005
Age
P
P
Treatment
NS
Age-treatment P
NS
Fisher’s PLSD
I. Treatment-related
NS at all ages and parameters
II. Age-related
N dam progeny
16 V5. 14 dg
P
< 0.0005
19 vj. 16 dg
P
< 0.0005
P
< 0.0005
21 vs. 19 dg
Tx dam progeny
P
< 0.0005
16 vs. 14 dg
< 0.0005
P
19 vs. 16 dg
P
< 0.0005
21 vj. 19 dg

Fetal brain DNA
concentration
content
(mg/g wet weight)
(mg)
ND
ND

ND
ND

Values are mean ± SEM, n is given in parentheses; NS - no significant difference, ND - not determined

Fetal brain
proteiniDNA ratio
ND
ND

Body weights increased at a greater rate than brain weight, thus brain:body weight ratios
also showed age-dependency; decreasing by almost 80% from 14 to 21 dg in N and Tx
dam progeny (Fig. 3.5). A treatment effect was also apparent, with the ratio being 11%
higher in the experimental group relative to control at 16 dg, but no other age. This was of
course due primarily to the depression in Tx dam progeny body weight at this age.
3.4.2 Fetal brain protein
Protein concentration in fetal brain was age-dependant (Table 3.2). Post-hoc analysis
indicated however that the age effect was limited to between 14 and 16 dg with an increase
in protein concentration of ca. 1.6-fold in both groups. No treatment effects were evident.
Protein content also exhibited age-dependency, increasing 11 to 12-fold between 14 and 21
dg in both groups, and no significant treatment effect was found at any age for this
parameter.
3.4.3 Fetal brain DNA and protein:DNA ratio
DNA concentration is a measure of cell density. In fetal brain this parameter was agedependent, though no significant differences were noted between any ages by post-hoc
analysis (Table 3.2). No treatment-related effects were found. DNA content per brain can
be used as an estimate of cell number. This parameter was age-dependent in both groups,
due to a ca. 2.9-fold increase between 16 and 19 dg (Table 3.2). No further change
occurred by 21 dg and no treatment effects were apparent.
The protein:DNA ratio gives an indication of cell size and this parameter was also agedependent in fetal brain (Table 3.2). In N dam progeny, the ratio increased 1.6-fold
between 19 and 21 dg. This ratio in Tx dam progeny also increased 1.6-fold by 21 dg, but
only significantly so, when compared with 16 dg. No significant treatment effect was
evident.
3.5 Gross parameters of placental growth
3.5.1 Placental weight
Placental weight was age-dependent but unaffected by treatment (Table 3.3). In N dam
pregnancies, placental weight increased 1.9-fold from 16 to 21 dg. Tx dam placental
weight also increased, but only between 16 and 19 dg (by 1.6-fold).
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A) Ontogenic profile
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14 dg

16 dg

19 dg

21 dg
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10 pnd 20 pnd 30 pnd

Age
B) Statistical analysis
2-wav ANOVA
Prenatal
Age
P < 0.0005
Treatment
P < 0.05
Age-treatment interaction
NS
Fisher’s PLSD
7. Treatment-related (Tx vs. N dam progeny)
*P < 0.01
II. Age-related
N dam progeny
16 vj. 14 dg
P < 0.0005
19 vs. 16 dg
P < 0.0005
21 vs. 19 dg
P < 0.0005
birth vs. 21 dg
NS
10 pnd vs. birth
NS
20 vs. 10 pnd
P < 0.005
30 vs. 20 pnd
P < 0.0005

Postnatal
P < 0.0005
NS
NS

Tx dam progeny
P < 0.0005
P < 0.0005
P < 0.0005
NS
NS
P < 0.0005
P < 0.0005

Figure 3.5 The influence of maternal hypothyroxinemia on progeny brain/body
weight ratio. A) Ontogenic profile - each bar represents the mean ± SEM of normal
(N; open bars) or partially thyroidectomised (Tx; closed bars) dam progeny, n is
indicated in the bars. B) Statistical analysis - NS; no significant difference.
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Table 3.3 Placental growth and development in normal (N) and partially thyroidectomised (Tx) dams
A ge

Dam

19

21

Placental DNA

Placental

content

concentration

content

(mg)

(mg/g wet weight)

(mg)

(mg/g wet weight)

(mg)

N

314 ± 2 2 (9)

100.32 ± 6.73 (6)

30.45 ± 5.88 (6)

3.98 ± 0.39 (5)

1.25 ± 0.20 (5)

25.93 ± 2.76 (5)

Tx

304 ± 20 (9)

102.40 ± 4.80 (5)

27.74 ± 1.75 (5)

4.59 ± 0.27 (5)

1.24 ± 0.10 (5)

22.80 ± 2.42 (5)

N

488 ± 9 (13)

115.93 ±5.29 (5)

57.98 ±1.67 (5)

3.11 ± 0.29 (5)

1.55 ±0.12 (5)

38.66 ± 4.09 (5)

Tx

484 ± 36 (5)

106.56 ± 8.57 (4)

48.37 ± 5.29* (4)

4.02 ± 0.53 (4)

1.84 ± 0.30 (4)

27.01 ± 1.52* (4)

N

583 ± 22 (5)

125.91 ±6.13 (5)

75.80 ±4.81 (5)

3.23 ± 0.28 (5)

1.95 ±0.15 (5)

39.57 ± 2.73 (5)

Tx

545 ± 32 (7)

130.85 ± 10.44 (5) 67.11 ±4.87 (5)

2.77 ± 0.10 (5)

1.44 ± 0.14 (5)

47.27 ± 3.00 (5)

<0.05
NS
NS

< 0.0005
NS
<0.05

(dg)

weight

Placental protein
concentration

status

16

Placental

2-way ANOVA
< 0.0005
P
Age
NS
P
Treatment
NS
Age-treatment P
Fisher’s PLSD
I. Treatment-related
*P < 0.05 Tx V5. N dam progeny
II. Age-related
N dam progeny
19 V5. 16 dg
P
< 0.0005
<0.01
P
21 vs. 19 dg
Tx dam progeny
< 0.0005
P
19 vs. 16 dg
NS
P
21 vj. 19 dg

proteiniDNA ratio

< 0.005
NS
NS

< 0.0005
<0.05
NS

< 0.005
NS
NS

NS
NS

< 0.0005
< 0.005

NS
NS

NS
NS

< 0.005
NS

NS
<0.05

< 0.0005
< 0.005

NS
<0.05

NS
NS

NS
< 0.0005

Values are mean ± SEM, n is geiven in parentheses; NS - no significant difference

3.5.2 Placental protein
Protein concentration in placenta was also dependent on age (Table 3.3). In controls there
was a tendency for protein concentration to increase with gestation, but no age point
differed significantly from any other. Tx dam placental protein concentration showed a
stronger age effect in that there was a significant 1.3-fold increase between 19 and 21 dg.
Placental protein concentration was not significantly different between the normal and
experimental groups however.
Placental protein content was treatment and age-dependent (Table 3.3). In controls, protein
content increased 2.1-fold from 16 to 21 dg. Protein content also increased, 2.6-fold, in Tx
dam progeny but there was a tendency for this parameter to be reduced compared to the
age-matched control, although only at 19 dg was the difference (83% of control value)
significant by post-hoc analysis.
3.5.3 Placental DNA and proteiniDNA ratio
Placental DNA concentration was age-dependent (Table 3.3), and approached treatmentdependency (P = 0.0954). No age effects were apparent in N dam placentae by post-hoc
analysis, whereas Tx dam placental DNA concentration decreased by 21% between 19 and
21 dg. In addition, there was a tendency for Tx dam placental DNA concentration to be
higher than controls at 16 and 19 dg, and lower than controls at 21 dg—none of these
differences were significant by post-hoc analysis however. Placental DNA content was also
age-dependent; in controls this parameter increased 1.6-fold between 16 and 21 dg (Table
3.3). In Tx dam placentae, the increase (1.5-fold) in DNA content was limited to between
16 and 19 dg. No significant treatment-related differences were apparent however.
Placental proteiniDNA ratio was age-dependent and also exhibited age-treatment interaction
(Table 3.3). In controls, this ratio increased 1.5-fold between 16 and 19 dg with no further
change by 21 dg. This increase appeared to be delayed in Tx dam progeny, occurring
between 19 and 21 dg (by 1.7-fold). As a result, at 19 dg the ratio in Tx dam progeny was
30% lower than in controls. The ratio had increased to normal levels by 21 dg however.
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3.6 Gross parameters of growth in postnatal progeny
3.6.1 Postnatal body weights
Postnatal body weight was age-dependent (Fig. 3.4), and also approached treatmentdependency {P = 0.0562). In both N and Tx dam progeny, body weight increased
between 15 to 16-fold from the day of birth to 30 pnd. No significant treatment-related
differences were apparent at any age, although there was a tendency for body weights to be
lower in Tx dam progeny on the day of birth—following on from the reduced body weight
in Tx dam progeny at 21 dg (Fig. 3.4). Brain:body weight ratio was age-dependent,
continuing the fetal trend to decrease with age. In contrast to fetal development, however
no treatment effects were apparent in this parameter.
3.6.2 Postnatal brain region weights
The weight of all four regions showed strong age-dependency (Table 3.4). Cerebral cortex
weight increased in both groups by between 1.6 to 1.9-fold from 10 to 30 pnd. No
treatment effects were found at any age. Cerebellar weight increased in both groups by
between 2.1 to 2.3-fold from 10 to 20 pnd, but no further significant increase occurred by
30 pnd. No treatment effects were seen at any age.
Brain stem weight increased 2-fold in N dam progeny between 10 and 30 pnd (Table 3.4).
Tx dam progeny also exhibited a 2-fold increase in brain stem weight, but only between 10
and 20 pnd. Nevertheless, no significant treatment-related differences were found at any
age. Subcortical weight in N dam progeny increased 1.3-fold between 10 and 20 pnd, but
then did not change significantly by 30 pnd (Table 3.4). In Tx dam progeny subcortical
weight similarly increased 1.4-fold between 10 and 20 pnd with a further 1.2-fold increase
by 30 pnd. As a result, subcortical weight was 14% higher in Tx dam progeny at 30 pnd
relative to controls. The relevance of this observation is, however, questionable since no
treatment or age-treatment effects were found by 2-way ANOVA.
3.6.3 Postnatal brain region protein
Protein concentration was age-dependent in all brain regions studied, but varied little
between regions (Table 3.5). In N and Tx dam progeny, cerebral cortical protein
concentration increased 1.4-fold from 10 to 20 pnd. There was a tendency for a further
increase by 30 pnd, although this was only significant in Tx dam progeny. Values were
however, very similar in both control and experimental groups and there was no significant
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Table 3.4 Postnatal brain region weights in normal (N) and partially thyroidectomised
(Tx) dam progeny
A)

Region

Age

Dam status

Brain weight

n

(pnd)
Cerebral cortex

(mg)
N
Tx
N
Tx
N
Tx

7
6
16
12
17
14

458 ± 19
508 ± 39
764 ± 14
768 ± 18
854 ± 14
836 ±21

N
Tx
N
Tx
N
Tx

7
6
16
12
17
14

70 ± 8
75 ± 6
163 ± 5
161±7
186+11
179± 11

N
Tx
N
Tx
N
Tx

7
6
16
12
17
14

100 ± 8
83 ± 8
172 ± 6
174 ± 7
203 ± 10
181 ± 10

N
Tx
N
Tx
N
Tx

7
6
16
12
17
14

123 ± 7
117+13
165 ± 11
164 ± 8
173 ± 6
198 ±9*

10
20
30

Cerebellum

10
20
30

Brain stem

10
20
30

Subcortex

10
20
30

Values are mean ± SEM
Statistical analysis, NS - No significant difference
2-wav ANOVA

Cerebral cortex

Age

P

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Cerebral cortex

Cerebellum

Brain stem

Subcortex

<0.0005
P < 0.0005

P

< 0.0005

P

<0.0005

Cerebellum
P

< 0.0005

Brain stem
P

< 0.0005

Subcortex
P

< 0.0005

Fisher’s PLSD
I. Treatment-related
*P

<0.05 Tx V5. N

II. Age-related

dam progeny

N dam progeny
20 vs. 10 pnd
30 vs. 20 pnd

P

< 0.0005

NS

P

<0.0005

P < 0 .0 1

P

< 0.005

NS

Tx dam progeny
20 vs. 10 pnd

P

30 vs. 20 pnd

f <0.01

< 0.0005

NS
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P

<0.0005

NS

P

< 0.0005

f < 0.05

Table 3.5 Protein concentration in postnatal normal (N) and partially thyroidectomised
(Tx) dam progeny brain regions
Aj

Region

Age

Dam status

n

Protein concentration
(mg/g wt weight)

(pnd)
Cerebral cortex

10
20
30

Cerebellum

10
20
30

Brain stem

10
20
30

Subcortex

10
20
30

N
Tx
N
Tx
N
Tx

7
5
8
7
7
9

82.14 ±4.53
79.05 ± 2.75
111.8215.11
109.64 ± 5.98
121.7313.93
124.4216.10

N
Tx
N
Tx
N
Tx

7
6
8
7
7
9

73.6413.04
71.2413.76
91.1914.79
97.611 10.29
92.5215.71
100.23 1 8.40

N
Tx
N
Tx
N
Tx

7
6
8
7
7
9

76.3212.64
71.0613.42
109.2215.49
98.6416.19
106.01 15.75
112.1518.45

N
Tx
N
Tx
N
Tx

7
6
8
7
7
9

73.1414.18
72.971 1.96
95.0614.65
94.3516.15
100.341 8.67
106.75 15.89

Values are mean ± SEM
Statistical analysis, NS - No significant difference
Brain stem

Subcortex

2-wav ANOVA

Cerebral cortex

Age

P

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Cerebellum

Brain stem

Subcortex

Cerebellum

<0.0005

P

< 0.0005

P

<0.0005

P

<0.0005

Fisher’s PLSD
I. Treatment-related
NS at all ages and regions
II. Age-related

Cerebral cortex

N dam progeny

<0.005

P

< 0.05

20 vs. 10 pnd

P

30 vs. 20 pnd

NS

NS

<0.001
P < 0.05

P

P

<0.0005

NS

P

< 0.005

NS

Tx dam progeny
20 vs. 10 pnd
30 vs. 20 pnd

P

<0.05

NS
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P

<0.005

NS

P

<0.05

NS

treatment effect. Cerebellar protein concentration increased in N and Tx dam progeny by
between 1.2 and 1.4-fold from 10 to 20 pnd but showed no further change by 30 pnd. No
significant treatment-related differences were observed. Brain stem protein concentration
increased by 1.4-fold in N and Tx dam progeny from 10 to 20 pnd, with no further change
by 30 pnd, and no differences between the treatment groups. Similarly, protein
concentration in subcortex increased in both groups between 10 and 20 pnd by 1.3-fold.
No further change was seen at 30 pnd and no differences were observed between groups.
Brain region protein content exhibited similar, albeit larger, age-related changes to protein
concentration (Table 3.6). No treatment-related effects were noted for any region or age. In
cerebral cortex, protein content increased 2.7-fold between 10 and 30 pnd. In the other
regions, ontogenic increases occurred between 10 and 20 pnd. In cerebellum and brain
stem, protein content increased by between 2.6 and 3.0-fold during this period whereas
subcortical protein content increased by 1.9-fold.
3.6.4 Postnatal brain region DNA
Age-related changes in DNA concentration and content were less uniform in the different
brain regions than for protein. In cerebral cortex, DNA concentration was age-dependent,
decreasing by 19-24% from 10 to 20 pnd in N and Tx dam progeny (Table 3.7). No
treatment-related differences were apparent at any age. Cerebellar DNA concentration was
greater than in the other brain regions and showed age-dependent changes. Post-hoc
analysis however indicated this age effect was only seen in N dam progeny, whose DNA
concentration decreased by 36% between 20 and 30 pnd. Tx dam progeny DNA
concentration did not change with age in this region and was reduced by 24% relative to
controls at 20 pnd, but not at the other ages. The absence of an overall treatment or agetreatment effect by 2-way ANOVA casts doubt on the relevance of this difference however.
Brain stem DNA concentration did not change significantly with age or treatment, although
a trend for DNA concentration to decrease with age was visible. Subcortical DNA
concentration was age-dependent, with a tendency to decrease between 10 and 20 pnd. No
age was shown to be significantly different by post-hoc analysis however, and no treatment
effects were apparent.
Cerebral cortical DNA content was age-dependent but post-hoc analysis did not highlight
any particular age point as being different from any other. No treatment effects were
observed (Table 3.8). DNA content in cerebellum was more strongly age-dependent,
increasing in N and Tx dam progeny by between 2 to 2.5-fold from 10 to 20 pnd. No
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Table 3.6 Protein content in postnatal normal (N) and partially thyroidectomised
(Tx) dam progeny brain regions
A)
Protein content
n
Region
Dam status
Age
(mg)

(pnd)
Cerebral cortex

10
20
30

Cerebellum

10
20
30

Brain stem

10
20
30

Subcortex

10
20
30

N
Tx
N
Tx
N
Tx

7
5
8
7
7
9

37.94 ±3.47
38.51 ±4.02
85.68 ±5.34
84.21 ±5.91
102.24 ±4.02
102.91 ±6.88

N
Tx
N
Tx
N
Tx

7
6
8
7
7
9

5.19 ±0.66
5.38 ±0.55
15.31 ±0.80
16.08 ± 1.63
18.17 ±2.98
19.03 ±2.67

N
Tx
N
Tx
N
Tx

7
6
8
7
7
9

7.55 ±0.51
6.01 ±0.77
19.32± 1.15
17.99 ± 1.22
20.95 ± 2.27
21.44 ±2.67

N
Tx
N
Tx
N
Tx

7
6
8
7
7
9

9.02 ±0.81
8.42 ±0.91
17.17 ± 1.92
16.63 ±1.33
17.44 ± 1.88
20.78 ± 1.67

Values are mean ± SEM
Statistical analysis, NS - No significant difference
Subcortex

Cerebral cortex

Age

P

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Cerebral cortex

Cerebellum

Brain stem

Subcortex

20 vs. 10 pnd

P < 0.0005

P

30 vs. 20 pnd

P

<0.0005

Cerebellum

Brain stem

2-wav ANOVA

P

<0.0005

P

<0.0005

P

<0.0005

Fisher’s PLSD
I. Treatment-related
NS at all ages and regions
II. Age-related
N dam progeny

<0.05

<0.0005

NS

P

<0.0005

NS

P

<0.001

NS

Tx dam progeny

< 0.0005

20 vs. 10 pnd

P < 0.0005

P

30 vs. 20 pnd

P < 0 .0 5

NS

116

P

< 0.0005

NS

P

<0.005

NS

Table 3.7 DNA concentration in postnatal normal (N) and partially thyroidectomised
(Tx) dam progeny brain regions
AJ
DNA concentration
Region
Age
Dam status
n
(mg/g wt weight)

(pnd)
Cerebral cortex

10
20
30

Cerebellum

10
20
30

Brain stem

10
20
30

Subcortex

10
20
30

N
Tx
N
Tx
N
Tx

5
5
5
5
6
5

3.51 ±0.11
3.34 ±0.14
2.85 ±0.10
2.57 ± 0.29
2.62 ±0.18
2.47 ± 0.26

N
Tx
N
Tx
N
Tx

5
5
5
5
6
5

13.65 ±0.73
12.69 ± 1.68
15.53 ±0.48
11.84 ± 1.90*
10.00 ± 0.98
10.78 ± 1.08

N
Tx
N
Tx
N
Tx

5
5
5
5
6
5

3.97 ±0.22
3.42 ±0.24
3.52 ±0.36
3.10 ±0.44
2.93 ± 0.54
2.66 ± 0.24

N
Tx
N
Tx
N
Tx

5
5
5
5
6
5

3.31 ±0.12
2.88 ± 0.23
2.50 ±0.17
2.61 ±0.33
2.40 ± 0.24
2.51 ±0.22

Values are mean ± SEM
B) Statistical analysis, NS - No significant difference
2-wav ANOVA

Cerebral cortex

Cerebellum

Brain stem

Subcortex

Age

P < 0.0005

P < 0.05

NS

P < 0.05

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Cerebral cortex

Cerebellum

Brain stem

Subcortex

20 v^. 10 pnd

P < 0.05

NS

NS

NS

30 vs. 20 pnd

NS

P < 0.005

NS

NS

20 vs. 10 pnd

P < 0.05

NS

NS

NS

30 vs. 20 pnd

NS

NS

NS

NS

Fisher’s PLSD
/. Treatment-related
*P < 0.05 Tx vs. N dam progeny
II. Age-related
N dam progeny

Tx dam progeny
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Table 3.8 DNA content in postnatal normal (N) and partially thyroidectomised
(Tx) dam progeny brain regions
a;

Region

Age

DNA content

Dam status

(pnd)
Cerebral cortex

(mg)

10

20
30
Cerebellum

10
20
30

Brain stem

10
20
30

Subcortex

10
20
30

N
Tx
N
Tx
N
Tx

1.64 ±0.10
1.62 ±0.16
2.11 ±0.14
2.01 ±0.25
2.15 ±0.20
2.06 ±0.14

N
Tx
N
Tx
N
Tx

0.99 ±0.16
0.99 ±0.14
2.48 ±0.13
2.03 ± 0.39
1.82 ±0.36
2.04 ± 0.30

N
Tx
N
Tx
N
Tx

0.41 ±0.01
0.31 ±0.04
0.62 ± 0.08
0.55 ± 0.06
0.57 ±0.10
0.50 ± 0.03

N
Tx
N
Tx
N
Tx

0.41 ±0.05
0.37 ± 0.05
0.52 ± 0.07
0.48 ± 0.06
0.41 ±0.04
0.54 ± 0.07

Values are mean ± SEM; n = 5
B) Statistical analysis, NS - No significant difference
2-wav ANOVA

Cerebral cortex

Cerebellum

Brain stem

Subcortex

Age

f < 0.05

P < 0.0005

f < 0.005

NS

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Fisher’s PLSD
/. Treatment-related
NS at all ages and regions
Cerebral cortex

Cerebellum

Brain stem

Subcortex

20 vj. 10 pnd

NS

f <0.001

NS

NS

30 V5. 20 pnd

NS

NS

NS

NS

20 vs. 10 pnd

NS

P < 0.05

NS

NS

30 vs. 20 pnd

NS

NS

NS

NS

II. Age-related
N dam progeny

Tx dam progeny
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further change was seen by 30 pnd and there was no treatment effect. Brain stem DNA
content also appeared age-dependent, however post-hoc analysis indicated that only Tx
dam progeny showed any significant change—DNA content increasing 1.8-fold between
10 and 20 pnd. N dam progeny showed the same trend however, thus no treatment effects
were apparent. DNA content in subcortex did not change significantly with age or treatment
between 10 and 30 pnd.
3.6.5 Postnatal brain region proteiniDNA ratio
Protein:DNA ratio showed age-dependency in all four regions with little or no indication of
treatment effects (Table 3.9). In cerebral cortex this ratio increased by between 1.6 to 1.8fold in N and Tx dam progeny between 10 and 20 pnd, with no further change up to 30
pnd. ProteiniDNA ratio in N dam progeny cerebellum showed no significant change until
20 pnd, the ratio increasing 1.7-fold by 30 pnd. In contrast, there was an initial 1.5-fold
rise in proteiniDNA ratio between 10 and 20 pnd in Tx dam progeny which then remained
unchanged up to 30 pnd. As a result, post-hoc analysis indicated that the proteiniDNA ratio
in Tx dam progeny cerebellum was 41% higher at 20 pnd relative to controls, but normal at
the other ages. Again, the lack of any overall treatment effect by 2-way ANOVA suggests
that this result probably arose by chance. Brain stem proteiniDNA ratio increased 1.6-fold
from 10 to 20 pnd in N dam progeny with a further, albeit insignificant, 1.3-fold increase
by 30 pnd. The ratio similarly increased in Tx dam progeny brain stem, rising 2.1-fold
between 10 and 30 pnd; no treatment effects were apparent. Subcortical proteiniDNA ratio
showed a 1.6-fold increase in N dam progeny between 10 and 20 pnd, no further increase
occurred by 30 pnd. Minor, but insignificant, differences in the Tx dam progeny ratios
meant that a 1.6-fold increase was seen between 10 and 30 pnd, but there was no indication
of treatment-related differences.
3.7. Summary of results
As expected in this model, T4 was more severely depressed than T3, indicating that the
dams were hypothyroxinémie rather than hypothyroid. The consistently high TSH levels in
Tx dams indicated that the pituitary feedback response was normal, and also that this
response was not able to compensate for the decreased synthetic capacity of the thyroid.
Partial compensation was seen however, in that T4 levels in Tx dams did not fall so steeply
during pregnancy as in N dams. Nevertheless, as serum T3 levels were reduced in the Tx
dams, some degree of tissue hypothyroidism was probably present.
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Table 3.9 ProteiniDNA ratios in postnatal normal (N) and partially thyroidectomised
(Tx) dam progeny brain regions
A)

Region

Age

ProteiniDNA

Dam status

r a tio

(pnd)
Cerebral cortex

10
20
30

Cerebellum

10
20
30

Brain stem

10
20
30

Subcortex

10
20
30

N
Tx
N
Tx
N
Tx

24.08 ± 2.00
23.33 ± 1.18
38.22 ± 1.65
42.48 ± 6.60
47.28 ±4.81
49.0815.71

N
Tx
N
Tx
N
Tx

5.5910.28
5.7910.43
6.0110.39
8.491 1.25*
10.0011.56
9.5610.47

N
Tx
N
Tx
N
Tx

19.521 1.43
21.201 1.38
30.581 1.67
32.1517.74
40.25 1 8.99
43.4817.46

N
Tx
N
Tx
N
Tx

23.631 1.50
26.1913.02
38.2612.43
38.5616.99
39.08 15.54
41.3113.73

Values are mean ± SEM; n = 5
Statistical analysis, NS - No significant difference
2-wav ANOVA

Cerebral cortex

Cerebellum

Brain stem

Subcortex

Age

P < 0.0005

P < 0.0005

P < 0.0005

P < 0.005

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Cerebral cortex

Cerebellum

Brain stem

Subcortex

20 vs. 10 pnd

P < 0.005

NS

P < 0.05

P < 0.05

30 vs. 20 pnd

NS

P < 0.005

NS

NS

20 vs. 10 pnd

P < 0.0005

P < 0.05

NS

NS

30 vs. 20 pnd

NS

NS

NS

NS

Fisher’s PLSD
/. Treatment-related
*P < 0.05 Tx vs. N dam progeny
II. Age-related
N dam progeny

Tx dam progeny
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Body weight was reduced in Tx dam fetuses from 16 to 21 dg. This parameter had largely
normalised by the postnatal stages of development, although a trend for lower body weight
could still be seen at birth in Tx dam progeny. Brain weight in contrast, was not affected
pre- or postnatally in Tx dam progeny, neither were brain protein or DNA levels. These
results indicate the presence of a mechanism sparing the brain from the effects of maternal
hypothyroidism such as that proposed by Morreale de Escobar et.al. (96), involving
increased 5 D-II activity (section 1.5.4). Fetal litter size was significantly reduced in Tx
dams at 16 and 19 dg, and there was a tendency for lower litter sizes at 14 dg (the lack of
significance at this age was probably due to the smaller number of litters studied). This
decrease in Tx dam litter size is expected as maternal hypothyroidism inhibits ovulation
(460). No such effect is seen at 21 dg, however, due to the decrease in control litter size
between 19 and 21 dg, for which no simple explanation exists. A further decrease is seen
in viable pups from Tx dams on the day of birth. This could be due to a number of reasons,
including difficulties during parturition, late-stage metabolic compromise and decreased
maternal inclination. In addition, Tx dams may cannibalise pups they see as unfit—which
may also explain the normalisation of body weight at this age (i.e. the runts of the litter are
removed). Decreased litter size in Tx dam progeny may also provide another explanation
for why serum T4 levels do not fall as rapidly as controls. The decrease in serum total T4
levels in normal dams as gestation progresses has been previously reported (94,408), and
may occur due to increased placental demand for TH as a source of iodine for the fetal
thyroid. Thus the fall in circulating maternal T4 levels is steepest between 16 and 19 dg, the
period during which the fetal thyroid becomes active. The reduced litter size in Tx dams
equates to reduced placental T4 demand, hence the maternal T4 level drops less rapidly in
Tx dams, conserving the limited maternal T4 pool.
Certain aspects of placental development were disturbed in Tx dams; protein content and
proteiniDNA ratio (cell size) were reduced at 19 dg, although protein concentration, DNA
content (cell number) and DNA concentration (cell density) appeared normal. The placental
compromise was largely limited to 19 dg, and did not seem to affect fetal development
(body weight being compromised from 16 dg). Late stage placental dysfunction in Tx dams
may partly explain the decrease in the number of viable progeny per litter that occurs
between 21 dg and birth. Placental dysfunction may have arisen as a result of maternal
metabolic compromise, alternatively, the observed changes may be due to a direct effect of
TH deficiency on placental development.
In summary, the use of a partially thyroidectomised rat dam model results in reduced Tx
dam serum T4 levels, but does not appear to induce severe metabolic compromise in the

121

dams despite serum T3 levels being depressed. Hence all parameters of brain growth were
normal in pre- and postnatal Tx dam progeny, and body weight normalised after birth. Of
particular significance is the normal development of the cerebellum, a region which
develops largely postnatally and is therefore particularly sensitive to maternal nutritional
deficiencies during the suckling period. Similarly, placental abnormalities were only seen at
19 dg and did not appear to impinge upon fetal development, as judged by the absence of
late fetal abnormalities.
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CHAPTER 4.
THE EFFECT OF MATERNAL
HYPOTHYROXINEMIA ON CHOLINERGIC
AND CATECHOLAMINERGIC
NEUROTRANSMITTER SYSTEMS IN
DEVELOPING BRAIN
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4.1 Neurotransmitter metabolic enzyme activities
Numerous studies using rat models of congenital hypothyroidism have shown a
relationship between postnatal thyroid hormone status and neurotransmitter system
development in brain (section 1.7.2). Many of the enzymes associated with cholinergic and
monoaminergic neurotransmitter metabolism have been extensively studied. Although the
results tend to vary greatly between studies—being dependent on the exact nature of the
animal model and assay method used, enzyme activities are generally reduced in
hypothyroid animals. Similar findings for these enzymes have also been reported in
neuronal cell culture models, indicating they may be directly regulated by TH. Previous
studies have shown that adult progeny of partially thyroidectomised rat dams also exhibit
changes in brain neurotransmitter enzymes, namely acetylcholinesterase and choline
acetyltransferase (397). It is possible therefore that these, and other, neurotransmitter
metabolic enzymes are TH-sensitive in fetal brain. If so, this could provide important
insights into the effects of maternal hypothyroxinemia on fetal brain development, since
considerable evidence suggests that various neurotransmitters (including acetylcholine,
noradrenaline and dopamine) have neurotrophic roles in the early stages of brain ontogeny
(428,430,461). Certainly, many neurotransmitters and their receptors and metabolic
enzymes have been demonstrated in the brain long before the onset of electrical activity
(431,433,434). Disruption of neurotransmitter ontogeny at this crucial time could therefore
result in a catastrophic scenario, whereby brain development is affected not only by the
primary effects of a TH deficit, but also via secondary effects, arising from perturbation of
neurotransmitter systems.
In initial experiments, fetal whole brain was studied at 16, 19 and 21 dg, i.e. both before
and after the onset of fetal TH synthesis at 17.5 dg. This was in order to determine whether
brain neurotransmitter ontogeny is dependent on maternal TH before fetal thyroid function
is established and whether any disturbances that arise are mitigated by fetal thyroid
secretion. Earlier work has suggested that the consequences of maternal hypothyroxinemia
(in terms of disturbed brain biochemistry) can persist into postnatal development and even
adulthood (427), therefore progeny were studied up to 30 pnd. Postnatal brains were
dissected into four gross anatomical regions since the effects arising from maternal
hypothyroxinemia can be highly localised. Results are expressed as specific activities and,
since brain protein concentrations were unaffected by maternal hypothyroxinemia (sections
3.4.2 and 3.6.3), any treatment-related changes in enzyme activity represent selective
effects on those enzymes, rather than protein levels in general.
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4.1.1 Cholinergic metabolic enzvmes
4.1.1.1 Choline acetyltransferase (ChAT) activity
The specific activity of the acetylcholine synthetic enzyme, ChAT (439) in fetal brain was
dependent on age; age-treatment interaction was also evident (Fig. 4.1). In normal
progeny, ChAT activity increased 1.5-fold from 16 to 19 dg, but showed no further change
through to 21 dg (Fig. 4.1). In fetal brain from Tx dam pregnancies, ChAT ontogeny was
disturbed in an age-dependent manner; activities appeared reduced at 16 dg and more
markedly so at 19 dg, but elevated at 21 dg relative to controls. Post-hoc analysis however
revealed no significant difference between N and Tx dam progeny at any individual age,
though it confirmed an increase in ChAT activity between 19 and 21 dg in Tx dam fetal
brain that was absent in normal pregnancy. Thus, the main effect of maternal
hypothyroxinemia on prenatal ChAT activity is to extend the period of enzyme induction.
Postnatal brain regions varied considerably in both their levels of ChAT activity and the
developmental profiles thereof, although activity in all regions was dependent on age but
not treatment (Fig. 4.2). In both N and Tx groups, ChAT activity in cerebral cortex, brain
stem and subcortex increased by between 2- and 4-fold from 10 to 20 pnd, with no change
thereafter (Fig. 4.2). In contrast, cerebellar ChAT activity declined ca. 50% from 10 to 20
pnd, with no further change by 30 pnd. As ChAT is a specific marker of cholinergic
neurons, it appears that their development is largely complete by 20 pnd. In contrast to
prenatal development, no differences in postnatal brain ChAT activity were apparent in Tx
dam progeny relative to controls.
4.1.1.2 Acetylcholinesterase (AChE) activity
Fetal brain AChE specific activity was dependent on age; control and experimental progeny
exhibited linear increases (by between 3.2 and 3.6-fold) in activity from 16 to 21 dg. No
treatment-related differences were apparent (Fig. 4.3).
During postnatal development, cerebral cortical, brain stem and subcortical AChE activities
were age-dependent (Fig. 4.4). No region showed treatment-related effects by 2-way
ANOVA, however AChE activity in cerebral cortex was close to being significantly
different (P = 0.075) between N and Tx groups, and post-hoc analysis also indicated that
maternal hypothyroxinemia may influence AChE activity in this region (Fig. 4.4). In N
dam progeny, cerebral cortical AChE activity increased 1.8-fold from 10 to 20 pnd and
then a further 1.3-fold to 30 pnd. At 10 pnd, activity was 38% higher in Tx dam progeny
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Figure 4.1 The influence of maternal hypothyroxinemia on the prenatal ontogeny
of choline acetyltransferase specific activity in whole brain. A) Ontogenic profile each point represents the mean ± SEM of normal (N; open circles) or
thyroidectomised (Tx; closed circles) dam progeny, n is given in parentheses.
B) Statistical analysis - NS; no significant difference.
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P < 0.0005

P < 0.005

P < 0.0005

Figure 4.2 The influence of maternal hypothyroxinemia on the ontogeny of choline
acetyltransferase specific activity in postnatal brain regions. A) Ontogenic profile values are mean ± SEM of normal (N; open bars) or thyroidectomised (Tx; closed
bars) dam progeny, n is indicated in the bars. B) Statistical analysis - NS; no
significant difference.
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Figure 4.3 The influence of maternal hypothyroxinemia on the prenatal ontogeny of
acetylcholinesterase specific activity in whole brain. A) Ontogenic profile - each point
represents the mean ± SEM of normal (N; open circles) or thyroidectomised (Tx;
closed circles) dam progeny. B) Statistical analysis - NS; no significant difference.
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Figure 4.4 The influence of maternal hypothyroxinemia on the ontogeny of
acetycholinesterase specific activity in postnatal brain regions. A) Ontogenic profile values are mean ± SEM of normal (N; open bars) or thyroidectomised (Tx; closed bars)
dam progeny. B) Statistical analysis - NS; no significant difference.
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relative to controls, but not at any other age. Furthermore, no age-related increase was
apparent between 20 and 30 pnd in Tx dam progeny. Without a significant 2-way ANOVA
however, these results must be interpreted with caution, particularly since no treatment
effects were observed prenatally. Cerebellar AChE activity was found to be unaffected by
age or treatment throughout the postnatal period. In the brain stem, AChE activity was agedependent, but activities at 10 and 30 pnd were equivalent and no particular point was
judged different from any other by post-hoc analysis, in terms of age or treatment. In
subcortex, activity in controls increased linearly 1.5-fold from 10 to 30 pnd, whereas in Tx
dam progeny an increase was only observed between 10 and 20 pnd, but no significant
treatment effects were apparent.
4.1.2 Catecholaminergic metabolic enzvmes
4.1.2.1 Tyrosine hydroxylase (TyrH) activity
Fetal brain tyrosine hydroxylase (TyrH) activity showed age-, but not treatmentdependency. Thus, in both N and Tx dam progeny, TyrH activity increased linearly by
between 1.4 and 1.8-fold from 16 to 21 dg (Fig. 4.5).
There was however evidence of disrupted ontogeny in certain postnatal Tx dam progeny
brain regions (Fig. 4.6), namely cerebral cortex and subcortex. Indeed, cerebral cortical
activity exhibited an overall treatment effect. In controls, activity increased 1.5-fold
between 10 and 30 pnd, whereas in experimental progeny TyrH activity was 46% higher
than in controls at 10 pnd but showed no further change with age, resulting in normal
activities at subsequent ages. Cerebellar TyrH activity was ca. 10-fold lower than in other
regions and dependent on age alone with no indication of treatment effects. Activity
declined ca. 50% by 20 pnd, with no further change apparent at 30 pnd (Fig. 4.6). A
similar age-dependent effect was seen in brain stem (albeit at consistently higher activity),
though again maternal hypothyroxinemia had no influence on TyrH activity in this region
(Fig. 4.6). Subcortical TyrH activity appeared to be dependent on age alone, however the
treatment effect approached significance (P = 0.09) and post-hoc analysis indicated Tx
dam progeny had a distinct TyrH ontogeny in this region. In controls, activity decreased by
30% from 10 to 30 pnd, whereas in Tx dam progeny, no decrease was seen until after 20
pnd. As a result, TyrH activity in Tx dam progeny subcortex was 32% higher at 20 pnd
relative to controls. Activity subsequently decreased (by 40%) to normal levels by 30 pnd
(Fig. 4.6).
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Figure 4.5 The influence of maternal hypothyroxinemia on the prenatal ontogeny
of tyrosine hydroxylase specific activity in whole brain. A) Ontogenic profile - each
point represents the mean ± SEM of normal (N; open circles) or thyroidectomised
(Tx; closed circles) dam progeny, n is given in parentheses. B) Statistical analysis NS; no significant difference.
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Figure 4.6 The influence of maternal hypothyroxinemia on the ontogeny of tyrosine
hydroxylase specific activity in postnatal brain regions. A) Ontogenic profile - values are
mean ± SEM of normal (N; open bars) or thyroidectomised (Tx; closed bars) dam
progeny, n is indicated in the bars. B) Statistical analysis - NS; no significant difference.
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4.1.2.2 DOPA decarboxylase (DDC) activity
The ontogeny of DDC activity in fetal brain was rather different to the neurotransmitter
metabolic enzymes discussed previously, being subject to age-treatment interaction but not
age or treatment per se (Fig. 4.7). This was due to the marked difference in DDC
ontogeny between the two groups. In N dam progeny, activity was age-dependent,
declining by 43% between 16 and 21 dg (Fig. 4.7). In Tx dam progeny in contrast, no
change in activity was apparent and, as a result, DDC activity in Tx dam progeny was 58%
higher relative to controls by 21 dg.
The higher DDC activity in Tx dam progeny fetal brain appeared to persist in certain
postnatal brain regions. In cerebral cortex, treatment and age effects were apparent due to
what may be a delay in the developmental profile of DDC activity in this region (Fig. 4.8).
In controls, cortical DDC activity declined by 38% from 10 to 30 pnd whereas activity in
Tx dam progeny did not decrease until after 20 pnd. As a result, DDC activity at 20 pnd
was 61% higher in experimental progeny compared with controls, but normal by 30 pnd
(Fig. 4.8). It should be noted that this effect was strikingly similar to that seen for
subcortical TyrH activity (Fig. 4.6). Cerebellar DDC activity was age- but not treatmentdependent. This age effect seemed to be limited to the N dam progeny however, in which
DDC activity declined by 62% between 10 and 20 pnd, then increased 1.7-fold by 30 pnd
(Fig. 4.8). In brain stem there were clear treatment- and age-related effects. In both groups,
activity approximately halved between 10 and 30 pnd, however Tx dam progeny exhibited
higher DDC activities at 20 (by 30%) and 30 pnd (by 45%), relative to controls (Fig. 4.8).
Subcortical DDC activity was insensitive to age and treatment (Fig. 4.8).
4.1.2.3 Monoamine oxidase (MAO) activity
Fetal brain MAO activity was affected by age and treatment (Fig. 4.9). Activity in controls
increased 1.7-fold between 16 and 19 dg and remained stable to 21 dg (Fig. 4.9). MAO
activity in experimental progeny also increased between 16 and 19 dg, however when
compared with controls, the activities at 16 and 19 dg were reduced, by 20 and 24%
respectively (Fig. 4.9). By 21 dg brain MAO activity in Tx dam progeny had normalised. It
should be noted that the profiles of MAO activity in both groups were strikingly similar to
those of ChAT (Fig. 4.1), albeit MAO activity was more severely affected by maternal
hypothyroxinemia.
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Figure 4.7. The influence of maternal hypothyroxinemia on the prenatal ontogeny
of DOPA decarboxylase specific activity in whole brain. A) Ontogenic profile - each
point represents the mean ± SEM of normal (N; open circles) or thyroidectomised
(Tx; closed circles) dam progeny, n is given in parentheses. B) Statistical analysis NS; no significant difference.
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Figure 4.8 The influence of maternal hypothyroxinemia on the ontogeny of DOPA
decarboxylase specific activity in postnatal brain regions. A) Ontogenic profile - values are
mean ± SEM of normal (N; open bars) or thyroidectomised (Tx; closed bars) dam
progeny, n is indicated in the bars. B) Statistical analysis - NS; no significant difference.
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Figure 4.9 The influence of maternal hypothyroxinemia on the prenatal
ontogeny of monoamine oxidase specific activity in whole brain. A) Ontogenic
profile - each point represents the mean ± SEM of normal (N; open circles) or
thyroidectomised (Tx; closed circles) dam progeny, n is given in parentheses.
B) Statistical analysis - NS; no significant difference.
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Since MAO exists as two isoforms (A and B), the effect of maternal hypothyroxinemia on
the activity of each isoform at 16 and 19 dg (when treatment effects are most apparent) was
explored. Initially, a range of concentrations of the MAO isoform-specific inhibitors,
clorgyline (MAO-A specific) and deprenyl (MAO-B specific) were used in the conventional
assay with homogenate from 19 dg normal brain to determine the optimal inhibitory
concentrations for further study. For clorgyline, MAO activity was not inhibited until a
concentration of 1 x 10'^ M was used, after which the degree of inhibition increased
sharply up to 1 x 10'^ M at which activity was reduced by ca. 70% (Fig. 4.10). Further
increases in clorgyline concentration, up to 1 x 10'^ M, produced little change in MAO
activity, the residual activity being due to isoform MAO-B. A further decrease in MAO
activity is seen at 5 x 10'^ M clorgyline and this represents inhibition of both isoforms.
Deprenyl-induced inhibition of MAO activity is evident from 1 x 10’^ M onwards. Between
this concentration and 1 x lO'^ M MAO activity (approximately 90% of controls) does not
decrease further, and is likely to represent MAO-A activity (Fig. 4.10). Further increases in
deprenyl concentration sharply decreases MAO activity and near total inhibition occurs at 1
X

10“^ M. Some overlap is evident, deprenyl inhibition suggests the ratio of MAO-A:MAO-

B was 9:1, whereas clorgyline inhibition suggests a ratio of 7:3 (Fig. 4.10). Nevertheless,
for both inhibitors a concentration of 1 x 10"^ M was within their respective plateaus,
where inhibition was judged specific and was therefore used in subsequent assays.
At 16 dg, isoform A predominated—accounting for 70 - 75% of total MAO activity (Table
4.1). In contrast to the results for total MAO, neither isoform appeared to be affected by
maternal hypothyroxinemia at this age (although the number of litters studied were small).
It should be noted that different samples were used from those in the original study,
however the degree of maternal hypothyroxinemia was similar, ruling this out as a reason
for the observed discrepancy. Indeed, at 19 dg a treatment effect was observed for MAO-A
activity, which was reduced by 16% in Tx dam progeny, relative to controls. In contrast
the MAO-B isoform was unaffected (Table 4.1). MAO-A was still the predominant isoform
contributing 74-77% of the total activity in both groups. An age-related effect was also
observed, but only for MAO-A activity in N dam progeny, which increased 1.3-fold from
16 to 19 dg.
During postnatal development MAO activities increased slightly with age in most regions
(Fig. 4.11). In cerebral cortex, activity was age- but not treatment-dependent, increasing
1.5-fold from 10 to 20 pnd in both groups (Fig. 4.11). Cerebellar MAO activity was also
age- but not treatment-dependent. In contrast, brain stem MAO activity did not alter with
age, but a treatment effect was evident due to increased activities in Tx dam progeny (Fig.
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Table 4.1 Activity of monoamine oxidase (MAO) isoforms A and B in normal (N)
and partially thyroidectomised (Tx) dam fetal brain at 16 and 19 days gestation (dg)

Progeny

n

(age & dam thyroid status)

MAO-A activity
(nm ol

MAO-B activity

4-hydroxquinolene/hour/m g protein)

16 dg N

3

12.49 ± 1.05

4.20 ± 0.42^

16 dg TX

4

11.55 ±0.56

4.50 ± 0.28^

19dgN

5

15.80 ± 0.655

4.68 ±0.15^

19 dg Tx

5

13.34 ± 1.42*

4.59 + 0.3M

Values are mean ± SEM. 2-way ANOVA indicates treatment and treatment-isoform
interaction effects for MAO-A activity at 19 dg (both P < 0.05). Isoform effects are
apparent at both ages (P < 0.0005). *P < 0.005 for Tx V5. N,
< 0.05 for 19 V5. 16
dg and ^P < 0.0005 for MAO-A vj. MAO-B by Fishers PLSD.

4.11). This was most marked (20% increase) at 10 and 20 pnd, being only 7% higher at 30
pnd. No statistically significantly difference between N and Tx dam progeny could
however be discerned at age by post-hoc analysis. Subcortical MAO activity displayed a
similar developmental profile to cerebral cortex and cerebellum, being age- but not
treatment-dependent. Thus, in N and Tx dam progeny subcortical activity increased 1.4fold between 20 and 30 pnd (Fig. 4.11).
4.1.3 Maternal hypothyroxinemia and metabolic enzyme activities at 14 dg
It is thought that in this model, the effects of maternal hypothyroxinemia on brain
development are greatest prior to the onset of fetal thyroid function, since fetal brain TH
levels normalise shortly after this period (section 1.7.4.2). Therefore the effect of maternal
hypothyroxinemia was investigated at 14 dg (when TR proteins can first be detected in
brain), on those enzymes shown to have altered fetal ontogeny {i.e. ChAT, DDC and
MAO). Surprisingly, no significant treatment-related differences were observed for any of
the enzymes (Table 4.2). In terms of their ontogeny, all three enzymes in N and Tx dam
progeny appeared to have lower activities at 14 dg compared with 16 dg— although this
was not verified statistically. Particularly notable is DDC activity, which increased by 6 to
8-fold between 14 and 16 dg (Table 4.2 and Fig. 4.7). Indeed, this rapid increase may
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Figure 4.11 The influence of maternal hypothyroxinemia on the ontogeny of monoamine
oxidase specific activity in postnatal brain regions. A) Ontogenic profile - values are mean
± SEM of normal (N; open bars) or thyroidectomised (Tx; closed bars) dam progeny, n is
indicated in the bars. B) Statistical analysis - NS; no significant difference.
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account for the variable data for this enzyme at 14 dg, i.e. small variations in age may
produce relatively large variations in DDC activity. All three enzymes showed a tendency to
be lower in Tx dam progeny, however as they stand these results suggest that the enzymes
concerned become TH-sensitive after 14 dg.

Table 4.2 Whole brain DOPA decarboxylase (DDC), monoamine oxidase (MAO)
and choline acetyltransferase (ChAT) specific activities in 14 days gestation normal
(N) and partially thyroidectomised (Tx) dam progeny.
ChAT
Dam
DDC
MAO
status (nmol DOPA/hour/mgprotein) (nmol 4-hydioxyquinolene/hour/mgprotein) (nmol acetylCoA/hour/mgprotein)
N

0.958 ± 0.223 (7)

9.963 ± 0.701 (5)

0.702 ± 0.053 (7)

Tx

0.694 ±0.112 (6)

9.068 ± 0.354 (4)

0.635 ± 0.054 (6)

Values are mean ± SEM, n is given in parentheses. No significant differences were
observed as determined by Student’s t-test.

4.2 Neurotransmitter receptor binding studies
Having shown disturbances in monoaminergic, and to a lesser extent, cholinergic
neurotransmitter metabolic enzyme activities in postnatal brain regions, neurotransmitter
receptor binding was investigated. As with the enzymes, previous studies with late
fetal/maternal hypothyroid models have shown changes in neurotransmitter receptor
number (337-339,462). Postnatal brain regions at 20 and 30 pnd were studied to assess the
long term effects of maternal hypothyroxinemia on neurotransmitter receptor ontogeny.
Although the data is displayed in the form of Scatchard plots, Kd and Bmax were
calculated by non-linear regression (section 2.5). NSB varied between the ligands. In
muscarinic cholinergic receptor binding studies, NSB accounted for < 10% total binding.
For (3-adrenergic and D2 dopaminergic receptor binding assays however, NSB tended to
be higher, accounting for 20% of total binding at the lower ligand concentrations and up to
75% at the higher ligand concentrations. The increased NSB was not due to greater binding
of the ligands to filter paper/crude membrane fractions. Rather, it was a reflection of the
lower specific binding these ligands exhibited, relative to quinuclidinyl benzilate, and was
also illustrated by the lower number of p-adrenergic and dopaminergic receptors detected
compared with muscarinic receptors.
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4.2.1 Muscarinic cholinergic receptor binding
Both receptor number and affinity showed wide regional variation (Table 4.3, Fig. 4.12 &
Fig. 4.13). Cerebral cortex exhibited a high number of receptors with low affinity and
these parameters were not affected by age or treatment.
In contrast, cerebellar binding consisted of relatively few high affinity receptors. Receptor
number was again unaffected by age and treatment, however receptor affinity age-related,
tending to decrease from 20 to 30 pnd. This decline was not however significant in posthoc analysis (Table 4.3).
Brain stem had intermediate receptor number and affinity (Table 4.3) and like cerebral
cortex, was unaffected by age or treatment. Subcortical receptor binding was agedependent but not affected by treatment. At 20 pnd receptor number and affinity were
similar to that in brain stem, however, by 30 pnd receptor number had increased and
affinity decreased to levels approaching those in cerebral cortex.
4.2.2 p-Adrenergic receptor binding
p-adrenergic receptor number was not affected by age or treatment in cerebral cortex.
Affinity was age-dependent— increasing slightly, ca. 1.3-fold, from 20 to 30 pnd in both
groups (Table 4.4, Fig. 4.14 & Fig. 4.15).
The situation in cerebellum was more complex, with receptor number being affected by age
and treatment, while affinity exhibited age-treatment interaction. Receptor number in both
groups increased ca. 1.5-fold from 20 to 30 pnd, though the number of receptors were
consistently lower in Tx dam progeny (by 46% and 35% at 20 and 30 pnd respectively)
than in controls (Table 4.4). Conversely, affinity did not alter with age in controls but
increased in Tx dam progeny. Thus, receptor affinity was 38% lower in Tx dam progeny
relative to controls at 20 pnd, but normal by 30 pnd.
In brain stem, receptor number was treatment-dependent, and also sensitive to agetreatment interaction. N dam progeny exhibited a 42% decline in receptor number between
20 and 30 pnd which was absent in Tx dam progeny. Furthermore, the latter group had
54% fewer receptors at 20 pnd—consequently, receptor number had normalised by 30
pnd. Affinity was not affected by treatment at any age.
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Table 4.3 Muscarinic cholinergic receptor number (Bmax) and affinity (Kd) in
normal (N) and thyroidectomised (Tx) dam progeny brain regions at 20 and 30
postnatal days (pnd)
A)

Region

Age
(pnd)

Dam status

n

Bmax
(pmol/mg protein)

Kd
(nM)

Cerebral cortex

20

N
Tx
N
Tx

4
4
4
3

4.126 ±0.410
4.253 ±0.361
4.348 ± 0.757
2.724 ± 0.666

2.375 ±0.244
2.123 ±0.185
2.256 ±0.417
1.352 ±0.165

N
Tx
N
Tx

5
5
3
3

0.500 ± 0.078
0.305 ± 0.034
0.365 ±0.051
0.413 ±0.041

0.241 ±0.024
0.307 ± 0.032
0.372 ± 0.022
0.356 ± 0.067

N
Tx
N
Tx

6
6
5
5

1.588 ±0.197
1.245 ±0.173
1.556 ±0.253
1.172±0.138

0.615 ±0.059
0.595 ± 0.033
0.684 ± 0.078
0.610 ±0.057

N
Tx
N
Tx

5
6
5
5

1.620 ±0.132
1.737 ±0.241
3.066 ± 0.345
2.588 ± 0.364

0.641 ±0.062
0.895 ±0.113
1.163±0.171
1.381 ±0.132

30
Cerebellum

20
30

Brain stem

20
30

Subcortex

20
30

Values are mean ± SEM.
B) Bmax statistical analysis, NS - no significant difference
Brain stem

Subcortex

NS

NS

P < 0.001

NS

NS

NS

NS

NS

2-wav ANOVA

Cerebral cortex

Age

NS

NS
Age-treatment interaction NS

NS

Treatment

Cerebellum

Fisher’s PLSD
I. Treatment-related
NS at either age
II. Age-related

Cerebral cortex

Cerebellum

Brain stem

Subcortex

N dam

NS

NS

NS

P < 0.005

Tx dam

NS

NS

NS

P < 0.05

Brain stem

Subcortex

C) Kd statistical analysis, NS - no significant difference
2-wav ANOVA

Cerebral cortex

Cerebellum

Age

NS

P < 0.05

NS

P < 0.001

Treatment

NS

NS

NS

NS

Age-treatment interaction NS

NS

NS

NS

Cerebellum

Brain stem

Subcortex

Fisher’s PLSD
I. Treatment-related
NS at either age
II Age-related

Cerebral cortex

N dam

NS

NS

NS

P < 0.05

Tx dam

NS

NS

NS

P < 0.05
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Figure 4.12 Scatchard plots of cholinergic muscarinic membrane binding in normal
(open circles) and partially thryoidectomised (closed circles) dam progeny brain
regions at 20 pnd. The scatchard plots were only used to display the data, binding
parameters were calculated by non-linear regression.
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Table 4.4 (3-adrenergic receptor number (Bmax) and affinity (Kd) in normal (N) and
thyroidectomised (Tx) dam progeny brain regions at 20 and 30 postnatal days (pnd)
A)

Region

Age
(pnd)

Dam status

n

Bmax
(fmol/mg protein)

Kd
(nM)

Cerebral cortex

20

N
Tx
N
Tx

4
5
4
4

142 ±21
113+10
148 ± 20
109 ± 28

1.648 + 0.137
1.720 ±0.088
1.395 ±0.082
1.261 ±0.225

N
Tx
N
Tx

5
4
5
4

74 ± 7
40 ± 4*
108 ± 15
7 0 ± 11*

0.962 ±0.104
1.558 ±0.217**
1.161 ±0.074
0.947 ± 0.068

N
Tx
N
Tx

4
4
4
3

116± 12
53 ±7***
68+10
60 ± 9

1.652 ±0.141
1.783 ±0.299
1.358 ±0.202
1.852 ±0.092

N
Tx
N
Tx

5
4
5
5

100+12
55 + 2**
116±9
83 ± 8

1.549 ±0.140
1.221 ±0.159
1.115±0.110
1.006 ±0.130

30
Cerebellum

20
30

Brain stem

20
30

Subcortex

20
30

Values are mean ± SEM.
B) Bmax statistical analysis, NS - no significant difference
2-wav ANOVA

Cerebral cortex

Cerebellum

Brain stem

Subcortex

Age

NS

P < 0.01

NS

F <0.001

Treatment

NS

P < 0.005

P < 0.005

P < 0.001

NS

P < 0.05

NS

Age-treatment interaction NS
Fisher’s PLSD
I. Treatment-related

*P < 0.05, **P < 0.001 and ***P < 0.005 Tx vs. N dam progeny
II. Age-related

Cerebral cortex

Cerebellum

Brain stem

Subcortex

N dam

NS

P < 0.05

P < 0.005

P < 0.05

Tx dam

NS

NS

NS

P < 0.05

C) Kd statistical analysis, NS - no significant difference
2-wav ANOVA

Cerebral cortex

Cerebellum

Brain stem

Subcortex

Age

P < 0.05

NS

NS

P < 0.05

Treatment

NS

NS

NS

NS

P < 0.005

NS

NS

Age-treatment interaction NS
Fisher’s PLSD
/. Treatment-related
**P < 0.005 Tx vj. N dam progeny
II. Age-related

Cerebral cortex

Cerebellum

Brain stem

Subcortex

N dam

NS

NS

NS

NS

Tx dam

NS

P < 0.005

NS

NS
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Figure 4.14 Scatchard plots of P-adrenergic membrane binding in normal (open
circles) and partially thryoidectomised (closed circles) dam progeny brain regions at
20 pnd. The scatchard plots were only used to display the data, binding parameters
were calculated by non-linear regression.
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Figure 4.15 Scatchard plots of P-adrenergic membrane binding in normal (open
circles) and partially thryoidectomised (closed circles) dam progeny brain regions at 30
pnd. The scatchard plots were only used to display the data, binding parameters were
calculated by non-linear regression.

148

Receptor number in the subcortex, like the previous two regions, exhibited treatmentdependency. This parameter was also age-dependent, increasing by 1.2- and 1.5-fold in N
and Tx dam progeny respectively between 20 and 30 pnd. At 20 pnd, Tx dam progeny had
45% fewer receptors than controls, but no difference existed at 30 pnd due to the larger
ontogenic increase in Tx dam progeny. Affinity was age-dependent, tending to increase
slightly between 20 and 30 pnd, however this increase was not significant by post-hoc
analysis in either group.
4.2.3 D2 Dopaminergic receptor binding
In cerebral cortex, D2 receptor number was subject to age-treatment interaction, while
affinity was treatment-dependent (Table 4.5 and Fig. 4.16). In controls there was a 1.8fold increase in receptor number with age, whereas no change was seen in Tx dam
progeny. At neither age point, however was the difference between groups significant by
post hoc analysis. Affinity did not change with age in either group but was 20-40% higher
in Tx dam progeny relative to controls.
D2 receptor binding in cerebellum could not be accurately determined in either group due to
the low number of receptors present (463-466). In brain stem, receptor number was neither
age- nor treatment-dependent, however affinity was treatment-dependent and exhibited agetreatment interaction (Table 4.5). Thus in N dam progeny, affinity increased 2.2-fold
between 20 and 30 pnd, whereas in Tx dam progeny affinity was initially 231% higher
than in controls at 20 pnd, but then decreased by 55% at 30 pnd, such that there was no
significant difference between the two groups. Subcortical receptor number showed agedependency, tending to increase with age, but without significant differences by post-hoc
analysis. Affinity was insensitive to age and treatment.
4.3 Sum m ary of results
The presence of measurable activities for neurotransmitter metabolic enzymes at the earliest
time point studied, 14 dg, lends support to the theory that the neurotransmitters may play a
significant role in neural development before the onset of synaptogenesis (429,461).
Published data regarding pre- and postnatal ontogeny of these enzymes is incomplete, but
most studies indicate similar trends to those observed here, with specific activities of the
same order of magnitude (331,333,334,467-471). The exception is fetal brain DDC activity
(468-472), which has been reported to increase 4-6 fold from 16 to 19 dg, whereas in this
study an earlier increase between 14 to 16 dg was noted, followed by a decrease between
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Table 4.5 D2 dopaminergic receptor number (Bmax) and affinity (Kd) in normal (N)
and thyroidectomised (Tx) dam progeny brain regions at 20 and 30 postnatal days (pnd)
A)

Region

Age

Dam status

n

Bmax

Kd
(nM)

Cerebral cortex

20

N
Tx
N
Tx

4
4
4
4

175 ± 5
271 ±38
318143
228 ± 30

0.58910.098
0.94510.145
0.58410.075
0.733 10.084

N
Tx
N
Tx

4
5
4
4

163129
130115
124120
90110

1.18210.199
0.357 10.037*
0.53210.077
0.798 10.068

N
Tx
N
Tx

5
4
4
4

10719
164117
205 1 1 3
187147

0.409 10.036
0.388 10.056
0.55410.145
0.29310.031

30

Brain stem

20
30

Subcortex

20
30

Values are mean ± SEM.
Bmax statistical analysis, NS - no significant difference
2-wav ANOVA

Cerebral cortex

Brain stem

Subcortex

Age

NS

NS

P

Treatment

NS

NS

NS

NS

NS

Brain stem

Subcortex

NS

NS

NS

NS

Age-treatment interaction P

<0.05

< 0.05

Fisher’s PLSD
/. Treatment-related
NS at either age

Q

II. Age-related

Cerebral cortex

N dam

P

Tx dam

NS

<0.0005

Kd statistical analysis, NS - no significant difference
2-wav ANOVA

Cerebral cortex

Brain stem

Subcortex

Age

NS

NS

NS

Treatment

P

NS

Age-treatment interaction NS

<0.05
P < 0.0005

Fisher’s PLSD

Brain stem

Subcortex

< 0.005
P < 0.005

NS

<0.05

P

Cerebral cortex

NS

I. Treatment-related
*P

< 0.001

Tx vs. N dam progeny

II. A ge-related
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Figure 4.16 Scatchard plots of D2 dopaminergic membrane binding in normal (open
circles) and partially thryoidectomised (closed circles) dam progeny brain regions at 20
(left hand plots) and 30 (right hand plots) pnd. The scatchard plots were only used to
display data, binding parameters were calculated by non-linear regression.
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16 and 19 dg. Different methods of tissue preparation and enzyme assay were employed
and may explain the discrepancy.
Maternal hypothyroxinemia disrupted the ontogeny of several neurotransmitter enzymes. In
the fetal brain, MAO, ChAT and DDC all exhibited disturbed developmental profiles in Tx
dam progeny, however these changes occurred after 14 dg. MAO and ChAT showed
similar developmental profiles in N and Tx dam fetal brain, the increase in activities from
16 dg being less pronounced in Tx dam progeny compared to controls—with MAO activity
being more severely affected. Further study showed that the TH-sensitivity was MAO
isoform-specific, MAO-A being affected at 19 dg while MAO-B was not. DDC ontogeny
was markedly different as was the response to maternal hypothyroxinemia, since activity
remained unchanged from 16 to 21 dg in Tx dam fetal brain, whereas it declined during the
same period in controls. In postnatal brain, age- and region-specific differences were
apparent between N and Tx dam progeny, TyrH, DDC, MAO and, to a lesser extent,
AChE activities being increased in tx dam progeny relative to controls. Affected regions
were mainly those which undergo significant neurogenesis during fetal life, whereas
enzyme activities were unaffected in cerebellum, which develops largely postnatally in the
rat. Although no region was consistently affected, cerebral cortex appeared the most
severely disrupted region with regard to the number of different enzymes affected. In terms
of chronic effects however, brain stem was the only region which exhibited a change at 30
pnd (in DDC activity).
Generally, the binding kinetics displayed by the ligands in this study agree with those in the
literature (337-339,462,463), although there is variation, particularly for Kd. This is likely
to be due to methodological differences in tissue preparation and buffer used (473,474).
Muscarinic cholinergic receptors were unaffected by maternal hypothyroxinemia, but
showed distinct regional variation in receptor number and affinity. Indeed, these parameters
seemed inversely correlated such that regions with the highest receptor number, such as
cerebral cortex and subcortex, had the lowest affinities, whereas cerebellum exhibited low
numbers of high affinity receptors. This pattern is suggestive of co-operativity between
ligand and receptor, as previously reported in a study using quinuclidinyl benzilate to
investigate muscarinic cholinergic binding in rat brain (475).
In contrast, p-adrenergic receptor number varied considerably between N and Tx dam
progeny in several brain regions—particularly at 20 pnd. To a lesser extent, affinity was
also affected in a region- and age-specific manner. The cerebellum was most severely
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affected, the receptor number remaining depressed at 30 pnd and affinity perturbed at 20
pnd. Dopaminergic receptor affinity was more consistently affected than receptor number
by maternal hypothyroxinemia, Tx dam progeny tending to have higher affinity receptors
than controls. In contrast to the other neurotransmitter receptors studied, no binding could
be detected in cerebellum.
The ligands used in this study are relatively non-specific, for example both spiperone and
dihydroalprenolol are thought to also bind to serotonergic receptors (476-479). It is
possible therefore that changes in receptor affinity between age, region and treatment are
actually indicative of changes in receptor subtype populations rather than affinity per se. It
has also been suggested however, that receptor affinity may differ due to the local
membrane microenvironment (480). Non-linear regression analysis was unable to define
multiple binding sites with the data available, and confirmation would require a
considerably larger number of data points, and an extension of the range of ligand
concentrations studied.
Curiously, changes in p-adrenergic receptor binding occurred in the cerebellum whereas
enzyme activities were unaffected. This may indicate that enzyme and receptors activities
are modulated by different mechanisms. Alternatively, the disturbed neurotransmitter
pathway may originate in a TH-sensitive region and terminate in the cerebellum, such as the
noradrenergic pathway that arises from the locus ceruleus. In common with the metabolic
enzyme activities however, the monoaminergic system (p-adrenergic receptor binding in
particular) was more severely affected by maternal hypothyroxinemia than the cholinergic
system. This would suggest that the monoaminergic neurotransmitter system as a whole is
more susceptible to maternal hypothyroxinemia than the cholinergic system, however,
since this system comprises a range of neurotransmitters {e.g. dopamine, noradrenaline
and serotonin) further work is required to define which monoamines are affected.
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CHAPTER 5.
THE EFFECT OF MATERNAL
HYPOTHYROXINEMIA ON THYROID
HORMONE NUCLEAR RECEPTORS
IN DEVELOPING BRAIN
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5.1 Thyroid hormone nuclear receptor expression in fetal rat brain
The ontogeny of TRs in developing normal rat brain has been characterised at the mRNA
and protein level (section 1.6). In situ hybridisation studies (213,214) indicate that
mRNAs encoding T R a isoforms are expressed from 11.5 dg onwards, T R a2 being
predominant. TR pl expression is first seen at 12.5 dg at lower levels than, and confined
to, areas of T R al mRNA expression. TRp2 mRNA expression is first seen at 13.5 dg in
pituitary, with low levels also seen in striatum, hippocampus and neocortex near term.
More quantitative data utilising Northern hybridisation analysis has unfortunately focused
mainly on the postnatal period, with only one prenatal time point (usually 19 dg) being
investigated. Such studies show that TRa2 mRNA is the most abundant isoform in fetal
brain, followed by T R al then TRpi (210-212). Thereafter, studies show either no change
(212), or a steep increase in TRa2 mRNA expression between 19 dg and birth (210,211).
T R al mRNA expression increases during this period but there is uncertainty regarding the
magnitude of increase. TRpi mRNA has only been detected by Northern hybridisation at
19 dg in one study, which indicated a large increase in mRNA expression after this time
(210).
Protein levels do not consistently correspond to mRNA levels. Measurable T3 receptorbinding is apparent at 14 dg, increasing approximately 3-fold by 17 dg and then (unlike
mRNA), remaining stable until term (207). More recent studies using isoform-specific
antibodies indicate that the majority of T3-binding TR protein expressed during fetal
development is T R a l, which accounts for over 90% of binding at 19 dg (215).
Data regarding the effects of TH deficiency on brain TRs during fetal development are
scarce. A single study has investigated TR(3l mRNA ontogeny in connection with
materno-fetal hypothyroidism and found no effect (210). Another study reported that
matemo-fetal hypothyroidism tended to increase neonatal levels of T R al mRNA, with
T R a2 being less consistently affected (481). In terms of nuclear T3-binding, neonatal
hypothyroidism increases the number of T3 receptors, although affinity is unaffected
(404). Detrimental effects arising from an earlier insult have also been demonstrated, as
adult progeny of Tx dams exhibit an increased number of TR binding sites in the
cerebellum and palaeocortex relative to control progeny (397). Another study however,
using matemo-fetal hypothyroidism, failed to show any effect on T3 receptor binding in
nuclear extracts from fetal brains (207).
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5.2 Triiodothyronine nuclear receptor binding in fetal brain
5.2.1 Whole nuclei studies
Receptor number was dependent on age and treatment, with interaction between the two
parameters (Table 5.1). In N dam progeny, receptor number increased 1.5-fold from 16 to
19 dg, then remained stable up to 21 dg (Table 5.1 and Fig. 5.1). Receptor number was
elevated by 64% in Tx dam progeny at 16 dg, but normal at 19 dg due to the absence in
experimental progeny, of the ontogenic increase seen in controls between these ages. There
was however, an ontogenic increase in receptor number of 1.9-fold between 19 and 21 dg
in Tx dam progeny, resulting in 53% higher T3-binding at 21 dg compared with controls.
Receptor affinity was age-dependent, but unaffected by treatment (Table 5.1). In N dam
progeny, affinity increased by 43% from 16 to 19 dg, with no further change by 21 dg. A
similar ontogenic pattern was exhibited by Tx dam progeny.
5.2.2 Salt-extracted receptor studies
The changes in the Tx dam fetal brain whole nuclei receptor number seen here are in
contrast to those reported for salt-extracted receptor binding in a matemo-fetal hypothyroid
model (207). It is known however that chromatin-associated factors influence TR binding
parameters (482) therefore T3-binding in salt-extracted receptors was also studied.
In agreement with the literature (207), the number of extracted receptors was not
significantly affected by age or treatment (Table 5.2 & Fig. 5.2). Extracted receptor number
was higher than in whole nuclei except in extracts from 21 dg Tx dam progeny (Table 5.2
& Fig. 5.2). Indeed, the differences in receptor number in whole nuclei and extracted
receptor preparations declines with age, but only in Tx dam progeny do the estimates
converge.
Extracted receptor affinity was age- but not treatment-dependent. In N and Tx dam
progeny, affinity decreased 20-40% between 16 and 19 dg, then increased 70-80% by 21
dg. At 19 and 21 dg, extracted receptor affinity was lower than that found in whole nuclei
(Table 5.1 & Fig. 5.1).
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Table 5.1 Nuclear T3-binding in whole nuclei from normal (N) and partially
thyroidectomised (Tx) dam fetal brains
A) Kinetic parameters

Age

Dam

n

(dg)

Bmax

Kd

(fmol/mg DNA)

(nM)

N

5

105.16 ±6.12

1.907 ±0.231

Tx

5

178.14 + 23.54**

1.887 ±0.232

N

5

158.74 ± 6.32

1.088 ±0.130

Tx

6

163.12 ± 18.39

0.729 ± 0.063

N

5

199.62 ± 16.26

1.073 ±0.102

Tx

6

309.53 ± 33.94*

0.959 ± 0.089

16
•

19

21

values are mean ± SEM

B) Statistical analysis, NS - no significant difference
2-wav ANOVA

Bmax

Kd

Age

P < 0.0005

P < 0.0005

Treatment

P < 0.005

NS

Age-treatment interaction

P < 0.05

NS

Fisher’s PLSD
I. Treatment-related
*P < 0.01, and **P < 0.005 Tx V5. N dam progeny
II. Age-related

Bmax

Kd

19 vs. 16 dg

f <0.01

f <0.001

21 vs. 19 dg

NS

NS

19 vs. 16 dg

NS

P < 0.0005

21 vs. 19 dg

P < 0.0005

NS

N dam

Tx dam
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Figure 5.1 Scatchard plots of T3-receptor binding in whole nuclei from normal
(open circles) and partially thyroidectomised (closed circles) dam fetal brain.
Scatchard plots were used to display the data only—binding characteristics were
determined by non-linear regression.
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Table 5.2 T3-binding in extracted receptor preparations from normal (N) and
partially thyroidectomised (Tx) dam fetal brains

A) Kinetic parameters

Age

Dam

n

(dg)

16
•

19

21

Bmax

Kd

(fmol/mg DNA)

(nM)

N

5

256.70131.72

2.055 ± 0.147

Tx

5

261.24 ± 33.97

2.205 ± 0.258

N

9

271.49 ±20.28

2.878 ± 0.185

Tx

6

286.67 ± 28.79

2.700 ± 0.247

N

6

274.72 ± 27.67

1.57410.186

Tx

5

291.72 ±27.97

1.571 ±0.209

values are mean ± SEM

B) Statistical analysis, NS - no significant difference
2-wav ANOVA

Bmax

Kd

Age

NS

P < 0.0005

Treatment

NS

NS

Age-treatment interaction

NS

NS

Bmax

Kd

19 vs. 16 dg

NS

P < 0 .0 1

21 vs. 19 dg

NS

P < 0.0005

19 v.y. 16 dg

NS

NS

21 vs. 19 dg

NS

P < 0.005

Fisher’s PLSD
7. Treatment-related
NS at any age
11. Age-related
N dam

Tx dam
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Figure 5.2 Scatchard plots of T3-receptor binding in extracted receptor preparations
from normal (open circles) and partially thyroidectomised (closed circles) dam fetal
brain. Scatchard plots were used to display the data only—binding characteristics were
determined by non-linear regression.
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5.3 Thyroid hormone receptor isoform mRNA ontogeny
The binding studies indicate that the differences in whole nuclei receptor number between
N and Tx dam progeny, may be due to chromatin-associated factors rather than differences
in the number of receptor proteins per se. This does not however rule out an effect of
maternal hypothyroxinemia on TR mRNA levels. Furthermore, it is not possible to study
the non-T3 binding isoform, TRa2, with binding assays, therefore TR isoform mRNA
levels were studied in N and Tx dam fetal brain.
5.3.1 Northern hvbridisation studies
Blots were first probed with the TR common probe (section 2.6.4). After washing,
membranes were exposed to Hyperfilm, initially for 18 h (Fig. 5.3). Although the TRa2
mRNA band at 2.6 kb was clearly visible, the T R al signal (consisting of the characteristic
doublet at 5.5 and 6.1 kb) was very faint and TRpi could not be seen at all. A longer
exposure (3 weeks) neither revealed TRpl nor produced a stronger T R al signal relative to
background.
In an attempt to improve the strength of the T R al signal, the membranes were stripped and
re-probed with the T R a l specific cDNA probe. An initial exposure for 3 nights on
Hyperfilm (Fig. 5.4) produced a similar result to the TR common probe, with non-specific
binding to the T R a2 mRNA clearly visible, while T R a l mRNA binding was not
enhanced. It should be noted that non-specific binding of T R al probes to TRa2 mRNA is
not unusual and has been previously reported (211). Membranes were then exposed to the
more sensitive Biomax film, however even after 40 h exposure, T R al signals were not
greatly enhanced relative to background. The TRa2 specific probe was not used, since the
TR a common probe had already effectively detected TRa2 mRNA levels.
Stripping and re-probing with TR pl cDNA was unsuccessful, with no signal being
detected after overnight exposure to Biomax film (data not shown). This result, in view of
the T R a l signal strength, was not particularly surprising as fetal brain TR pi mRNA is
thought to be present in much lower levels than T R a l. Failure to detect TRpl was not due
to the probe being defective, since it successfully detected TRpl at 6.5 kb in several adult
rat tissues (Fig. 5.5). After stripping once more, membranes were finally probed with an
IBS rRNA oligonucleotide probe. A strong signal was apparent after 5 h exposure to
hyperfilm (Fig. 5.3), indicating that RNA degradation was unlikely to be the reason for the
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Figure 5.3 Ontogeny of TRa isoform mRNAs in normal (N) and partially
thyroidectomised (Tx) dam fetal brain by Northern hybridisation. A) A representative
autoradiograph of TR al and TRa2 mRNA in fetal brain using a TR common cDNA
probe. Membranes were exposed for 18 h to Hyperfilm. B) The same autoradiograph
after stripping and re-probing with the 18S oligonucleotide. Membranes were
exposed to Hyperfilm for 5 h. C) TRa2 mRNA ontogeny relative to 18S in N (open
bars) and Tx (closed bars) dam fetal brain. Values are mean ± SEM, n is indicated in
the bars. 2-Way ANOVA indicated age {P < 0.0005) and treatment {P < 0.05) effects.
In addition, P < 0.0005 for 19 vj. 16 dg in both groups by Fishers PLSD.
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Figure 5.4 Northern hybridisation of TR al cDNA probe to total RNA from
normal (N) and partially thyroidectomised (Tx) dam progeny fetal brain, after
18 h exposure to hypeifilm.
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Figure 5.5. Northern hybridisation of TRpl cDNA probe to total RNA from
normal adult liver (Lane A), kidney (Lane B) and brain (Lane C), after 3 nights
exposure to Biomax film.
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failure to detect T R al (at quantifiable levels) or TRpl. Rather, it is likely that the levels of
T R a l and p i mRNA were too low for reliable detection by this method. Levels of TRa2
mRNA were however detectable and, after normalisation by 18S, the ontogeny of this
species in N and Tx dam fetal brains was calculated (Fig. 5.3).
The expression of TRa2 mRNA was age- and treatment-dependant (Fig. 5.3). In N and Tx
dam progeny, levels increased between 16 and 19 dg by 3.4 to 3.8-fold. A treatment effect
was apparent by 2-way ANOVA largely due to an overall trend for TRa2 mRNA levels to
be increased in Tx dam progeny—though expression at no single age was judged to be
significantly different by Fishers PLSD.
5.3.2 Semi-quantitative RT-PCR
The results of the Northern hybridisation studies indicated that a more sensitive method
was required to investigate T R al and TRpl mRNA ontogeny. Analysis by RT-PCR was
therefore used. RT samples from N and Tx dam fetal brains at 16, 19 and 21 dg were used
in PGR reactions with each primer set under optimised conditions (Table 2.3). PGR results
from the TR isoforms were expressed relative to 18S PGR amplification of the same RT
samples (Fig. 5.6). T R al was age- but not treatment-dependent, with both groups showing
an increase (of between 2- to 2.6-fold) from 16 to 21 dg. TRa2 expression was similarly
age- but not treatment-dependent, although there was some evidence of differential TRa2
ontogeny between N and Tx dam progeny. In N dam progeny, T R a2 mRNA levels
increased 2.4-fold between 16 and 21 dg, whereas in Tx dam progeny the increase (of 1.9fold) was limited to between 16 and 19 dg. TRa3 mRNA levels showed age-dependency
but also tended towards significant treatment-dependency (P = 0.0553); mRNA levels
increased 2.8-fold in controls, and 3.9-fold in Tx dam progeny, with a trend for higher
levels at 19 and 21 dg in the latter group. The TRa2 signal seen by Northern hybridisation
analysis comprises of both TRa2 and TRa3 species since they migrate at the same rate,
therefore the PGR signals were combined (Fig. 5.7). As expected, age-dependency remained;
the TRa3 component being too small to have any effect on overall treatment-dependency.
Both groups showed ontogenic profiles essentially the same as for T R a2 alone. TRpl
mRNA, like the other TR isoforms, showed age-dependency, albeit to a lesser degree with
levels increasing 1.4-fold in both groups. No treatment-related effects were observed (Fig.
5.6). The TR a2:TR a3 ratio did not alter significantly with age or treatment (Fig. 5.7).
Similarly the T R al:T R a2 and T R aL T R pl ratios were not age- or treatment-dependant,
suggesting they are coordinately expressed during the period of study (Fig. 5.7).
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Figure 5.6 RT-PCR of TR isoforms in normal (open circles) and partially
thyroidectomised (closed circles) dam fetal brains. Each point represents mean ±
SEM of 3 separate experiments. 2-Way ANOVA indicates age-effects {P < 0.0005)
for T R al, TRa2, TRaB and TRpl but no treatment or age-treatment interactions, t
P < 0.05 for N dam fetal brain; ^ f < 0.05 and
P < 0.01 for Tx dam fetal brain,
higher vs. lower age by Fishers PLSD.
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Figure 5.7 TR isoform expression ratios/combination in normal (open circles)
and partially thyroidectomised (closed circles) dam fetal brains. Each point
represents mean ± SEM of 3 separate RT-PCR experiments. 2-Way ANOVA
indicates an age-effect (P < 0.0005) for TRa2+TRa3 but no treatment or agetreatment interactions. P < 0.05 and P < 0.005 for Tx dam progeny, higher
vs. lower age by Fishers PLSD.
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5.3.3 Southern hvbridisation of PCR products
To confirm the identity of the PCR products amplified, Southern hybridisation analysis
with specific oligonucleotide probes was employed (section 2.6.1 A & Table 2.4). For 18S
and T R al PCR product characterisation, a complete set of samples from all three template
dilutions were blotted and probed (Fig. 5.8). For the other isoforms, samples were taken
from a single set of dilutions and probed as this gave a cleaner picture. After washing under
standard conditions, it was found that the TRa2 specific probe also bound to the TRa3
PCR product. Washing at higher stringency (0.5 x SSC/0.1 % SDS at 78 °C) removed the
T R a3-bound probe while retaining the T R a2 signal. The cross-hybridisation was
subsequently found to be due to 40% homology between the TRa2 specific probe and the
TRa3 product sequence. Otherwise, the probes confirmed the identities of the products as
expected (Fig. 5.8).
5.4

Summary of results

5.4.1 T3-receptor binding assavs
Fetal brain T3-receptor binding varied depending on whether whole nuclei or extracted
receptors were used. In general, receptor number was increased and affinity decreased in
extracted receptor preparations relative to whole nuclei at the same age. Extraction of
nuclear receptors therefore not only alters their binding properties, but also seems to reveal
hidden sites/receptors. In whole nuclei, receptor number increased with age between 16
and 19 dg, whereas extracted receptor number did not change. The latter result is in general
agreement with Perez-Castillo et.al. (207), who found that after an initial 3-fold increase in
receptor number between 14 dg and 17 dg, levels were static until birth. Affinity was agedependant in whole nuclei and extracted receptors, albeit in different ways. Extraction of
receptors also abolished any treatment effects observed between N and Tx dam progeny,
indicating that these differences may have been due to chromatin-associated factors. Such
factors cannot however account for the differences in extracted-receptor affinity at different
stages of gestation and it is possible that the receptors are directly modified during
development, possibly by phosphorylation (198).
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Figure 5.8 Southern hybridisation of specific olignucleotide probes to RT-PCR
products from normal (N) and partially thyroidectomised (Tx) dam fetal brains
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16dgN

5.4.2 TR isoform mRNA expression
The inability to reliably detect T R al and TRpl mRNA by Northern hybridisation was not
too surprising, given the low levels of expression of these isoforms during fetal
development. TRa2 transcripts were however detected by Northern hybridisation and RTPCR analysis results and, given the relatively high margins of error in both methods, the
results of both studies are in reasonably good agreement. Both indicate that TRa2 mRNA
levels increase between 16 and 21 dg to a similar degree (i.e. 3.4- to 3.8-fold vs. 2.1- to
2.4 fold increase). Although only the Northern analysis indicated a significant treatment
effect, a similar trend is seen in the RT-PCR data, especially with regard to TRa3, which
would be a component of the signal seen on the autoradiographs after Northern
hybridisation. Despite this however combining the RT-PCR data for TRa2 and TRa3 did
not produce a significant difference—probably due to the low number of litters used in the
study.
As measured by RT-PCR, T R a l and TR pl showed ontogenic increases in mRNA
expression—in agreement with published studies (210,211). Relative to T3-binding in
whole nuclei, the magnitude of ontogenic increase was greater—this discrepancy between
mRNA and protein levels is not unusual for TRs (210,211,217). In addition, no treatmentrelated effects were found in mRNA expression, suggesting that the differences observed
in T3-binding were due to post-transcriptional modification. Indeed, this was also indicated
by the abolishment of treatment effects in extracted receptor studies. The effect on TRa2/3
however, may be transcriptional but it is not known whether these changes in mRNA
expression result in altered TRa2 protein levels.
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CHAPTER 6.
DISCUSSION

171

The effects of TH on neonatal brain development in the rat have been intensively studied in
models of congenital hypothyroidism and several genes have been shown to be THresponsive during this period (289). In the past decade, it has become apparent that the
early fetal brain, in both rats and humans, is also dependent on TH for normal
development. Thus, the period of TH-dependency exists prior to the onset of fetal TH
synthesis (occurring at 17.5 dg in rats and between 10-24 wg in humans) such that
maternally derived TH, T4 in particular, is required. Indeed, transfer of T4 from mother to
fetus has been demonstrated in both rats and humans (49,51). TH deprivation as early as
the first trimester in humans results in irreversible neurological defects, the degree of deficit
being related to the extent of maternal hypothyroxinemia (306,311). Studies in rat models
of maternal hypothyroxinemia have indicated that experimental progeny also exhibit regionspecific disturbances in brain biochemistry and behavioural abnormalities (406). In
comparison to the effects of congenital hypothyroidism however, this area has not been
extensively studied and targets for TH in fetal brain remain to be elucidated.
Many of the actions of TH are thought to be mediated by their nuclear receptors, TRs. In
recent years, several candidate genes have been proposed to be under TH control during
neonatal rat brain development (section 1.7.2). Most of these genes however, are unlikely
to be implicated during early development; either because they are not expressed prior to
fetal TH synthesis (e.g. the myelin protein genes), or they are developmentally regulated
with regards to their TH responsiveness. For example, PCP-2 gene expression is repressed
by, as yet unidentified, proteins during fetal development and is therefore only TH
responsive during postnatal and adult life (483); a similar mechanism of action is thought to
prevent TH-regulation of RC3 gene transcription before 10 pnd. Indeed, there is still
scepticism regarding the importance of TH during fetal development (484), despite
evidence to the contrary— such as the presence of TH and TRs in fetal brain before the
onset of fetal thyroid function and the irreversible neurological dysfunction seen in children
of hypothyroxinémie mothers. This thesis therefore attempted to examine in further detail
the role of maternal thyroid status during pregnancy in fetal brain development and to
identify possible targets for TH during this period. Identification of such TH-regulated
processes may be useful in developing therapies to combat the consequences of an in utero
TH deficit.
The actions of T3 appear to be mediated largely through TRs, it seemed logical therefore to
assess the effect of maternal hypothyroxinemia on fetal brain TR ontogeny. There are
several in vitro and in vivo studies suggesting that T3 influences TR expression. For
example, T3 up-regulates TR|3l mRNA expression in cultured astrocytes, albeit without
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effect on T3 nuclei binding levels (165). In addition, neonatal hypothyroidism increases
T3-receptor binding in rat brain (404) and elevated TR number is also seen palaeocortex
and cerebellum of adult Tx dam progeny (397).
Neurotransmitter systems are also likely targets for TH action in the fetal brain, particularly
the cholinergic and catecholaminergic systems. Not only are they T3-sensitive in models of
congenital hypothyroidism (section 1.7.2) and in vitro (section 1.7.3), but changes in
cholinergic metabolic enzymes have been observed in adult Tx dam progeny (section
1.7.4.1). Given the likely role of neurotransmitters and their metabolic enzymes as growth
factors in early fetal brain, it is important to assess the extent to which their ontogeny is
affected by maternal hypothyroxinemia.
6.1 Animal model
The effects of maternal hypothyroxinemia on parameters of growth and development in the
current study are largely in agreement with previous studies using the same model
(398,408). Some differences are apparent however, for example a previous study using
this model indicated reduced brain weight at 15 dg and some alterations in brain protein and
DNA (408). These differences may be dependent on the degree of hypothyroxinemia
induced; T4 levels in the Tx dams in the earlier study were only 20-30% of controls
throughout gestation (408), compared 30-50% in this study. Similarly, models of overt
hypothyroidism exhibit prolonged changes in brain protein and DNA levels, as well as
reduced brain and body weights (411). The range and duration of compromise in these
parameters may therefore be correlated to the severity of hypothyroxinemia/hypothyroidism
in the experimental dams. As maternal TH levels fall however, it becomes increasingly
difficult to separate effects caused directly by the TH deficit on the fetus from those caused
indirectly via metabolic compromise in the dams (413,414). It is important therefore that
such confounding factors are minimised, if not eliminated. To this end, rats were only
partially thyroidectomised in this study, resulting in the aforementioned reductions in T4
levels; further, T3 levels were unaffected at 14 dg and reduced by only 30-40% at later
stages of gestation. Thus, in terms of circulating TH levels, the Tx dams exhibit
hypothyroxinemia rather than overt hypothyroidism. Given the high serum TSH levels in
the Tx dams throughout pregnancy however, some degree of tissue hypothyroidism cannot
be ruled out. Nevertheless, the results of the current study strongly suggest that maternal
metabolic compromise did not play a major role in disrupting fetal brain development, since
parameters of growth such as brain weight, protein and DNA were normal pre- and
postnatally. Of particular relevance in this respect is the normal development of the
cerebellum. This brain region is prone to nutritional deficiency and is therefore a sensitive
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indicator of deficits arising from maternal compromise. Furthermore, body weight also
normalised in postnatal Tx dam progeny.
Placental dysfunction is also unlikely to have impinged upon fetal development to any
major degree. Previous studies using this model show that placental development is largely
unaffected (408) and in the current study, most placental parameters, such as weight, were
normal and those that were affected, i.e. protein content and protein:DNA ratio, were
reduced only at 19 dg. One result that may be due to maternal or placental compromise is
the reduction in the number of viable Tx dam progeny at birth. The Tx dams may have
trouble giving birth, alternatively sickly pups may be cannibalised by the dam or they may
die through maternal neglect. Whatever the reason, it should be emphasised that the
surviving progeny exhibit normal parameters of growth, such as brain weight, and protein
and DNA levels. Therefore the reduction in litter number at birth is unlikely to be a sign of
fetal malnutrition.
Fetal brain TH levels were not determined in this model, however in a study utilising a
slightly different model of maternal hypothyroxinemia (achieved by radiothyroidectomy),
but with similar reductions in maternal serum TH levels, fetal brain TH was decreased by
50% (326). This is despite the operation of brain-sparing mechanisms such as increased
5'D-II activity (85). Nevertheless, some degree of brain-sparing was seen in the current
study as fetal brain weights were normal even though fetal body weights were reduced.
Fetal and postnatal brain protein and DNA levels were also unaffected. It was assumed that
the onset of fetal thyroid function normalised Tx dam fetal brain TH levels. This
assumption is supported by data from a maternal hypothyroid model in which fetal brain
TH levels in the experimental group were normal relative to controls at 20 dg, despite
serum TH levels in the dams being below the limit of detection (411).
6.2 Maternal hypothyroxinemia and thyroid hormone receptor ontogeny
Maternal hypothyroxinemia resulted in increased T3 receptor number in whole nuclei at 16
and 21 dg, but not at 19 dg; no effect was observed on receptor affinity at any age. An
increase in receptor number has also been reported in neonatal hypothyroid rat studies
(404,485). No differences in receptor number or affinity were seen between N and Tx dam
fetal brains when receptors were salt-extracted— as noted in previous studies (207).
Receptor number was generally increased and affinity decreased, in extracted receptor
preparations compared with whole nuclei. It could be argued that the increased receptor
number observed in whole nuclei from brains of Tx dam progeny at 16 dg was due to a
lack of endogenous T3 compared with controls—hence more receptors are available to bind
174

exogenous T3 label. This would not however account for the increased receptor number
seen at 21 dg, as brain TH levels are likely to have normalised at this age. In addition, the
incubation time of 30 min used in the assay should have been sufficient to allow
endogenous T3 to dissociate (486), not to mention the nuclei preparation time.
Of the two assay methods, the whole nuclei preparation is more physiologically relevant.
Comparison of binding parameters from whole nuclei and extracted receptor preparations
suggests that at earlier stages of gestation in particular, some binding sites are masked in
whole nuclei. This masking process appears to be developmentally regulated—more sites
becoming available as gestation progresses. The regulation of this process seems disturbed
in Tx dam fetal brain, so that more binding sites are accessible to T3 at 16 and 21 dg. Little
is known regarding the factors governing T3 access to receptors; with the advent of
recombinant DNA techniques research has focused on regulation of transcription and TRDNA binding (section 1.6.3.1). Earlier studies however, suggested that chromatinassociated factors modulated y/T3-TR binding (482) and it has been suggested that histone
acétylation is one of the processes involved (485). Recent studies have focused on the role
of histone acétylation in the activation of transcription (182,183), however alteration of
chromatin structure by acetylation/deacetylation could also mediate T3 access to receptors.
Thus maternal thyroid status may directly modulate the transcription of one or more of the
regulatory proteins involved in determining chromatin structure.
An alternative explanation is that T3 transport through the nuclear membrane is enhanced
by maternal hypothyroxinemia, thus during the whole nuclei assays more T3 crossed the
nuclear membrane and bound to T3. Indeed, there is evidence for a stereospecific transport
mechanism for T3 into the nucleus (487). This would be an adaptive response to the fetal
brain TH deficit, allowing whatever T3 was available to enter the nucleus rather than stay in
the cytoplasm. As T3 is normally preferentially localised in the nuclei however (487), it is
questionable how effective this mechanism would be. Of the two explanations, the former
can best account for the effects of maternal hypothyroxinemia, since the unmasking of
additional receptors without extra T3 being present (as in 16 dg Tx dam fetal brain) may
repress transcription via an increase in unliganded TR homodimer concentration
(156,191,192). In either case, the results argue against a direct effect of T3 on the T3binding receptors since no changes were seen in extracted receptor preparations.
The effects of maternal hypothyroxinemia on the mRNA levels of TR isoforms were less
conclusive. There appeared to be no significant effect on the mRNA levels of the T3
binding isoforms—consistent with the results of the extracted receptor studies. Analysis of
TRa2 mRNA using Northern hybridisation however indicated a general increase in steady175

State levels of this isoform between 16 and 21 dg as a result of maternal hypothyroxinemia.
The RT-PCR data did not suggest a significant difference between N and Tx dam fetal
brain, but the general pattern was similar. It has been reported that materno-fetal
hypothyroidism increases neonatal T R a l mRNA expression in most brain regions,
whereas T R a2 and TR a3 mRNA levels are less consistently affected (481). The
discrepancies between these findings and the current study are probably due to the different
extent and timing of TH deficit.
Little is known regarding the role of TRa2 apart from in vitro studies suggesting it may
play a dominant negative role in TR-mediated transcription (149,150,152); even less is
known about the role of TRa3. Thus, it may be possible to speculate that increased TRa2
levels in Tx dam fetal brain would result in further inhibition of TR-mediated transcription.
This assumes however that the increased mRNA levels would be reflected by increased
protein levels and it is well established that TR mRNA and protein levels do not always
correspond (211). Nevertheless, recent studies using TR-knockout mice have indicated that
TRa2 may play a critical role during early development (section 1.6.6) and merits further
investigation.
6.3 M aternal

hypothyroxinem ia

and

cholinergic

and

m onoam inergic

neurotransmitter systems
6.3.1 Fetal brain neurotransmitter enzvme onto gen v
In Tx dam fetal brain, total MAO activity was reduced at 16 and 19 dg, relative to controls;
a similar pattern was seen for ChAT— albeit the effects were not so pronounced. These
results resemble those seen in neonatally hypothyroid rat and cell culture studies.
Combined matemo-fetal (488) and neonatal hypothyroidism (489) have both been shown
to reduce MAO activity in brain. Furthermore, MAO-A activity is TH-responsive in
neuroblastoma cell lines (391) and was reduced by maternal hypothyroxinemia in the
current study, at least at 19 dg. ChAT activity is also reduced by postnatal hypothyroidism
in rat (490,491) and is induced by T3 in neuronal cultures (383,384). It is feasible
therefore that TH regulates MAO and ChAT activities through common mechanisms during
fetal and postnatal development. In postnatal brain, TH is generally thought to act via TRs
(section 1.6). In normal fetal brain, TR binding increases 1.5-fold from 16 to 19 dg,
coincident with the increase in ChAT and MAO activity, whereas in Tx dam fetal brain TR
binding is higher than controls at 16 dg before normalising at 19 dg—coincident with the
reduced ChAT and MAO activities. This suggests a possible direct effect by T3 on these
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enzymes, whereby reduced levels of T3 in 16 dg Tx dam fetal brain together with higher
than normal levels of unliganded TRs leads to transcriptional repression of ChAT and
MAO-A genes. Indeed, several potential TREs have been localised in the 5 ' flanking region
of the human ChAT gene and T3 induced transcription of this gene in a fusion gene
construct in neuronal cell lines (492). TR binding activity and, probably, TH levels
normalise in Tx dam fetal brain at 19 dg (411) however, whereas MAO and ChAT activities
remain disturbed at this age. Nevertheless, T3 is unlikely to be the only factor regulating
these enzymes and other mediators may be responsible for the divergence between T3-TR
binding and enzyme activity.
TyrH and AChE have also been shown to be affected by postnatal thyroid status
(332,493), however in this study they were unaffected prenatally by maternal
hypothyroxinemia. Examination of the literature suggests that a hierarchy of THresponsiveness exists for the enzymes investigated in this study. Thus, TyrH activity was
less TH-sensitive than ChAT to postnatal hypothyroidism (491) or MAO-A in
neuroblastoma cells (391). In addition, AChE is less responsive to T3 treatment than ChAT
in neuronal cultures (383,384). It is feasible therefore that prenatal changes in brain AChE
and TyrH activities may occur in more severe cases of maternal thyroid dysfunction than
those induced in this study. Similar hierarchical responses to increasing T3 doses have
been demonstrated for several parameters in pituitary cell lines (494,495). The mechanisms
behind the hierarchy of TH-responsiveness are unknown, but may be related to the
differing ligand-receptor sensitivities displayed by TREs (169). Thus ChAT and MAO
genes may contain TREs that have a relatively high sensitivity for T3-induced
transactivation compared with those in the other, less TH-sensitive enzymes. Alternatively,
different mechanisms of T3 action may be responsible, for example, it has been reported
that T3 stabilises AChE mRNA stability in Neuro-2A cell culture (359). These indirect
mechanisms may be less susceptible to a TH-deficit than the direct ones which perhaps
mediate ChAT and MAO activities. This is of course highly speculative and further work is
required such as the screening of the upstream sequences of the genes encoding these
enzymes for TREs.
The prenatal ontogeny of DDC was also disturbed in Tx dam progeny, but only at 21 dg,
when the enzyme activity was 58% higher than control brain. As fetal brain TH levels
should have normalised by this age, this is unlikely to be a direct effect. Indeed, unlike the
other enzymes in this study, postnatal dysthyroidism has little effect on DDC activity (496).
The altered ontogeny of DDC activity suggests that a proportion of the neurons containing
this enzyme do not undergo apoptosis, in contrast to controls. DDC is ubiquitously
expressed however, and it is unlikely to have been catecholaminergic neurons that were
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affected since TyrH did not show a similar pattern. It may be serotonergic neurons that
were affected therefore, since DDC also plays a role in serotonin synthesis (443).
6.3.2 Postnatal neurotransmitter system dysfunction
Chronic effects arising from the original insult were evident in catecholaminergic metabolic
enzymes and receptors. The cholinergic system, at least those aspects investigated, were
unaffected postnatally despite the observed disruption to ChAT ontogeny prenatally. At
variance with these results, earlier work on adult Tx dam progeny showed region-specific
disturbances in brain ChAT and AChE activities (427). A possible explanation for this
difference could be that the changes in adult progeny reflects covert disturbances which
become apparent over time—perhaps indicating premature degeneration. Alternatively, the
more severe maternal hypothyroxinemia induced in the study of adult progeny, where T4
levels were depressed to 10% of controls, may account for the long term disturbances in
these parameters (427).
Postnatal disturbances in catecholaminergic enzymes were confined to brain regions in
which neurogenesis occurs during early gestation (52). DDC activity was elevated in brain
stem and cerebral cortex, indicative of long term or, in the case of brain stem, permanent
compromise to monoaminergic neurons. Changes were also apparent for TyrH in cerebral
cortex and MAO in brain stem. Fetal TyrH activity appeared unaffected by maternal
hypothyroxinemia. The postnatal effect on TyrH may indicate that the fetal changes were
highly localised and therefore effectively masked since whole brain was studied. As the
region affected postnatally was cerebral cortex however, which comprises ca. 60% of total
brain weight this is unlikely. Alternatively, TyrH may not have been affected directly by the
fetal TH deficit but its later ontogeny became disturbed as a result of the desynchronisation
in development. Cerebellum was unaffected possibly because this region develops largely
after the onset of fetal TH synthesis and only those neurons exhibiting developmental
lability at the time of insult are susceptible to a deficient TH environment (425).
All of the enzymes affected postnatally showed increased activities. The reason for this is
unknown but, as proposed for the increased fetal DDC activity, it may reflect elevated
numbers of neurons expressing these enzymes. Of the three enzymes studied, only TyrH is
specifically localised in catecholaminergic neurons. The increased activity of TyrH in the
cerebral cortex, together with DDC, is therefore suggestive of elevated numbers of
catecholaminergic neurons in this region. Both DDC and MAO have multiple substrates and
are widely expressed and it is possible that their increased activities reflect perturbation of
other aspects of the monoaminergic system, such as serotonin metabolism for example.
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Neurotransmitter receptor binding was also studied in postnatal animals to further
investigate the chronic effects of maternal hypothyroxinemia. Like the enzymes,
monoaminergic receptors exhibited region-specific altered postnatal ontogeny as a result of
maternal hypothyroxinemia, whereas cholinergic muscarinic binding was unaffected. Thus,
in terms of long term changes at least, the monoaminergic system is more susceptible to
maternal hypothyroxinemia than the cholinergic system, p-Adrenergic receptor number was
decreased in the cerebellum, brain stem and subcortex of Tx dam progeny relative to
controls, whereas dopaminergic D2 receptor number tended to be lower in the cerebral
cortex. Receptor affinity was less consistently affected, with P-adrenergic receptors
exhibiting reduced affinity in cerebellum while dopaminergic D2 receptor affinity was
increased in brain stem. The effects on receptor number at least, seem to be similar to those
seen in congenital hypothyroid models. For example, p-adrenergic receptor number was
decreased in cerebellum and forebrain as a result of postnatal hypothyroidism (338).
Similarly, D2 dopaminergic receptor number, was decreased in striatum of neonatal
hypothyroid rats (341). Neither study showed any effect on receptor affinity as a result of
hypothyroidism, although hyperthyroidism decreased dopaminergic receptor affinity in the
latter study. Neonatal hypothyroidism also affects cholinergic muscarinic receptor
ontogeny, but only in the cerebellum, where receptor number was decreased at 21 pnd but
increased at 35 pnd relative to controls (337). Interestingly, a similar trend was seen in the
current study, the lack of statistical significance may be due to the different ages studied, or
the degree of TH deficit. A more likely explanation however is the difference in timing of
the insults i.e. the changes occurring in the congenital hypothyroid models arise directly
from the altered TH environment whereas the changes observed in the current study occur
when brain TH levels are normal and therefore reflect chronic compromise in these
parameters due to the earlier fetal TH deficits.
As discussed previously (section 4.3), differences in receptor affinity as measured by these
ligands are probably a result of changes in heterogenous receptor populations. Thus
maternal hypothyroxinemia is unlikely to alter receptor affinity per se, rather it alters the
proportion of different receptors as characterised by the changes in overall affinity. For
example, in cerebellum, at least at 20 pnd, not only are there less p-adrenergic receptors in
Tx dam progeny, but their affinity is also lower—suggesting that it is the relatively high
affinity receptor population that is deficient. By 30 pnd, although receptor number is still
deficient, affinity has increased to that in controls. Relative to 20 pnd however receptor
number has increased in Tx and N dam progeny, it is possible therefore that the increase in
receptor binding seen in Tx dam progeny comprises the higher affinity receptor population
that was subnormal at 20 pnd. Regions where receptor number changes without affecting
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affinity are probably indicative of relatively homogenous receptor populations. Changes in
affinity without altered receptor number, such as those seen for dopaminergic D2 receptor
binding in cerebral cortex, are harder to explain. There are studies however that suggest
that the D2 receptor exists in high and low affinity states (497,498), therefore it is possible
that in the example mentioned above the high affinity state predominates in Tx dam progeny
cerebral cortex at this age.
Curiously, the cerebellum not only displayed altered |3-adrenergic receptor binding but was
also the only region where the changes (in receptor number) persisted to 30 pnd. These
changes in cerebellum are puzzling given that no changes in metabolic enzyme activities
were seen in this region. Indeed, the cerebellum develops largely postnatally and should
therefore be relatively protected from the effects of maternal hypothyroxinemia.
Nevertheless, alterations in TH levels during development can alter the neuronal pathways
(337) and the changes may therefore arise from alterations in noradrenergic pathways
which develop in more vulnerable areas, but terminate in the cerebellum, namely the axons
arising from the locus ceruleus (443). This suggests that damage arising from an early
insult not only persists after correction of TH brain levels but may also disrupt the
development of regions not directly affected. Alternatively, the disparity between the effects
of maternal hypothyroxinemia on neurotransmitter metabolic enzymes and receptors may be
due to different underlying causes such as disturbances in other growth factors as detailed
below.
6.2.3 Suggested mechanisms of thyroid hormone-induced changes in brain development
As discussed earlier, maternal TH status may directly affect the activity of MAO and ChAT
in fetal brain, however the long term changes, in the monoaminergic system in particular,
are indicative of more widespread disruption. Brain development is a highly synchronised
process incorporating many different regulatory signals. Disruption of one of these signals,
namely T3, may have knock-on effects such that other regulatory signals are also affected.
This catastrophic scenario is likely to be the principle cause of the chronic changes seen in
this study and there are several developmental mediators that may be affected either directly
or indirectly by the TH deficit in the fetal brain.
There is increasing evidence that neurotransmitters have neurotrophic roles in early
gestation (429,430) which are probably mediated through their receptors. A range of
neurotransmitter receptors are expressed in rat fetal brain (432,466,499-507) which may be
targets for maternal TH. Changes in neurotransmitter receptor binding are likely to arise
either through direct effects on receptor gene expression, or as a result of altered
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neurotransmitter levels. There is evidence to support both possibilities; a- and P-adrenergic
receptor mRNA expression is disturbed in a tissue-specific manner by hypothyroidism in
adult rats (508), although brain was not studied, and postnatal hypothyroidism has also
been shown to alter neurotransmitter levels in rat brain (330,331). It remains to be
determined whether maternal hypothyroxinemia induces similar effects, nevertheless it is
feasible that altered neurotransmitter function prior to synaptogenesis disturbs neuronal
differentiation, leading to chronic brain maldevelopment and possibly the observed
postnatal effects.
The early TH deficit may also impact on other developmental signals, such as polyamines
(417). Indeed, ornithine decarboxylase regulates polyamine biosynthesis and is sensitive to
maternal hypothyroxinemia in fetal and postnatal rat brain (408). Furthermore, there is
considerable interaction between polyamines and the noradrenergic system. Polyamines
regulate the development of noradrenergic pathways (417), similarly noradrenergic input
via p-adrenergic receptors is thought to be a major regulator of ODC activity, and T3 has
been reported to be essential for the establishment of this regulatory mechanism (509).
Other possible factors include the neurotrophins themselves. In cell culture models NGF
acts synergistically with T3 to induce ChAT activity (386,510,511). Furthermore several
neurotrophins, including NGF, are TH-sensitive—at least in the rat neonate (section
1.7.2). Indeed, with the close association between neurotransmitters and neurotrophins it is
possible that they are affected by maternal hypothyroxinemia—the questions being whether
the effects are directly or indirectly induced by TH status, and whether they account for the
observed chronic changes in postnatal brain.
The current study also indicates that mRNA transcription in general may be disrupted in Tx
dam fetal brain by two possible mechanisms (section 6.2), the first being an increase in
transcriptional silencing mediated by elevated numbers of unliganded TR homodimers.
Alternatively, if the raised TR a2 mRNA expression in Tx dam progeny is reflected by
increased TRa2 protein levels there would be higher level of dominant negative inhibition
of TR-mediated transcription. Either of these mechanisms could disrupt normal brain
development and result in the observed changes.
The effects seen in this study may also occur via an extranuclear T3-mediated mechanism,
acting at the synapse where T3 is thought to influence synaptic transmission (section
1.6.6). There is also evidence for TH interaction with adrenergic agonists at the cell surface
(section 1.4.2), which together with the recent finding of a G-protein-linked T3 binding
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site (246), suggests that T3 can influence neurotransmitter function at many levels. In fact,
it is probable that the effects noted in this study are due to a combination of these, and
other, mechanisms and further is required to clarify which ones are the most important.
It is known that both the cholinergic and catecholaminergic systems in the CNS are
involved in behavioural functions. For example the cholinergic neurons in the basal
forebrain play a role in learning and memory (512) and disturbed catecholamine metabolism
is implicated in the pathogeneses of depression (513). It is possible therefore that the wide
range of behavioural compromise exhibited in Tx dam progeny (427) is, at least partly,
associated with the changes in neurotransmitter metabolism seen in this study. It can be
misleading to extrapolate animal model results to humans, particularly with respect to a
process so complicated as brain development (for example see (514)). It is possible,
however that similar disturbances to those seen in the current study may underlie the
neurological dysfunction seen in children bom to hypothyroxinémie mothers in iodine
deficient and sufficient endemias.
6.4 Summary
This thesis provides further evidence for a role for maternal thyroid status in fetal brain
development and identifies at least three candidates genes, the transcription of which may
be directly affected by TH in the fetal brain, namely ChAT, MAO-A and TRa2. In
addition, the observed changes may be exacerbated by the general increase in inhibition of
TR- and retinoic acid-mediated transcription via increased formation of TR homodimers. It
is proposed that the disturbed ontogeny of these proteins, amongst others, may form the
basis of the region-specific biochemical and behavioural abnormalities identified in this
model (427). Thus, the changes seen in this study may also reflect those that occur in THdeficient human fetal brain during the first half of pregnancy.
6.5 Future work
The results in this thesis have opened up several potentially fruitful avenues of research.
Firstly, it is imperative that fetal brain TH levels are measured before and after the onset of
fetal thyroid function in order to confirm the degree of deficit and the age at which TH
levels normalise in Tx dam progeny.
Further work is also required to clarify the mechanisms behind the observed changes. For
example, are the increased enzyme activities due to increased enzyme synthesis or increased
numbers of neurons expressing the enzymes? Fetal brain neurotransmitter enzyme mRNA
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levels, MAO-A and ChAT in particular, should be investigated using this model to confirm
or refute the possibility of direct TH-modulation prior to the onset of fetal TH synthesis. It
is also important to assess if neurotransmitter levels are affected in Tx dam fetal brain and
whether these changes persist after the onset of fetal thyroid synthesis. Western blotting
and immunohistochemical studies could be employed to determine whether TRa2 protein
levels are increased in Tx dam fetal brains, relative to controls. It would also be interesting
to see if maternal hypothyroxinemia affected histone acetyltransferase activities.
Several findings in this study implicate the serotonergic system as a possible target for TH
during fetal brain development and this should be investigated. The research could also be
widened to include the enzymes involved in GAB A and glutamate metabolism, as synaptic
plasticity and long term potentiation are important processes in brain development and there
is some evidence that aspects of these neurotransmitter systems are TH-responsive
(242,337,515-517). The effect of maternal hypothyroxinemia on fetal neurotransmitter
receptor ontogeny should also be studied, at protein and mRNA levels.
Immunohistochemistry and in situ hybridisation using receptor isoform specific
antibodies/probes could be employed to pinpoint regional effects. Neurotrophins—
particularly NGF are also potential targets for maternally derived TH in fetal brain. Both
protein and mRNA expression should be studied to give a clearer indication of the
mechanism behind TH-mediated effects.
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Introduction
The large amount of thyroid hormone
pills taken by patients all over the world in the United States alone it is an estimated
amount of 18 million prescriptions per
year - together with the fact that thyroid
hormones regulate a great number o f bio
chemical reactions in cellular functions
like brain function, myocardial contractili
ty, metabolic rate, growth and many more,
induced us to invite for a discussion of
"Thyroxine Excess".
The basic idea was to discuss the conse
quences of exogenous thyroxine, that is,
Excess Thyroxine Medication selectively
used to treat malignant and benign goitre,
psychiatric disorders and hypothyroidism
(especially dmg-induced) in pregnancy.
Too conflicting and too trivial is experience
with excess thyroxine medication in
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weight reduction and its discussion should
therefore be kept for a later occasion.
Excess thyroxine medication is not a
thing apart from hyperthyroidism and to
some extent also not from hypothyroidism
and, therefore, the whole field of thyroid
physiology is alluded to when the authors
discuss normal and disturbed transport, ef
fects and regulation of thyroid hormones.
In the part orientated to more clinical to
pics the possible "side effects" occupied
plenty o f ground. Any disturbance of thy
roid hormone homeostasis will impinge
upon normal cell function and beneficial
and adverse effects occur, and the whole
spectrum of such effects is very carefully
discussed in the papers.
We feel we have hit upon a good idea
when inviting to a meeting on the topic of
Excess Thyroxine Medication and we are
very h£ç>py and thankful indeed that all the
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se prominent scientists came. Papers and
discussions have shown that "Thyroxine
Excess"really is a matter of interest and we
hope that the meeting and the publication in
this issue of ACTA MEDICA AUSTRIA
CA will help to focus interest on it.
We would like to thank once more the
authors for the great care they took in pre
paring for the conference and in preparing
the manuscripts.
Finally, it has to be said that the meeting
and the publication was only made possible
by the generous sponsorship of SANABO,
Vienna.
R. Hofer, M. Weissel, Wien
(Editors of this issue of the
ACTA MEDICA AUSTRIACA)
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Summary: Endemic iodine deficiency is associated with maternal hypothyroxinemia and a relatively high incidence of
neurological disorders in the offspring. The previous assumption that the placenta is impermeable to maternal thyroid hormone,
has resulted in the erroneous suggestion that iodine per s e has an essential role in brain development. Furthermore, the observed
factorial rise in thyroxine-binding globulin (TBG) in pregnancy has often been misinterpreted a s preventing thyroid hormone loss
to either the fetal compartment or excretory system s. However, physicochemical analysis of the role of specific binding proteins
in hormone delivery, combined with epidemiological evidence and evolutionary considerations has led us to postulate that
a) maternal thyroxine (T4) is transported to the fetus, and is of crucial importance in early fetal development, and b) TBG forms
part of a control system specifically designed to maintain at an optimal level the T4 environment to which the developing fetus
is exposed.
Placental transfer of maternal T4 in a variety of mammalian sp ecies (including humans) is now well established. Further
experimental studies in rats have shown that perturbation of the intrauterine thyroid hormone environment during critical p hases
of brain development results in a spectrum of biochemical d ysgenesis. For example, in fetal brains deriving from hypothyroxi
némie (Tx) rat dams, severe dismption of phosphate metabolism is observed and the ontogenesis of two enzym e activities
associated with growth control, protein kinase C and ornithine decarboxylase, are compromised. Development of brain function
is also impaired, as evidenced by the dysgen esis of certain neurotransmitter metabolic activities (choline acetyltransferase and
DORA decarboxylase). T hese findings may help explain the behavioural dysfunction observed in adult Tx dam progeny and are
likely to be relevant to human subjects, since upwards of 1 billion people inhabit iodine deficient regions of the world.
(Acta med. Austriaca 1994;21:26-34)
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Transport von Schilddriisenhormonen an ihre Zielgewebe
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Menschen auf der Erde in Gegenden mit
endemischen Jodmangel wohnen.

Introduction
Zusammenfassung: Endemischer Jodmangel ist mit einer Hypothyroxinamie
schwangerer Miitter und einer relativ hohen Haufigkeit neurologischer Erkrankungen der Neugeborenen vergesellschaftet.
Die friihere Annahme, da6 die Placenta
die miitterlichen Schilddriisenhormone
nicht durchlaBt, hat zu der false hen
SchluBfolgening gefiihrt, daB Jod per se
eine essentielle Rolle bei der Entwicklung
des Gehims spielen kdnnte. AuBerdem
wurde der bekannte Anstieg des Thyroxinbindenden Globulins (TBG) wahrend
der Schwangerschaft oft als Schütz gegen
Verlust von Schilddriisenhormonen in das
fotale Kompartment oder in exkretorische
Système miBinterpretiert.
Eine physikochemische Analyse der
Rolle der spezifischen Bindungsproteine
bei der Hormonabgabe hat uns in Kombination mit epidemiologischen Daten und
evolutionaren Überiegungen zu folgenden
SchluBfolgerungen gefiihrt: a) das miitter
liche Thyroxin (T4) wird zum Fotus transportiert und ist von hochster Bedeutung in
der friihen fbtalen Entwicklung; b) das
TBG stellt einen Teil eines Kontrollsystems dar, welches spezifisch dazu dient,
die "T4-Umwelt", der der Fotus ausgesetzt
ist, auf einem optimalen Niveau zu halten.
Der Transport von miitterlichem T4
durch die Placenta gilt heute fiir eine Reihe
von Spezies, inklusive dem Menschen, als
gesichert. Weitere experimentelle Studien
an Ratten haben gezeigt, daB Storungen
des intrauterinen T4-Milieus wahrend kritischer Phasen der Gehirnentwicklung zu
einem Spectrum biochemischer Fehlentwicklungen fiihrt. So werden z. B. in fbta
len Gehimen hypothyroxinamischer (Tx)
Rattenmlitter schwere Storungen des
Phosphatstoffwechsels beobachtet. Die
Ontogenese zweier Enzymaktivitaten, die
mit der Wachstumskontrolle befaBt sind
(der P roteinkinase C und der Omithindekarboxylase), sind ebenfalls gestbrt. Auch
die Entwicklung der Gehimfunktion ist
eingeschrankt, wie an Hand der Dysgenesie bestimmter Neurotransm itter-Stoffwechselaktivitaten (der Cholin-Acetyltransferase und der DOPA Decarboxyla
se) gezeigt werden konnte. Diese Ergebnisse kbnnten helfen, das gestbrte Verhalten der erwachsenen Nachkommen von
Tx-Rattenmiittem zu erklaren und haben
wahrscheinlich auch fur den Menschen
eine Bedeutung, da bis zu einer Billion

Thyroid hormones (THs) are known to
be profoundly implicated in the develop
ment of the fetal and neonatal brain, an
inadequate supply of these hormones at
crucial stages o f development exerting
irreversible, long-term, deleterious ef
fects on neurological function. Dietaryiodine deficiency, resulting in maternal,
fetal and neonatal hypothyroxinemia, is
cleariy o f key importance in this context.
However, although augmentation of the
iodine supply - particularly to pregnant
women and young children - represents
an obvious means o f preventing wide
spread neurological damage to the popu
lations of iodine deficient regions, the
administration o f large, non-physiological, amounts o f iodine (in the form, for
example, o f iodized oil) can itself de
press TH synthesis, thereby exacerbating
the very problems such action is de
signed to prevent. Meanwhile correla
tions have also been claimed to exist be
tween maternal hyperthyroxinemia and
certain neurological disorders (e.g.,
schizophrenia [18]), suggesting that ex
posure o f the fetal brain to elevated TH
levels at critical periods o f fetal develop
ment may likewise result in undesirable
long term consequences. For this reason,
amongst others, we have regarded as im
portant the acquisition of a more detailed
insight into the effects of matemal TH on
neurological development throughout
the entire span of fetal and neonatal life.
For a number of years, the consensus
view amongst endocrinologists was that
THs of matemal origin do not cross the
placenta in significant amount (11). For
this reason THs were not considered to
be implicated in the early development
of the fetus in general, or of the fetal CNS
in particular (21). Studies in this area
therefore centred almost entirely on the
effects o f fetal hypothyroxinemia per se.
Nevertheless, for several reasons (some
of which have been discussed in [5]), we
doubted the validity of these ideas; we
therefore initiated studies (ca. 1980) spe
cifically intended to verify or disprove
the experimental evidence and theoreti
cal postulates on which such conclusions
had been based.
The results o f our preliminary studies
(39) immediately gave further support to
our suspicion that previous work on TH
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transport from mother to fetus was either
irrelevant to the events occurring in early
gestation (having been confined to ani
mal studies late in pregnancy following
the development of the fetal thyroid
gland) or, in the case of the relatively few
studies conducted during early pregnan
cy, had been misinterpreted.
Moreover, one o f the the principal ex
planations offered for the supposed ab
sence o f placental TH transport likewise
appeared suspect, albeit superficially
persuasive. This reflected the wide
spread notion that thyroxine-binding
globulin (TBG) and the other semm TH
binding proteins (thyroxine-binding pre
albumin [TBPA] and albumin) serve to
minimize hormone loss from the vascu
lar compartment and, indeed, that this
constitutes their principal physiological
role (15). More particularly, the rise in
TBG seen in pregnancy had been pro
posed as constituting a mechanism spe
cifically designed to prevent passage of
TH from matemal to fetal circulations

(23).
Our disagreement with these ideas,
coupled with both animal and clinical da
ta suggesting that TH traverse the pla
centa early in pregnancy, and are impli
cated in the early development of the fe
tal neurological system, have led us to
propose a comprehensive hypothetical
model relating to the control of the TH
environment to which the fetus is ex
posed. The basic components of this
model are illustrated in Figure 1.
This model embodies several key
ideas:
a) THs (particularly thyroxine [T4]) of
matemal origin are hypothesized to be
essential to feto placental well-being
throughout gestation. Under "normal"
conditions, matemal T4 is postulated as
being transported directly to the fetus
early in pregnancy prior to the develop
ment of the fetal thyroid gland, where it
is required for the proper development of
the fetal neurological system; however,
following the establishment of a fully au
tonomous fetal thyroid economy, T4
supplied to the feto-placental unit is
deiodinated within the placenta, thereby
serving as an important source of the el
emental iodine required by the fetus for
the establishment of its own independent
and stable TH supply.
b) A control system is envisaged as ex
isting within the mother ensuring a suffi
ciency of the T4 supply to the feto-placental unit. The main components of this
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Fig. 1 . Conceptual model o f thyroid hormone economy during pregnancy.
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putative control system comprise TBG
(whose elevated concentration during
pregnancy is postulated as enhancing T4
release from the matemal thyroid and
causing preferential transport o f this hor
mone to the feto-placental unit), and a
matemal) thyroid stimulator deriving
rom the placenta goveming T4 syntheis per se by the matemal thyroid gland.
These concepts challenge much that
hat has previously been accepted in the
hyroid field, including the supposed
ick of TH transport across the placenta,
le claimed unimportance o f TH in the
arly development of the fetal neurologal system, and the postulated role of sem binding proteins in TH transport. It
ewise resurrects an old hypothesis
hich provoked considerable scepti
cism) relating to the existence and phys)logical significance o f a "chorionic
'SH". Nevertheless, despite its some/hat speculative nature, the model is
Ompatible with a wide variety o f clinial and experimental observations. Such
yidence as can be marshalled against it
^ generally, on close examination, be
Town to be suspect; indeed, we have not
1 yet encountered convincing experiental data showing the model to be inilid. Furthermore, it is teleologically atkctive, providing, inter alia, a mucheded explanation for the relatively re
nt evolutionary emergence in mammam species of the specific TH binding
oteins present in semm. Thus, though
? continue to regard the model simply
a tentative working hypothesis (pro

FOETUS

Iodide
rT3

viding the conceptual framework for the
experimental studies reported in this pre
sentation) evidence is increasingly accu
mulating o f its fundamental validity. We
therefore consider some of the more im
portant observations and theoretical con
cepts relating to our proposals.

Thyroid hormone-binding pro
teins and their role in hormone
transport
THs in human semm are largely bound
by 3 proteins (34): albumin, TBPA, and
TBG. Only a minute proportion of the to
tal T4 present (ca. 0.02%) is free under in
vitro equilibrium conditions. In the case
o f 3,5,3'-triiodothyronine (T3), the pro
portion is approximately ten-fold higher
(ca. 0.2%). TTie concentration of TBG
rises approximately two- to three-fold in
human pregnancy; the concentrations of
T4 and T3 likewise rise (albeit to a
slightly lesser extent), the free concentra
tions of both hormones remaining ap
proximately constant. These well known
observations have formed the basis of
the so-called free hormone hypothesis,
i.e. the postulate that free thyroid and ste
roid hormone concentrations as deter
mined in vitro govem hormone supply
to taiget tissues. Though this hypothesis
is widely accepted, the reasons for the
existence of the specific TH binding pro
teins, and for the characteristic changes
in their concentrations which take place
during gestation, remain unknown. For
example, it has been variously suggested
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that semm binding proteins serve to solubiUze hormone, to prevent glomemlar
loss, to reduce the effects on sensitive tis
sues o f rapid fluctuations in semm hor
mone levels, and/or to ensure uniform
distribution of hormone delivery to tar
get organs. More recently, TBG has been
claimed to reduce the effects on the free
T4 concentration caused by variation in
the semm level o f free fatty acids. How
ever, none of these suggestions explains
the apparent absence of physiological ef
fect in those individuals (predominantly
males) in whom, for genetic reasons,
TBG is totally absent.
Speculation on the physiological role
o f the specific thyroid (and steroid) hor
mone binding proteins has also occa
sionally centred on the possibility that
they are in some way implicated in repro
duction, as exemplified by the notion
that the rise in TBG "protects" the fetus
from matemal TH (23). Such speculation
has stemmed in part from the marked
changes observed in pregnancy in these
proteins’ matemal semm concentrations.
Cleariy the role o f TBG and other
binding proteins in TH transport merits
consideration in the context o f an exam
ination of matemal, placental and fetal
TH requirements throughout gestation.
Coincidentally this issue is one which,
because of its wider relevance to endo
crinology and reproductive physiology,
has attracted much recent interest and
controversy. Discussion has particularly
centred on the validity of the "free hor
mone hypothesis" of (thyroid) hormone
transport and action.
Hormone transport to target tissues: the
free hormone hypothesis
The "free hormone hypothesis" of hor
mone delivery is widely accepted
amongst endocrinologists. It enshrines
the concept that, in the case of hormones
which exist in blood (largely) in proteinbound form, the semm free hormone
concentration as determined under equi
librium conditions in vitro constitutes
the key determinant of hormone action,
the protein-bound concentration being
physiologically irrelevant. A corollary is
that only hormone in the free state is able
to traverse target tissue capillary walls
and penetrate taiget cells. These con
cepts reflect the observation that, in cir
cumstances in which semm proteinbound hormone levels differ significant
ly from normal (e.g., during pregnancy.
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or as a consequence o f genetic abnormal
ity), overall endocrine status appears to
correlate with the serum free concentra
tion, not the bound. The thyroid/pituitary/hypothalamic feedback system pro
vides the classic example of these prop
ositions, the system appearing to operate
in such a way as to maintain measured
free TH concentrations at a (near) normal
level in the face o f wide differences in
the concentrations (or compositions) of
the TH binding proteins present in blood.
Similar concepts are applicable in the
case o f the steroid hormones.
Such observations imderlie the view
that measurements o f serum free hor
mone are diagnostically more valuable
than measurements o f bound (or total)
concentrations. Clearly, they also imply
that the specific binding proteins them
selves are physiologically irrelevant, this
concept being sustained by the fact that
no physiological consequence attribut
able to an absence or elevation of these
proteins has ever been observed. Never
theless, the notion that the hormone
binding proteins possess no physiologi
cal role is unconvincing, and endocrinol
ogists have therefore repeatedly sought
explanations of these proteins’ existence
and biological function.

Hormone transport to target tissues:
’’bound hormone” hypotheses
A number o f investigators have sought
explanations which challenge the free
hormone hypothesis. For example, fol
lowing observation o f the differential ef
fects of corticosteroids on the induction
o f hepatic and pancreatic aminotransfer
ases in rats with altered semm corticos
terone binding globulin (CBG) levels,
Keller, Richardson, and Yates suggested
that certain tissues are permeable to spe
cific binding proteins (17), and thus ac
cessible to protein-bound hormone per
se. They therefore hypothesised that
CBG "increases the specificity o f the
adrenocortical system by targeting corti
costeroids according to features o f mi
crocirculation". Though Keller et al.’s
hypothesis has subsequently been large
ly disregarded, similar ideas were more
recently proposed by Siiteri et al. (37)
who claimed to have observed intracellu
lar localisation o f CBG and sex-hormone
binding globulin (SHBG), and have sug
gested that, following their stmctural
modification, these proteins convey hor
mone directly into the nuclei o f target
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cells. However, a major difficulty arising
with all such concepts is that physiolog
ical manifestations of abnormality in
binding protein levels would be expected
to be readily apparent; moreover they of
fer no specific explanation o f the charac
teristic changes of binding protein levels
seen in pregnancy.
The ideas o f Pardridge et al. in this ar
ea (24-27) have formed the basis of
some 100 publications in major endo
crine journals during the past 12 years
and have commanded particular atten
tion amongst endocrinologists and phys
iologists. Nevertheless, they have been
the subject o f considerable controversy.
Pardridge's original postulate was that
bound hormone was specifically directed
to target tissues characterized by long
capillary transit times (such as the liver),
hormone delivery to tissues such as the
brain (in which the blood transit time is
relatively short) being essentially deter
mined by the free hormone level. Based
on this concept, Pardridge suggested a
tissue-targeting role for TH and other
hormone binding proteins, alterations in
their concentrations during pregnancy
resulting in increased delivery of T3 to
the liver. Subsequently (in response to
criticisms o f its mathematical basis)
Pardridge abandoned this hypothesis
and advanced new ideas which - though
retaining the central tissue-targeting role
postulate embodied in his original ideas
- envisaged entirely novel mechanisms
goveming hormone transport to individ
ual tissues. These have been based on the
proposition that the equilibrium constant
goveming protein binding o f hormone is
altered in the microvasculature of certain
target organs, causing the intracapillary
free hormone concentration to be elevat
ed, and large amounts of (dissociated)
bound hormone to be selectively trans
ported to such organs. Pardridge has
therefore continued to claim that "the
function o f plasma protein binding is the
selective delivery o f ligands to tissues in
a way that varies from organ to organ"
(25), implying - like Keller et al. - that
variation in binding protein levels during
pregnancy alters the distribution of hor
mone throughout the body. However,
though the notion that binding proteins
affect the delivery of hormone in this
way is common to several recent chal
lenges to the free hormone hypothesis
(including our own), we have criticized
Pardridge's proposals, believing them to
derive from an oversimplified theoretical
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analysis of the kinetics of hormone ef
flux from target organ capillaries, caus
ing cmcial misinteipretations of experi
mental data (8). However, in part be
cause of the interest Pardridge's views
provoked, but more particularly because
o f the relevance o f some of Pardridge’s
experimental observations - when cor
rectly interpreted - to an understanding
of the role o f semm proteins in TH trans
port, this issue merits more detailed dis
cussion here.
Pardridge's challenge of the validity
o f the free hormone hypothesis original
ly derived from a fundamental misunder
standing o f the hypothesis itself (24). It
should be noted that this does not pro
pose that the amount o f hormone deliv
ered to an individual tissue is restricted
to the amount initially present in the free
state in the afferent blood supply. Illus
trative o f misunderstanding on this point,
the observation that the "splanchnic ex
traction o f testosterone or estradiol, or
the brain extraction of progesterone, is
on the order of 30-50%, which is 10-fold
the percentage of free hormone in serum"
(25) was originally viewed by Pardridge
as contradicting the hypothesis. This
misconception constituted the principal
foundation o f Pardridge's original pro
posal of an "apparent", in vivo, dissocia
tion constant (K ^w ) deviating from the
"absolute" constant (K^) estimated in vi
tro (24), and whose value was supposed
ly given by K^e M, where (t) is the cap
illary transit time and (kp) the capillary
wall permeation constant (24, 25). The
claimed manifestation of this effect was
elevation o f the "apparent" in vivo free
hormone level in tissues (e.g., the liver)
characterized by "long" capillary transit
times (i.e. times comparable with the dis
sociation half-time of the protein-hormone complex), this phenomenon sup
posedly accounting for the high rates of
unidirectional (radiolabelled) hormone
efflux observed in Oldendorf-\yTp& ex
periments. In contrast, Pardridge and
Landaw's revised hypothesis (27) pro
posed that the "major factor leading to
the rapid transport in vivo of proteinbound ligands into tissues such as brain
is an endothehal-induced decrease in the
affinity o f the plasma protein for the li
gand" (27) arising, for example, from "a
conformational change in the plasma
protein" as it transits the target tissue.
The experimental basis for this revised
proposal centred on the discrepancy be
tween Pardridge and Landaw's observa-
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tions on radiolabelled hormone uptake in
brain and other tissues, and theoretical
predictions based on a revised hormone
efflux equation, described by these au
thors as the "modified Kety-RenkinCrone” equation (26, 27), which takes
the form:
knl

FE=l-e
where FE

[P]
K
t
kp

i + KiP]

(1)

= fractional efflux of radiolabelled
hormone during a single pass
through the target organ,
= protein concentration,
= affinity constant,
= capillary transit time,
= capillary wall permeation rate
constant.

Pardridge et al.’s more recent views
depended cmcially on the demonstration
that increase in the protein content o f the
injected labelled-hormone bolus used in
his organ-perfusion experiments failed
to cause a reduction in tissue uptake of
hormone o f the magnitude predicted by
Eqn. 1 (27). However, it is readily de
monstrable that this simplified equation
(which is essentially identical to one pro
posed in our critique of Pardridge's ear
lier theoretical analysis [8]) depends on
the assumption that all kinetic events oc
curring within, and adjacent to, the cap
illary in the course o f unidirectional hor
mone efflux proceed at infinite speed,
i.e., that the only constraint on the rate o f
hormone efflux is the rate constant gov
eming capillary wall hormone perme
ation.
The invalidity of this proposition can
readily be demonstrated by examination
of a more correct efflux equation appli
cable to Pardridge's experiments, as
suming (for the sake of clarity) that the
extracapillary free (labelled) hormone
concentration remains essentially at zero
as the tracer bolus transits organ capillar
ies, and that intracapillary free hormone
mixing and diffusion are infinitely rapid
(implying that the free hormone concen
tration across the entire capillary radius
is uniform [7, 8]):
knt

FE=l-e

l + K[P] + kp/k<i

(2)

where kj = dissociation rate constant of bound
hormone complex.

Clearly the simplified form of Eqn. 2
relied on by Pardridge reflects the as
sumption that kd = oo (i.e., the protein
hormone complex dissociates infinitely
rapidly), implying that kp/kd = 0. This as
sumption is clearly questionable. More
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over, inclusion of this temt in the efflux
equation is sufficient to explain all Pard
ridge's experimental observations (see,
for example. Fig. 2).
Fig. 2. Unidirectional e.xtraction o f
[1251JT3 by rat brain plotted versus arte
rial albumin concentration (data repro
duced from Figure 5 [27]). Note the
typically good fit of Equation 2 to the
experimental data using the dissociation
constant determined in vitro. When the
term k^kd. is omitted from the efflux equa
tion, a 10-fold higher dissociation con
stant is required to obtain a good fit to
the observations (27).
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Inclusion o f other similar terms in
Eqn. 2 reflecting the presence in the hor
mone boluses used in Pardridge's exper
iments of albumin and other contaminat
ing proteins also explain the data (see
Eqn. 3).
knt

FE=l-e

i+K[P] + kp/kd + iKi[Pj]

(3)

where X Kj[Pi] is the sum of the affinity con
stant/concentration products relating to any
contaminating proteins present in the bolus.

In short, the discrepancies between ex
perimental results and those predicted
from Eqn. 1 provide no justification for
the postulation of hitherto unsuspected
intracapillary hormone release mecha
nisms of the kind proposed by Pard
ridge. Either of the more appropriate and
exact equations (Eqns. 2 and 3) exactly
fit the data.
Kinetic model of hormone transport
Pardridge's experimental results nev
ertheless provide some support for a
proposition that we have frequently ad
vanced, that circumstances may arise in
a particular target organ in which disso
ciation of bound hormone exerts rate
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limiting effects on hormone delivery (6,
8). In such circumstances, variation in
the bound hormone level will affect hor
mone delivery to the organ concerned, as
is implicit in Eqn. 2, and exemplified by
the data shown below. This proposition
underlies our own challenge to the free
hormone hypothesis, and our suggested
explanation for the recent evolution and
existence o f serum binding proteins.
Though Eqn. 2 is capable of explaining
Pardridge and Landav\’'s data, more
complete theoretical analysis o f the ki
netics of hormone efflux from target tis
sue capillaries suggests that additional
parameters affect the intracapillary free
hormone concentration (or, more partic
ularly, the concentration at the capillary
wall, which governs the rate of hormone
efflux into adjacent tissue).
Target tissue uptake of hormone can
be shown to be a complex function of a
number of factors (including the extravascular free hormone concentration, the
capillary wall permeation rate constant,
the rate o f intracapillary free hormone
diffusion and mixing, the intracapillary
bound hormone level, and the dissocia
tion rate of the bound hormone complex)
some of which are "tissue specific". This
proposition is illustrated in Figure 3,
which shows (a and b) the high probabil
ity of recombination of free hormone
molecules with binding proteins (follow
ing their release) as they migrate towards
the capillary wall as compared with free
molecules released in close proximity to
the wall, and (c) the resulting variation in
free hormone concentration across the
capillary. In short, in consequence of
hormone uptake in adjacent tissue, a free
hormone concentration "contour" is es
tablished across the capillary diameter,
the free hormone concentration at the
capillary wall (which is the key determi
nant of hormone uptake by the organ) be
ing depressed vis-a-vis the concentration
at the capillary axis. Thus the major
source of hormone exiting the capillary
is the layer of blood immediately adja
cent to the capillary wall, the free hor
mone concentration within this layer be
ing depressed in consequence of target
organ uptake. Furthermore, as shown in
Figure 4, the higher the binding protein
concentration (and concomitantly the
bound hormone concentration) the high
er the free hormone concentration at the
capillary wall, notwithstanding mainte
nance at an unchanged level of the free
hormone concentration as measured at
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Fig. 3. a) Hormone molecules released
at or near the capillary axis move only a
short distance b^ore becoming rebound,
whereas those released in close proxim
ity to the wall are more likely to exit the
capillary, b) Escape probability contour
across the capillary diameter, c) The
density of free hormone across the capil
lary [fHJr varies with distance rfrom the
capillary axis.
molecule
Capillary wall

C ap illary w all

©
H onnoM
sin k

Fitchonnooc

Frobabitity
of escape

capillary radius
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equilibrium in vitro. In short, our analy
sis reveals that serum binding proteins
assist in sustaining a high free hormone
concentration at the capillary wall in the
face of hormone efflux, thus enhancing
(not, as commonly thought, restricting)
hormone efflux from the capillaiy.
Moreover it is demonstrable that a rise in
the serum concentration of a binding pro
tein that carries two hormones (as does
TBG) is potentially capable of specifi
cally enhancing transport to certain tis
sues of one hormone relative to the other
in consequence of differences in their
hinding characteristics. Thus, in the case
of T4 and T3, a rise in TBG is likely to
seleciively increase T4 delivery to target
tissues in which the rate of hormone ef
flux per unit area of capillary wall is
ftigh. This suggests that, although the
free hormone concept may broadly apply
throughout the body, binding proteins
tnay indeed serve a subtle role in direct
ing particular hormones to particular tar
get organs in particular physiological cir
cumstances (albeit for physicochemical
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reasons differing from those advanced
by Pardridge et al.).
Such subtle effects are potentially of
particular importance in the case of hor
mone transport from matemal to fetal
circulations. The feto-placental unit is a
relatively exceptional organ in that the
fetus is not itself perfused by matemal
blood, and the latter’s relationship to its
(putative) matemal hormone supply is
anatomically unique. Matemal blood
within the placenta exists in the form of
lacunae in the intervillous space,
throughout which the villi of the chorion
frondosum are distributed. Significant
transport of T4 from matemal to fetal cir
culations would be anticipated to give
rise to significant free hormone "deple
tion zones" within the matemal blood
surrounding each individual villous. The
anatomical stmcture within the placenta
is thus exactly one in which a rise in TBG
would be expected to enhance matemal
T4 transfer to the fetal circulation.
Support for the belief that the feto-pla
cental unit may be of special significance
in this context is provided by the hitherto
unexplained observation that a pregnan
cy-induced CBG rise is seen only in spe
cies characterised by haemochorial and
haemoendothelial placentae (36). The
nature of barriers to hormone transport
between matemal and fetal circulations
may underlie this unexpected correla
tion, differences in the permeabihty of
these barriers providing a possible expla
nation both for species differences in the
spectrum of hormone binding proteins
present in the blood, and for the altera
tions in the levels of these proteins aris
ing in pregnancy.
Our experimental observations on T4
placental transport in the rat nevertheless
indicate that fetal T4 uptake is relatively
high in the first 9 to 10 days of fetal life,
but thereafter falls to low levels (39).
Placental T4 accumulation remains high
throughout pregnancy, the accumulated
hormone being degraded to iodine (and
reverse T3). Such degradation clearly
provides a rich placental source of iodine
for the developing fetal thyroid - a phe
nomenon likely to be of special impor
tance when dietary iodine (and hence the
iodide level in matemal blood) is low.
Though the existence of TBG in the rat
has only recently been demonstrated,
and the changes in its concentration
throughout life appear to be somewhat
different from those seen in humans,
such differences may reflect species dif
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ferences in placental permeability to T4,
gestation time, etc., as indicated above.
T4 in rat plasma is nonetheless largely
protein bound, and our observations are
commensurate with the proposition that
high levels of protein bound T4 in mam
malian blood sustain a T4 supply to the
feto-placental unit, and that human TBG
may be of special importance in the par
ticular circumstances characterising hu
man gestation.
The presence in blood of a specific
protein capable of enhancing T4 avail
ability to the feto-placental unit might be
expected to confer considerable evolu
tionary advantage, particularly in condi
tions of iodine scarcity, and in species
such as man characterised by a long ge
stational period. It should be bome in
mind in this context that, in conditions of
iodine deficiency, semm total and free
T4 values are frequently considerably
lower than those seen in the iodine-re
plete populations of the US and UK, al
beit semm T3 levels do not significantly
differ.
A rise in semm TBG during gestation
is potentially damaging to the mother if
the matemal thyroid is incapable of fully
responding to the stimulus to increased
T4 secretion, causing further lowering of
the semm fT4 level and hence a reduc
tion in T4 supply to matemal tissues. If,
on the other hand, the rise in TBG suc
ceeds in causing an enhancement in the
matemal total T4 level in semm, T4 deliveiy to the fetus may be maintained
notwithstanding a reduction in T4 deliveiy to other matemal tissues. The finding
that lack of matemal T4 in early fetal life
is associated with irreversible neurologi
cal damage (30), and the recent observa
tion that T4 alone is available to enter the
fetal brain (20), are likewise entirely
commensurate with the idea that T4 is of
special importance in regard to the dif
ferentiation of the fetal CNS.
In summary, the reasons for the high
protein-bound levels of TH in mammali
an blood, and the raised levels of TBG
seen in human pregnancy continue to be
matters of speculation and controversy.
We have attempted to show that detailed
analysis of the physicochemical effects
of binding proteins on hormone transport
kinetics suggests that TBG is capable of
selectively transporting T4 to the feto
placental unit, and that this would consti
tute a biological advantage in conditions
of iodine deficiency. If maintenance of
an adequate supply of T4 to the fetus
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Fig. 4. Calculated free T4 concentration contours across the capillary diameter for
two different binding protein (albumin) concentrations, assuming the equilibrium
concentration to be the same in each case. An increase in the binding protein
concentration results in a higher free hormone concentration at the capillary wall,
implying a greater hormone loss rate from the capillary.
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Phosphate and calcium metabolism

A wide range of biochemical and met
abolic functions ultimately depend upon
the availability of an adequate free phos
phate pool (inorganic phosphate). A host
of phosphorylated substrates, along with
C apillary w all
Capillary wall
a high energy input, are necessary to sus
Equilibrium concentration
tain the almost exponential increase in
nucleic acid and protein synthesis char
acteristic of explosive phases of neural
[Alb] = 0.77 X 10'3 M
development. Derangement in phosphate
0.8
metabolism may therefore critically im
pinge upon the normal development of
[FreeT4]
[Alb] = 0.19 X 10-3 M
the fetal brain. Indeed, we have found the
(Fraction of
equiUbrium
brain inorganic phosphate ( P i ) concen
value)
tration to be drastically reduced at 15
days gestation, but elevated at 19 and 22
0.4
days gestation in the Tx dam fetus (1).
Similar changes are also observed for
lipid phosphate and protein phosphate
0.2
concentrations, at least at 15 and 19 days
gestation (1). Of 2 protein kinase (PK)
activities examined, PKC is elevated (by
1.0
0
1.0
0.5
23%; P < 0.05) at 15 days gestation, di
r/R
Axis
r/R
minished (by 24%; P < 0.05) at 19 days
gestation, but normal at term, whereas
PKA is normal at all stages of gestation
were indeed TBG’s basic physiological
3)
Deprivation of T4 early in fetal life investigated. The intrauterine TH envi
raison d’être, total absence of TBG in results in irreversible, long term effects
ronment also influences fetal brain phosmales would clearly be of little conse on the brain and neurological system.
phohydrolase activities in a selective
quence. Even in the extremely rare cases
It is now well established that adequate manner: both Ca^+-ATPase and Na+, K+of total TBG deficiency in females, the quantities of matemal T4 traverse the ATPase are adversely affected at 15, 19
high levels of T4 seen in the generally io placental barrier and are available to the and 22 days gestation, whereas acid and
dine-replete populations of Europe and early fetus in the rat (9, 10, 22, 33, 43),
alkaline phosphatases are completely un
the US might obviate or obscure any ad the rabbit (4) and the human (at least affected (1). The activity of brain Ca^+verse consequences on the offspring that when the fetal thyroid is inactive) (42).
stimulated, calmodulin-dependant phos
absence of TBG might otherwise cause.
phatase
(calcineurin) is also known to be
Consequently, current interest is focus
severely
compromised in newborn Tx
sing on the third part of the hypothesis.
dam
progeny
(38). These findings taken
The results of our most recent studies are
with
those
of
others in endemic neuro
Maternal hypothyroxinemia and presented below.
logical cretins, showing calcification of
We have developed a rat dam model the basal ganglia and prominence of the
fetal brain development
which conforms to the thyroid state Sylvian fissure due to mild asymmetry of
Detailed physicochemical analysis of (hypothyroxinemia) of pregnant women the temporal lobes (13), strongly suggest
the role of TBG in hormone delivery to in the iodine deficiency endemias. Brief an important influence of the intrauterine
the feto-placental unit, coupled with epi ly, Sprague-Dawley rat dams are partial TH environment on phosphate and calci
demiological evidence indicating an as ly thyroidectomised (parathyroid spared;
um metabolism in the fetal/neonatal
sociation between matemal hypothy Tx) and maintained under standard con CNS, possibly resulting in gross stmc
roxinemia and cognitive/motor dysfunc ditions with free access to drinking water tural dysgenesis.
tion in offspring in both iodine-deficient (supplemented with 0.1% [w/v] calcium
lactate) and food (iodine-replete small
and iodine-replete environments (19,
Neurotransmitter turnover
29), has resulted in a 3-part hypothesis animal laboratory diet). When circulat
ing T4 values have fallen to < 15 nM, the
Various degrees of neurobehavioural
(5,9,10), as summarised below:
dams are mated with normal males. Ageand cognitive dysfunction, such as diple
1) The physiological role of the specif
matched, euthyroid (C) dams are also gia, gait disorders, deaf-mutism, learn
ic hormone binding protein is to modu
maintained and mated in a similar man ing disability and severe mental retarda
late hormone supply to the feto-placental
ner. The pregnancies are either terminat tion are primary features of neurological
unit in pregnancy.
ed at specific gestational ages, or al and mixed type cretinism (31). A range
2)
A high requirement for T4 exists inlowed to proceed to term, in which case of behavioural parameters (emotion, mo
the fetus prior to the development of an the size of matched C and Tx dam litters
tor function, cognition and learning abil
autonomous fetal pituitaiy/thyroid axis.
are standardized.
ity) are also compromised in adult prog
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eny of Tx dams (3,14,38). Such changes
ate strongly suggestive of disturbances
in neurotransmitter function - indeed, an
early study of adult progeny bom to Tx
dams has demonstrated brain region-spe
cific compromise of monoamine oxi
dase, acetyl cholinesterase and choline
acetyltransferase (ChAT) activities (9,
38). We have now investigated in detail
the influence of matemal thyroid func
tion on the early development of cho
linergic and catecholaminergic metabol
ic systems. Preliminary results indicate
that in Tx dam progeny, ChAT activity is
reduced (by 24%; P < 0.02) at 19 days
gestation but increased (by 30%; P <
0.05) at 21 days gestation. Although un
affected during the prenatal period,
DOPA decarboxylase activity is tran
siently up-regulated in cerebellum (by
80%; P < 0.05) and cerebral cortex (by
47%; P < 0.05) at 20 postnatal days and
brainstem (by 44%; P < 0.02) at 30 post
natal days. Tbe intrauterine TH environ
ment therefore appears to exert both
short term and long term influences on
the development of neurotransmitter sys
tems. Disruption of multiple neurotrans
mitter systems (epigenic influence) (12),
may underlie the complex changes in be
havioural function observed in both ani
mal models (3, 14, 38) and neurological
cretins (31).
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(by 22%; P < 0.05) at 15 days gestation
but elevated (by 58%; P < 0.05) at 22
days gestation in the Tx dam fetus. Dis
tinct, brain region-specific compromise
is present in the postnatal period; activity
being deficient in brainstem and cerebral
cortex at 5 postnatal days, and brainstem,
cerebral cortex and subcortex at 10 post
natal days (32). It is known that the
GDC/polyamine system can influence
the development of catecholaminergic
nerve pathways and sensorimotor func
tion (40). However, whether the ob
served changes in GDC ontogenesis are
responsible for the associated effects on
postnatal DDC ontogenesis (see above)
and motor function (38) remains to be
confirmed.
It is evident from our studies (3, 9,10,
12,32,38,43), and tfiose of others (4,14,
22, 33), that matemal T4 is available to
the fetus during the critical period of
neurogenesis and tihat an adequate intra
uterine TH environment is necessary for
normal brain development. Perturbation
of TH homeostasis in utero results in ir
reversible neurobehavioural compro
mise. Restoration of the matemal TH en
vironment during pregnancy by T4 re
placement therapy may therefore cor
rect/prevent much of the neurological
damage. Indeed, T4 therapy to pregnant
women has recently been recommended
by the FDA of the United States.

Polyamine biosynthesis
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Perturbation of Thyroid Hormone Homeostasis In the
Adult and Brain Function
A. K. Sinha, M. R. Pickard, K. D. Kim, M. T. Ahmed, F. Al Yatama, /. M. Evans, andR. P. Ekins

Key-words: Hypothyroidism - hyperthyroidism - brain - neurotransmitters - metabolism - behaviour.
Schlüsselwôrter: Hypothyreose - Hyperthyreose - Gehirn - Neutrotransmitter - Stojfwechsel - Verhaltensstorung.
Sum mary: Although a critical role of thyroid horm ones in mammalian brain development is well established and extensively
documented, the adult CNS is often thought to be a thyroid hormone-insensitive organ. The presence in the adult brain of thyroid
hormone, along with high levels of nuclear T3 receptors and the strict regulation of intracerebral T3 levels, coupled with overt
psychomotor and cognitive dysfunctions in adult-onset dysthyroidism, casts doubt upon this assumption. We have therefore
investigated the influence of thyroid hormones on the biochemistry, metabolism and molecular biology of adult rat brain regions
and confluent neurons and astrocytes in culture. Our results and those in the literature show that brain nuclear T3 receptor and
angiotensinogen mRNA levels and 5 ’D-II activity are dependent upon normal thyroid hormone concentrations. Several
subtractions of cell signalling proteins (G protein a subunits) are compromised in hypo- and hyperthyroidism and the activities
of protein kinases A and 0 are up-regulated in the hypothyroid state in a brain region-specific manner. The activities of acid
phosphatase and aryl sulphatase A are compromised in the brain of hypothyroid rats, indicating a degree of lysosomal
dysfunction, and several neurotransmitter metabolic en zym es and receptor system s are also affected. Metabolic experiments
indicate that glutamate and acetate metabolism are compromised in the hypothyroid state, although glucose metabolism remains
normal. Primary cultures of confluent neurons and astrocytes also strongly indicate a critical role for thyroid hormones in the
control of amino acid uptake, protein synthesis, glycoprotein synthesis and 2-deoxyglucose uptake, in a cell-specific manner.
In summary, our observations, taken together with those in the literature, demonstrate that thyroid horrrx)nes play a direct critical
role in a range of biochemical and metabolic functions in the adult CNS. It is postulated that these deficits may be the underlying
ca u se s of the psychobehavioural, cognitive and motor disorders that accompany adult-onset dysthyroid states.
(Acta med. Austriaca 1994;21:35-43)

EinfluB von Storungen der
Schilddrüsenhormon-Homôostase auf die Gehimfunktion
des Erwachsenen
Zusammenfassung: Obwohl die kritische Rolle der Schilddriisenhormone bei
der &itwicklung des Gehims von Saugetieren heute als gesichert gilt und ausfiihrlich dokumentiert wurde, wird haufig die
Meinung vertreten, daB das Zentralnervensystem des Erwachsenen auf Schilddrüsenhormon-Ànderungen nicht reagiert.
Folgende Fakten lassen an der Richtigkeit
dieser Meinung Zweifel aufkommen: der
Nachweis von: - Schilddriisenhormonen
im Gehimgewebe Erwachsener, - hohen
Konzentrationen von T3-Rezeptoren in
den Zellkemen, - einer genauen Regula
tion der intracerebralen T3-Konzentration,
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- der Tatsache, daB Erkrankungen der
Schilddriisenfunktion im Erwachsenenalter mit offensichtlichen cognitiven und
psychomotorischen Stomngen einhergehen. Wir haben daher den EinfluB von
Schilddriisenhormonen auf die Biochemie, den Stoffwechsel und die Molekularbiologie von Gehimregionen erwachsener
Ratten sowie von konfluierenden Neuronen und Astrozytenkulturen dieser Tiere
untersucht. Unsere Ergebnisse zeigen in
Übereinstimmung mit der Literatur, daB
der nukleare-T3 -Rezeptor sowie die Angiotensinogen-mRNA-Konzentrationen
und die 5 ‘D-II (Dejodinase) Aktivitat des
Gehims von normalen Schilddriisenhormon-Konzentrationen abhangen. Einige
Unteifraktionen der Zells ignal-Proteine
(G Protein alpha Untereinheiten) werden
bei Hypo- und Hyperthyreose gestoit Die
Aktivitaten der Protein-Kinasen A und C
werden im hypothyreoten Zustand in einer
Gehim-regionsspezifischen Art hinauf reguliert. Die Aktivitaten der sauren
Phosphatase und der Aciyl-Sulfatase A
werden im Gehim hypotheroter Ratten beeintrachtigt. Dies deutet auf eine gewisse

Stoning der lysosomalen Funktion bin,
wobei auch verschiedene Neurotransmitter-Stoffwechsel-Ehzym- und Rezeptorsysteme betroffen sind. Die Ergebnisse von
Stoffwechsel-Versuchen lassen darauf
schlieBen, daB der Metabolismus von Glutamat und Acetat bei Hypothyreose trotz
normalen Glukosestoffwechsels gestoit
wird. Primare Kulturen von konfluieren
den Neuronen und Astrozyten weisen
auch deutlich auf die kritische Rolle der
Schilddriisenhormone bei der Kontrolle
der Aufnahme der Aminosauren, der Proteinsynthese, der Glykoproteinsynthese
und der Aufnahme der 2-Deoxyglukose
hin.
Zusammenfassend zeigen unsere Beobachtungen in Zusammenhang mit den in
der Literatur berichteten, daB die Schild
driisenhormone eine direkte kritische Rol
le in einer Reihe von biochemischen und
metabolischen Funktionen des erwachse
nen Zentralnervensystems spielen. Es
wird daher die Foidemng erhoben, daB
diese durch Anderungen der Schilddriisenhormonkonzentrationen ausgelosten
Defizite der Zellfunktion die zugmndelie-

AMA I
gende Ursache der psychischen Veriialtensstoning sowie der kognitiven und motorischen Storungen, die bei Schilddriisendysfunktion im Erwachsenenalter beob
achtet werden, darstellen.

Introduction
Thyroid disorders are amongst the
most prevalent pathological conditions
in the world. Recent estimates have sug
gested that upwards of one billion people
worldwide live under varying degrees of
iodine deficiency and are at risk from the
iodine deficiency disorders (IDD). A l
though mainly prevalent in developing
countries, large pockets o f iodine defi
ciency also exist in parts of Europe, in
cluding regions o f Greece, Spain, Portu
gal, Italy, Germany and Ireland (25). A
recent survey in Munich, Germany sug
gests that as many as 20% of women of
college-going age have at least grade one
goitre, and the incidence of cretinism in
this area has been shown to be 1 in 4(X)0
o f the population. Similarly, in iodinedeficient areas o f Sicily, the incidence of
goitre may be as high as 44%, with a
sizeable proportion of the children suf
fering some degree of cognitive dysfunc
tion (14%), although overt neurological
cretinism is rare (114). In the developing
countries, the incidence o f endemic io
dine deficiency-related goitres is much
higher, upwards o f 60% o f women of
child bearing age may have palpable goi
tres and the incidence of overt neurolog
ical cretinism in offspring may approach
5 to 7% o f total live births per annum.
The diagnostic features o f these cretins
are diplegia, clonus, strabismus, deafmutism and severe mental retardation.
Much larger number of children in these
endemias also suffer from less overt dis
ease states such as gait disorder, im
paired motor coordination, loss of cogni
tive faculties, diminished IQ, partial
deafness, speech defects and compro
mised school performance.
Apart from such childhood related dis
orders, adult-onset hypothyroidism is
also common in the iodine deficiency en
demias, although most women with goi
tre appear to be eumetabolic and bio
chemically euthyroid. The primary fea
tures of this disease state, whether occur
ring in iodine-deficient or -replete condi
tions, are reduced basal metabolic rate
(BMR) and body temperature, cerebellar
ataxia, listlessness, lengthened reflex re
sponse time, lack o f motor coordination.

Jg. 21/1994, Heft 2

occasional psychobehavioural abnor
mality and, in extreme cases, overt psy
chotic behaviour similar to schizophren
ic episodes (myxoedematous madness).
Hyperthyroidism, due to Graves’ dis
ease, nodular goitre, Hashimoto’s thy
roiditis or thyroid carcinoma however, is
more common in the industrialised coun
tries. The disease is manifested as a loss
of weight, increased BMR, tremor of the
extremities, hyperreflexia, sometimes
ophthalmopathy, anxiety, confusion,
psychotic state, and general behavioural
disorders.
Taken together, the clinical features of
adult-onset thyroid disorders strongly in
dicate dismption o f central nervous sys
tem (CNS) function. Until recently, how
ever, it was thought that the adult CNS
was not a thyroid hormone-responsive
tissue; the neurological dysfunction oc
curring secondary to effects on other or
gans such as liver and heart. This notion
has nevertheless been challenged in re
cent years because of the presence of thy
roxine (T4) and 3,5,3’-triiodothyronine
(T3) in the brain, along with high levels
o f nuclear T3 receptors (particularly in
neurons), coupled with the maintenance
of intracerebral T3 levels within narrow
limits. In this presentation, the available
evidence indicating that the thyroid hor
mones play a critical role in the regula
tion of morphological, biochemical and
behavioural function in the adult CNS is
reviewed.

Thyroid hormone homeostasis
The adult rat brain contains significant
amounts o f both T4 and T3, with the mo
lar ratio T3/T4 considerably greater than
that in the circulation (31, 35, 51, 84,
113). Although bulk brain T3 and T4 lev
els of 2.0 to 2.5 and 3.5 to 4.0 nmol/kg
wet weight, respectively, have been re
ported (31, 35, 51, 84), slight regional
variations exist, especially in the case of
T4 (113). Autoradiographic studies have
demonstrated selective localization of
[125JJT3 in discrete neural systems fol
lowing intravenous administration to
adult thyroidectomized rats (30, 32).
Radiolabel is initially concentrated in
nerve cell bodies in specific areas o f grey
matter and is subsequently transferred to
related synapses by axonal transport;
particular subregions of the cerebellum,
hippocampus and thalamus becoming
densely labelled (30).
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Early work demonstrated that in cere
bellum and cerebral cortex, the majority
o f intracellular T3 is derived from intra
cellular T4 (via local deiodination), rath
er than from circulating T3 (20, 21). A
similar situation obtains in anterior pitu
itary, whereas plasma T3 is quantitative
ly more important in, for example, liver
and kidney ( 105). Locally derived T3 has
been determined to account for some 70
to 80% of nuclear T3 in cerebral cortex,
whereas the value for cerebellum is
somewhat lower at 50 to 60% (21). More
extensive analysis of the CNS however,
has revealed that in certain regions (hy
pothalamus, pons, medulla oblongata
and especially spinal cord) circulatory
T3 may be the major source o f intracel
lular T3 (113).
The adult brain contains all 3 known
types o f iodothyronine deiodinase: type I
5 ’-deiodinase (5 ’D-I), type II 5 ’-de
iodinase (5’D-II) and type III 5-deiodinase (5D-ni) (66, 115). The 5 ’D-II activi
ty is responsible for the local generation
o f T3 from T4 in vivo (107), whereas the
main function of 5 ’D-I is thought to be
the removal o f 3,3’,5’-triiodothyronine
(rT3) produced as a consequence of 5DIII action (66). Studies of this latter en
zyme have shown that T3 is the preferred
substrate over T4 (Km’s differ by an or
der of magnitude); its main role being the
inactivation o f T3 (59, 115).
The deiodinases are differentially dis
tributed in the CNS (58) and, although
primary cell culture studies indicate cellspecific localization as well, the data are
somewhat contradictory. In semm-containing primary cultures, 5 ’D-I and 5DIII are predominantly localized in glial
cells, and 5’D-II is neuronal (68). This
latter observation is consistent with the
presence of 5 ’D-II in neuroblastoma
cells (99) and its preferential localization
in the nerve terminal plasma membrane
fraction of cerebral cortex (69). In se
rum-free medium however, significant
5 ’D -n activity has been observed in glial
cells (11,14,15), whereas 5D-III may be
present in both neurons (15) and glia (11,
19,36). The discrepancies may in part be
related to the composition of the culture
medium and/or the differentiation state
o f the cells. In astroglia, for example,
catecholamines, cyclic AMP, phorbol
esters, fibroblast growth factors (FGF)
and glucocorticoids all serve as inducers
o f 5 ’D -n (16, 17, 18, 65, 70), and many
o f these factors play a similar role in the
regulation of 5D-UI (19).
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In thyroidectomized rats, thyroid hor
mones are conserved in the brain, being
detectable long after they have disap
peared from the serum (83). Thyroidec
tomy is associated with a stimulation in
the fractional rate o f T3 formation from
T4 in brain, whereas hyperthyroidism re
sults in inhibition (31). Opposite changes
occur in the liver, and this coordinated
action of liver and brain permits intrace
rebral thyroid hormone levels to be kept
within narrow limits despite wide fluctu
ations in circulating concentrations (31).
At the enzymic level, chronic hypothy
roidism results in up-regulation o f brain
5 ’D-II, less mariced down-regulation of
brain 5D-III and liver 5 ’D-I, but no
change in brain 5 ’D-I (57, 58, 60, 62).
Analysis of the time course of these
changes has revealed a very rapid re
sponse of cerebrocortical 5 ’D-II to
changes in thyroid status: a 3-fold in
crease in activity is observed at 24 h post
thyroidectomy, and the administration of
T3 to chronically hypothyroid rats nor
malizes enzyme activity within 4 h (67).
In contrast, significant changes in cere
brocortical 5 D -in and liver 5 ’D-I are not
found until 5 days post thyroidectomy
(67).
The observations that both T4 and rT3
are much more potent than T3 in inhibit
ing 5 ’D-II in vivo (56, 106) and in a va
riety of cell culture models (70,99,100),
that inhibition occurs independently of
transcription and protein synthesis (70,
71), and that the effect is due to increased
inactivation o f the enzyme rather than
decreased synthesis (70, 71), indicate an
extranuclear-mediated mechanism of ac
tion. These findings further suggest that
T4 and rT3, which are thought to be prohormone and inactive metabolite, re
spectively, play a critical role in thyroid
hormone homeostasis in the brain. Ac
cording to the current model o f Leonard
and coworkers, T4 and other active ana
logues promote polymerization of the
actin cytoskeleton, which in turn serves
to stimulate internalization and inactivatiiin ot the enzyme (66). In contrast, anal
ysis of the induction of 5D-III in cultured
astrocytes by thyroid hormone analogues
ttt consistent with a multistep, protein
synthetic-dependent
pathway
(36).
Whether FGF and/or protein kinase Cntediated phosphorylation play a role in
Ihis process is unknown.
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Thyroid hormone receptor
systems
Early experiments employing satura
tion binding analysis revealed distinct
cellular and regional distribution pat
terns o f nuclear T3 receptors (TR) in the
adult CNS. The neuronal nuclei have the
highest concentration of TR, the oligodendroglial nuclei the lowest (44, 45,
95), with intermediate levels present in
the astroglial nuclei. At the anatomical
level, a caudo-rostral distribution pattern
is apparent, with the cerebral cortex, the
amygdala and the hippocampus contain
ing the highest concentrations and the
cerebellum the lowest (44,95).
The nuclear TR are encoded by the
proto-oncogenes c-erbA a and c-erbA^
(see [64] for a recent review). In the rat,
the primary transcripts o f both genes are
alternatively spliced, yielding at least 5
different mRNAs, termedc-erbA al, a2,
a 3, p i and p2. However, only the TRa l , -P1 and -P2 proteins exhibit T3 bind
ing activity and can be considered true
TR. Furthermore, transcription of a re
gion o f the noncoding strand of the cerbA a gene locus results in the produc
tion of a third nonbinding protein,
termed Rew-ErbAa (64).
The anatomical distribution of the var
ious transcripts within the adult brain has
been studied by several groups (9,10,13,
78). These studies have demonstrated
widespread distribution of the c-erbA a l
transcript, with the c-erbA^\ isoform
exhibiting a more restricted pattern.
Nevertheless, considerable overlap ex
ists between these two functional iso
forms. In contrast the c-erbA^2 tran
script is largely, but not exclusively, lo
calized to the pituitary. With respect to
the transcripts encoding nonbinding
variants, Rçy-ErbAa is characterized by
a unique and somewhat restricted distri
bution, whereas both c-erbA al and a3
exhibit almost identical patterns to that
of c-erbA a\. Of the 3 c-^r6Aa-derived
transcripts, o l is the most and a3 is the
least abundant species. In view of the ob
servation that the TR-a2 protein can in
hibit T3-induced changes in gene expres
sion mediated by the TR -al and -pi pro
teins (63), at least in transient transfec
tion studies, it has been suggested that
the supposed nonresponsiveness of the
adult brain may be related to the very
high levels of the a 2 transcript (13).
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However, high levels of this transcript
are also found in the developing brain,
even during the critical period of thyroid
hormone-dependency (10, 78).
Apart from nuclear TR, the adult brain
contains both cytosolic (reviewed in
[48]) and synaptosomal (74,75) T3 bind
ing sites. The latter are of particular in
terest since their binding capacity is
higher in adult than developing brain
(74). The synaptosomal binding sites,
which are preferentially localized on the
synaptic membrane, are differentially
distributed throughout the brain; levels
being highest in cerebral cortex and hy
pothalamus, but lowest in cerebellum
(75). Their presence is consistent with
the selective accumulation of thyroid
hormone in synaptosomes following in
travenous administration (29), and they
may be related to the more recently de
scribed synaptosomal T3 transporters
(61). Whether these sites play any role in
thyroid hormone action in the brain, ei
ther at maturity or during development
remains to be determined.
Hypothyroidism, as a consequence of
thyroidectomy
or
propylthiouracil
(PTU) treatment, results in a significant
increase in nuclear T3 binding capacity
(28,47,112) and a decrease in the affin
ity constant (28,47). Induction of hyper
thyroidism by T3 administration has also
been reported to result in a slight increase
in receptor number, with no effect on the
affinity constant (47). The up-regulation
of the T3 receptor in hypothyroidism
also bears a temporal relationship to the
expression of the protooncogenes cerbA a and c-erbA^ in brain regions.
For example, preliminaiy experiments
indicate slight increases in the levels of
c-erbA al and (31 transcripts, at least in
cerebellum and brainstem (but not cere
bral cortex), during hypothyroidism
(Fig. 1) (62). On the other hand, ce rb A o l mRNA is unchanged in all brain
regions (Fig. 1) (62), indicating perhaps
that the thyroid hormones may play a
role in the regulation of splicing of spe
cific primary transcripts, including those
encoding the TR. In contrast, other work
ers have reported that levels of brain ce rb A o \, o l (80) and Rev-frZ/Aa (55)
mRNAs are unaffected by thyroid status,
although their data may indicate an in
crease in the latter transcript during hy
pothyroidism (55). Interestingly, the in
trauterine thyroid hormone environment
also appears to impinge upon the expres-
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Adult-onset dysthyroid states
and the brain
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Figure 1. Expression o f c-erbA a and (3
mRNAs in brain regions o f normal (clo
sed bars) and thyroidectomized (open
bars) adult rats. The c-erbAfxl mRNA
level was increased in cerebral cortex
(by 21%), brainstem (by 41%) and cere
bellum (by 54% ) and ^1 mRNA level was
also increased in brainstem (by 60%)
and cerebellum (by 33%). The non-li
gand binding variant, c-erbAo2 mRNA,
remained unchanged.

sion of thyroid hormone receptor sys
tems in adult brain regions. For example,
we have found that in cerebellum and
paleocortex o f adult progeny bom to hy
pothyroxinémie rat dams, levels o f nu
clear T3 receptors are up-regulated, in
spite of the normal thyroid state o f the
progeny (108).
The up-regulation of brain nuclear T3
receptors as a function o f hypothyroid
ism is similar to the changes observed for
other regulatory parameters of thyroid
function, such as brain 5 ’D-II activity,
hypothalamic TRH, and TSH in the pitu
itary and pituicytes in culture (24, 67,
104). Thyroid hormone binding globulin
(TBG) synthesis has also been shown to
be elevated, along with its mRNA syn
thesis, as a function of hypothyroidism in
the rat (116). However, circulating levels
of the other major thyroid hormone car
rier protein, transthyretin, are unaffected
by thyroid state (103).

Adult-onset hypothyroidism is with
out effect on biochemical indices o f cell
number, cell density and cell size (DNA
content, DNA concentration and protein:
DNA ratio) in gross anatomical brain re
gions (1). Nevertheless, the use o f more
sensitive morphometric techniques has
revealed that cell number and other relat
ed parameters may be altered, at least in
selected brain stmctures. Thus, reduc
tions in the numbers of granule cells of
the dentate gyrus (72) and pyramidal
cells o f the hippocampal C A l region
(73) have been reported. The number of
pyramidal cells of the hippocampal CA3
region remains normal, but the volume
o f this cell layer is reduced, indicating an
increased cell packing density possibly
due to deficient elaboration of the neur
opil (73). The effects on cell number are
essentially in-eversible and may be
brought about by increased cell death
and, in the case of the granule cells, de
creased proliferation (72, 73). Other
workers however, have reported that T3
administration to adult rats is without ef
fect on the morphology o f the CA3 neu
rons, but results in a decrease in the api
cal dendritic spine density of the hippo
campal C A l pyramidal neurons (39).
Furtiier elucidation of the mechanisms
and consequences of these hippocampal
changes are likely to be central to our un
derstanding of the cognitive dysfunction
that is observed in hypo- and hyperthy
roidism.
Thyroidectomy of adult rats has also
been shown to result in morphological
changes in the cerebellar, visual and au
ditory cortices. Both the numbers of sy
naptic vesicles and the formation of coat
ed pits are increased in the mossy fibre
nerve terminals of the cerebellar cortex
(89). Administration of T4 can reverse
such effects (89). Potential changes in
synaptic function are also indicated by
reductions in the numbers of dendritic
spines along the apical shaft of pyrami
dal cells of the visual and auditory cor
tices (96, 97, 98). The changes in the vi
sual cortex are reversible (98) and are ob
served as early as 5 days post-thyroidectomy, when brain thyroid hormone lev
els are severely depleted (96). The audi
tory cortex however, displays reduced
sensitivity in that a considerably longer
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exposure time to hypothyroidism is re
quired (97). •
Despite these morphological changes,
little is known regarding the influence of
adult-onset dysthyroid states on cytoskeletal components. In vitro microtu
bule assembly is unaffected by the induc
tion of a hypothyroid state in the adult
rat, albeit significant effects occur during
brain development (38). Although thy
roid hormone influences the formation of
filamentous actin stress fibres in conflu
ent glial cells in culture, it has been re
ported to be without significant effect on
(3-actin mRNA levels in these cells (37).
Others however, have shown that thyroid
hormone stimulates the accumulation of
actin and tubulin proteins in primary
brain cell cultures (23,88).
b) General biochemistry
Adult-onset hypothyroidism is with
out effect on the content or concentration
o f nucleic acid or protein in gross ana
tomical brain regions (1). Furthermore,
SDS-polyacrylamide gel electrophoresis
o f subcellular fractions indicates normal
protein profiles (unpublished observa
tions). Although the levels o f quantita
tively important proteins may be unaf
fected in the adult CNS, perturbation of
thyroid hormone homeostasis affects
specific functional proteins as described
below.
The activity of the nuclear enzyme,
RNA polymerase I, is reduced in the
brain of adult hypothyroid animals; this
effect being both rapid in onset (evident
at 5 days postthyroidectomy) and revers
ible by T3 replacement (26). The activi
ties of the mitochondrial enzymes, succi
nate oxidase and succinate cytochrome c
reductase, are also reduced in brain, but
only after 60 days of hypothyroidism,
whereas a-glycerophosphate
dehy
drogenase remains completely unaffect
ed (26). In contrast, changes in these 3
mitochondrial enzymes are apparent in
the liver after 5 days (26).
Studies of lysosomal enzymes indicate
that thyroid hormone action is both pa
rameter-selective and region-specific in
the adult brain. Thus aryl sulphatase A
activity is reduced in cerebellum, and ac
id phosphatase activity is deficient in
cerebellum and medulla o f hypothyroid
rats, whereas the activities of aryl sul
phatase B and a range o f glycosidases are
normal (1). Furthermore, non-lysosomal
alkaline phosphatase is deficient in sub
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cortex and midbrain (1), although other
phosphohydrolases (Na\K+- and Mg^+ATPases) remain unaffected (unpub
lished observations). Despite the prefer
ential localization o f both aryl sulphatase
A and acid phosphatase in neurons (109),
general loss/compromise of this cell pop
ulation is unlikely, since other lysosomal
neuronal marker enzymes (P-D-glucosidase,
N-acetyUP-D-glucosaminidase
and especially P-D-galactosidase) (109)
are unchanged (1). The normality o f Nacetyl-p-D-galactosaminidase activity
(1) also ai^ues against any gross effects
on glia (110). Indeed, similar conclu
sions can be drawn from the normal ex
pression of cell marker genes in the adult
hypothyroid rat (54). Rather, since dif
ferent lysosomal enzymes are packaged
in different particles, it may be argued
that only specific lysosomal subgroups
are adversely affected (109).
Aryl sulphatase A, which plays an im
portant role in the turnover o f the myelin
sheath, is known to be compromised in
metachromatic leukodystrophy. A l
though the adult-onset form of this disor
der results in impaired intellectual, emo
tional and motor function, the deficiency
in the hypothyroid brain was by no
means so complete (50 to 60% reduc
tion) and restricted to only cerebellum
(1). Nevertheless, other workers have re
ported region-specific changes in my
elin-associated
marker
enzymes;
2’3 ’cyclic nucleotide phosphodiesterase
being reduced in whole forebrain and
myelin-associated 5 ’-nucleotidase being
increased in medulla (76), albeit proteolipid protein mRNA levels remain nor
mal (54).
c) Metabolism
Substrate metabolism in the adult CNS
as a function of perturbed thyroid hor
mone homeostasis has not been investi
gated in detail. Recently,
NMR spec
troscopy has revealed that adult-onset
hypothyroidism compromises in situ ac
etate metabolism (12). Radiotracer ex
periments in our laboratory however, inrlicate minimal dismption of glucose and
acetate metabolism in tissue slices of
'various brain regions (unpublished ob
servations and (2)). In vitro glutamate
trtctabolism is compromised insofar as
* ^^"Poration of radiolabel into the
, ^ fraction is reduced; the labelling o f
pmtein, nucleic acid and lipid frac•ons remaining normal (2).
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d) Neurotransmitter function
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Figure 2. Effect ofT3 on 2-deoxyglucose
uptake in neurons: dose response.
* F < 0.05, * * P < 0.001; n = 3.

The influence of thyroid hormone on
the metabolism of a variety of substrates
in confluent neuronal and astrocytic cells
in culture has been well documented.
Thus, neuronal uptake of 2-deoxyglu
cose has been reported to be enhanced by
T3 in a dose-dependent manner (Fig. 2)
(43), whereas astrocytic uptake is inde
pendent of the thyroid hormones but reg
ulated ly insulin (unpublished data).
Similarly, leucine uptake and incorpora
tion into protein has been shown to be
controlled ty T3 in neurons (90), as is the
uptake and incorporation of fucose into
glycoprotein in astrocytes but not neu
rons (unpublished observations and
[53]).
In
general,
supraphysiological
amounts of T3 are required to elicit the
enhancement o f cellular metabolism. It
may be noted that the cells used in these
experiments were confluent and fully
differentiated, analogous to, it is as
sumed, mature cells in vivo. If such ob
servations can be extrapolated to the in
vivo situation, it would appear that thy
roid state influences substrate metabo
lism in a cell-specific manner, conse
quently bulk-phase metabolism may ap
pear unaffected. The thyroid hormonedependence of membrane-related pro
cesses such as glucose and amino acid
uptake may indicate a role for the mem
brane T3 binding sites in this process.
The failure of T3, even at supraphysio
logical doses, to elicit such effects in sy
naptosomal particles prepared from adult
euthyroid rats (90,91) would tend to rule
out this possibility, although adult-onset
hypothyroidism appears to induce T3-re
sponsiveness in vitro (91).

Chronic and acute hypo- and hyper
thyroidism are associated with a spec
trum o f psychobehavioural disorders
which are indicative of derangements in
neurotransmitter metabolism/function.
Indeed, it is generally accepted that hy
perthyroidism is associated with an in
crease and hypothyroidism with a de
crease in the catecholamine and indoleamine turnover rates in whole brain
(reviewed in [92]), although contradicto
ry evidence has been presented concern
ing the influence of thyroid status on re
gional levels of particular monoamines,
as well as their synthetic rates (49, 92).
For example, hypothyroidism has been
reported to increase the rate o f dopamine
synthesis in midbrain, brainstem and ce
rebrum, with hyperthyroidism producing
a similar effect in midbrain. The rate of
noradrenaline synthesis has been found
by some workers to be independent of
thyroid status, at least in brainstem, mid
brain, striatum and cerebrum, whereas
others have reported changes in discrete
regions of hypothalamus (49, 92).
Chronic T3 treatment however, produces
an increase in the bulk phase serotonin
synthesis rate, independent of changes in
brain tryptophan accumulation (3).
At the enzymic level, hypothyroidism
is associated with an increase in tyrosine
hydroxylase activity in certain hypotha
lamic nuclei, but not in brainstem (92),
whereas midbrain activity is either nor
mal (92) or markedly increased (34). Hy
perthyroidism however, is without effect
on midbrain (34) or striatal (93) tyrosine
hydroxylase. Tiyptophan hydroxylase
activity is also resistant to this condition,
at least in midbrain (93). With respect to
the degradative enzymes, a study of mid
brain and cerebral cortex of hyperthyroid
rats has revealed decreased catechol-Omethyltransferase activity but normal
monoamine oxidase activity (93). We
have recently reported increased mono
amine oxidase activity in the cerebellum
of hypothyroid rats; all other brain re
gions remaining normal (1).
Pharmacological studies indicate that
changes in central adrenergic and dopa
minergic receptor sensitivities may ac
company altered thyroid status in adults
(3, 22, 34, 92). Saturation analysis sup
ports this view: the numbers o f cerebro
cortical a l- , a 2 - and p-adrenoceptors
are reduced in hypothyroidism (40, 41,
101), whereas only the P-adrenoceptors
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are influenced by T3 treatment (101).
With respect to the dopaminergic sys
tem, the levels of D2 receptors are de
creased in striatum as a result of hypo
thyroidism (22), although they are appar
ently unaffected during hyperthyroidism
(3).
Less complete information is available
on other transmitter systems. We have
previously reported that in hypothyroid
ism, the activity of acetylcholinesterase
is decreased in cerebellum, medulla and
subcortex (1). However, information is
lacking on the synthetic enzyme, choline
acetyltransferase, and cholinergic recep
tor systems. Compromise of the cho
linergic system is feasible in view of the
observation that the number o f dendritic
spines on the cerebral pyramidal neurons
are reduced, since these cells are normal
ly connected by afferent cholinergic fi
bres from the basal nuclear system.
Opiate receptor binding is also known
to be dependent upon thyroid status. The
number of naloxone binding sites is in
creased in mice made hyperthyroid by
T4 treatment (33). Conversely, Lofentanil (a morphine agonist) binding sites
are decreased in both cerebellum and ce
rebral cortex of the hypothyroid rat (27).
With respect to the amino acid neuro
transmitter systems, we have previously
shown that GAB A transaminase is re
duced in all brain regions, whereas as
partate aminotransferase is selectively
reduced in cerebellum and cerebral cor
tex (2). Hypothyroidism is without effect
on the numbers of cortical G A B A a bind
ing sites, but these are decreased during
hyperthyroidism (101), in association
with an increased sensitivity to isoniazid- and picrotoxin-induced seizures
(102). Parallel changes are not seen in
benzodiazepine receptors (102), al
though imipramine binding sites are re
duced in cerebral cortex and hypothala
mus but increased in hippocampus as a
consequence of hypothyroidism (101).
Thyroid status may also modify neur
omodulator function. Hypothyroidism
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produces region-specific changes in the
activities of adenosine metabolic en
zymes; membrane-associated 5’-nucleotidase (responsible for extracellular
adenosine production) being increased in
cerebellum, cerebral cortex, striatum and
hippocampus, whereas adenosine kinase
(which plays a role in adenosine disposal
after reuptake) is decreased in cerebel
lum, striatum, hippocampus and hypo
thalamus (76). It has been suggested that
these changes may enhance adenosinemediated presynaptic inhibition of excit
atory neurotransmitter release (76). Fur
ther analysis of this neuromodulatory
system has revealed that although the
numbers of A| adenosine receptors re
main normal, hypothyroidism increases
agonist-mediated inhibition of adenylate
cyclase activity (77). Indeed, subsequent
work has shown that adult dysthyroid
states can impinge upon the expression
of receptor signalling mechanisms.
Modulation of the adult thyroid status
influences the abundance of G-protein a
subunits in synaptic compartments. Dur
ing hypothyroidism, the expression of
G ila, G|2a and Gott are up-regulated in
a region-specific manner which is char
acteristic for the particular subunit under
study (86). Thus, Gi 1a is affected only in
cerebral cortex and striatum, whereas the
level of G|2a is additionally affected in
medulla, hippocampus and hypothala
mus and that of GoOt is increased in all re
gions except hypothalamus (86). Induc
tion of hyperthyroidism by T3 treatment
for 3 days, down-regulates G ,la and
G|2a in cerebral cortex but not medulla.
In contrast, the expression of Goa is to
tally unaffected in all 3 regions (cerebel
lum, medulla, and cerebral cortex) by
this short treatment schedule (85).
We have investigated the influence of
hypothyroidism on the activities of pro
tein kinases A and C (PKA and PKC, re
spectively) in various brain regions. The
results show that PKC activity is up-regulated in cerebral cortex only, whereas

Specific activity (OD units/mg protein)
PKA

PK C

N

Tx

N

Tx

Cerebral cortex

0.638 ± 0 .01 6

0.715 ±0.013*

0.309 ± 0 .00 8

0.360 ± 0,015*

Cerebellum

0.552 ±0.011

0.629 ± 0.017*

0.245 ± 0 .01 3

0.251 ± 0 .00 9

Brain stem

0.492 ± 0 .01 0

0.589 ± 0.009*

0.234 ± 0.006

0.241 ± 0 .00 9

B rain region

* P < 0.02; Tx versus N. Values are the means ± SEM of 5 animals.
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PKA activity is elevated in all regions
studied (Table 1).
Such changes, if with effect on the nor
mal protein phosphorylation pattern,
may impinge upon a multitude of taigets,
including neurotransmitter synthetic en
zymes and receptors, ion channels, sig
nalling pathways and cytoskeletal pro
teins (82).
e) Gene expression
It is well known that thyroid hormone
action in the developing brain is mediat
ed primarily at the level of the nucleus,
through prior interaction with non-histone receptor proteins, with consequent
changes in the transcription of target
genes. Despite the accumulating mor
phological and biochemical evidence in
favour of a role for the thyroid hormones
in the adult brain, very few studies have
considered their influence on gene ex
pression. Apart from the influence of
thyroid hormones on the expression of
the z-erbk isoform mRNAs in adult
CNS, as discussed above, we are aware
of only 2 other studies.
Hypothyroidism, produced by PTU
administration, has been shown to signif
icantly reduce steady state angiotensi
nogen mRNA levels in diencephalon and
brainstem of adult rats (52). Hyperthy
roidism induced by T4 treatment over an
identical time course is without effect on
brain mRNA, despite an increase in liver
levels (52). Nevertheless, addition of T3
to serum-free cultures of primary astro
cytes increases angiotensinogen secre
tion, indicating that the effect of adultonset hypothyroidism may be directly
mediated (52).
Hypothyroidism has also been report
ed to decrease RC3 mRNA levels in the
adult brain cortex and striatum, but is
without effect on the expression of an
other neuronal gene, neuron-specific
enolase (54). The effect is reversible:
levels of RC3 mRNA can be normalised
by T4 administration to hypothyroid an
imals for 5 days (54). Nevertheless, the

Table 1. Specific activities o f PKA
and PKC in different brain regions
fi'om euthyroid (N) and hypothy
roid (Tx) adult rats.

AMA I
cellular function of the gene product re
mains to be determined.
Out of the very few specific genes that
have been investigated, either in conflu
ent cultured cells or adult animals, none
appear to be completely under thyroid
hormone control. Expression of such
genes is not entirely obliterated by thy
roid hormone deficiency but only modu
lated. It appears that expression of genes
in the CNS are under the influence of
multiple signals, thyroid hormones being
only part of the overall control system.
Nevertheless, attenuation or stimulation
of gene expression in the CNS by thyroid
hormones will place severe restrictions
upon normal brain function.

f) Psychobehavioural function
This section includes short descrip
tions of psychobehavioural dysfunctions
due to perturbed thyroid hormone ho
meostasis in humans, since this subject
will be covered in greater detail else
where. A range of abnormal psychologi
cal disorders, behavioural morbidity and
motor dysfunctions due to adult-onset
hypothyroidism have long been known.
A general slowing of psychomotor func
tion is observed and symptoms resem
bling affective disorders, such as melan
cholia, psychotic behaviour and depres
sion, may be present. These were origi
nally identified hy Sir William Gull (42),
who coined the phrase "myxoedematous
madness" to describe the pathology.
Such fundamental psychological pa
rameters as memory and mood appear to
correlate significantly with general hy
pothyroid state, and these changes may
be irreversible (79). The administration
of T4 to patients with subclinical hypo
thyroidism however, can improve mem
ory skills and has beneficial effects upon
other psychobehavioural symptoms
(81). Hypothyroidism has also been
shown to be associated with dementia
which can be alleviated by replacement
therapy with thyroid hormones (50) and
loss of cognitive functions in elderly hy
pothyroid patients without dementia has
also been reported (87). Rapid cychng
bipolar affective disorders, Prader Willi
syndrome and depressive illness have all
been positively correlated with hypothy
roid state in human subjects in recent
years (5, 6,46). Successful treatment of
manic depression with high doses of T4
has also been reported (4,111).
Disturbances of cognitive and motor
function are also apparent in hyperthy
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roidism. However, short term thyroid
hormone administration to normal adults
has recently been reported to improve
cognitive processing in a visual search
paradigm (8). Patients often exhibit emo
tional lability and psychosis may devel
op, with delirium, stupour, coma and
even convulsions in extreme cases. Psychopathological and neuropsychological
symptoms have also been shown to be a
common feature in subclinical hyperthy
roidism, with abnormalities resembling a
mainly depressive syndrome also present
in remitted hyperthyroidism (7). In
creased anxiety, nervousness, irritability,
depressiveness and agoraphobia, have
also been correlated with the subclinical
hyperthyroid state (94,117). Personality
disorders and affective disorder-like syn
dromes are known to co-exist with hy
perthyroidism in man.
It is postulated that thyroid hormones
may induce a stimulatory state in the
CNS in a region-specific maimer, per
haps interacting through a variety of
transmitter receptor systems as discussed
in the previous section.

Conclusion
Experimental data from clinical inves
tigation and animal studies clearly indi
cate the involvement of thyroid hor
mones in the maintenance of a variety of
metabolic functions in the adult CNS.
Any disturbance of thyroid hormone ho
meostasis will therefore impinge upon
normal brain function. Of particular im
portance is the imbalance of transmitter
systems of various kinds (cholinergic,
catecholaminergic, glutamatergic and
GAB Aergic). Administration of psycho
tropic drugs also affects thyroid hormone
homeostasis in the CNS, and administra
tion of thyroid hormones appears to have
some beneficial effects in the manage
ment of psychotic states including affec
tive disorders. However, a large number
of studies investigating the direct rela
tionship between thyroid hormone state
in the CNS and transmitter functions
have so far failed to find unambiguous
answers. The exact role of thyroid hor
mones in adult brain function is therefore
poorly understood at present, although
the biochemistry of most brain regions
appears to be compromised, at least to
some extent.
These observations have important
implications in the clinical management
of hypo- and hyperthyroid conditions, in
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that the dose and duration of replacement
therapy and/or administration of antithyroid drugs must be carefully con
trolled to avoid collateral damage to the
CNS. Thyroid hormones have been used
extensively (in combination with other
medications) to control obesity in appar
ently normal subjects. The use of thyroid
hormones for entirely social/cosmetic
purposes should, if possible, be avoided
and when unavoidable, regular monitor
ing must be instigated.
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maternal T4 still accounts for some 18% o f the fetal
cxtrathyroidal T4 pool near term (11). The postnatal
animal is almost entirely dependent on its own thyroid
activity, albeit a sm all proportion o f circulating TH
may hie derived from the m other’s milk during the
suckling period (12).

I INTRODUCllON
A role for thyroid hormone [TH] in brain development
is well established based on investigation of a range of
dysthyroid animal models, in particular the rat. As in
man, secretion o f TH in the rat commences during fetal
life, when the major phase of neuroblast proliferation is
complete. However the rat brain is relatively immature
at birth, corresponding to the second trimester human
brain. M ost past studies have concentrated on
hypothyroidism induced during late fetal/early neonatal
life [congenital hypothyroidism models], and this has
been shown to adversely affect most stages of postnatal
brain developm ent, as evidenced by m olecular
biological, biochemical, histological and behavioural
changes (reviewed in (1-6)]. Many of the effects are
irreversible if TH replacem ent therapy is delayed
beyond 2 0 - 2 5 days o f postnatal life. Few studies have
investigated TH action in the fetal brain, largely
because of an assumption of placental impermeability
to maternal thyroxine [T4] and 3,5,3 -triiodothyronine
[T3]. Considerable recent evidence - again derived
mainly from the rat - contradicts this, and indicates a
role for maternal T4 in fetal neurogenesis. Similarly, an
increasing number o f reports, demonstrating largely
reversible effects of thyroid status on adult brain,
conflict with the view that once fully mature, the
central nervous system [CNS] ceases to be THresponsive. The supposition of a critical period of brain
dependency on TH limited to the first two to three
weeks of postnatal life is therefore highly questionable.

Thyroid hormones arc present within the fetal brain
from at least 13 days gestation (9); they arc detectable
in other tissues but comparison o f fetal to adult tissue
ratios indicates that the brain is especially favoured
(9,13). V arious studies ind icate th a t throughout
development, m ost brain T3 is generated via local
deiodination of T4 rather than from direct uptake of
circulating T3 [review ed in (12,14)]. B rain 5 ’deiodinase [predominantly type 11; 5’D -ll] activity has
been studied from 17 days gestation and exhibits a 6fold increase by term (15,16). A fter birth, 5 ’D -ll
activity declines to low levels by 4 to 5 postnatal days,
then increases again reaching maximal levels by day
12, these being slightly higher than those at term.
Activity then gradually declines to low adult values
(16,17). Since 5’D -Il predominantly converts T4 to T 3 ,
it is not surprising that brain T3 levels also rise during
early development (15,16). Indeed, T3 levels mature
much earlier in brain when compared with many other
tissues, in particular the blood (15,18).
The fetal brain also exhibits 5-deiodinase [5D-III]
activity at 3 to 6-fold higher levels than adult brain
(19). As in the adult (20), early fetal brain reverse T3
concentrations are low relative to T4 and T3 (9). The
activity of 5D-111 increases 1.5-fold between 14 and 19
days gestation (19), with a more pronounced increase
during the first few days o f postnatal life. Activity then
declines to adult values by 20 postnatal days (17).

fl. THYROID HORMONE HOMEOSTASIS
It is now generally accepted that both maternal T4 and
T3 are transferred to the rat fetus (7-9), maternal T4
being quantitatively more important than T3 (7,10).
T ransfer of m aternal T4 is most active in early
pregnancy [detectable as early as 9/10 days gestation]
so that, before the onset of fetal TH synthesis [17.5
days gestation], circulating TH is derived solely from
the mother. Maternal TH transfer declines as the onset
o f fetal TH synthesis approaches (7,8); nonetheless
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From as early as 17 days gestation [probably earlier
(9)] the brain is able to respond to reduced circulating
T4 levels to m aintain tissue T3 concentrations (12).
Putative homeostatic mechanisms include increased T4
uptake (12), down-regulation of 5D-IH activity (21,22)
and a rapid increase in 5 ’D -ll activity (15,16). Such
observations support an important role for TH in brain
throughout life.
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The primary mechanism o f TH action is thought to be
the modulation of target gene transcription mediated by
specific nuclear T3 receptors [TRs] (23-25). The
nuclear TRs belong to a superfamily o f ligand-activated
transcription factors w hich includes receptors for
steroid hormones and retinoids (23-25). Multiple TR
isoforms exist, encoded by the c -e rb A a and c -e rM p
genes. Altemative splicing o f the 3 -most exon o f the cerbAa gene, coupled w ith the usage o f altem ative
splice acceptors, results in the production o f mRNAs
encoding three proteins: T R a „ T R a , and T R a,. Only
T Ra, binds TH and can be considered a true TR. The
non-coding strand o f the c -erb A a gene locus is also
expressed producing the Rev-ErfcAa protein, which
lacks TH binding activity. W ith respect to the c-trbAf>
gene, alternative 5 -exon usage gives rise to two
products, T Rp, and TRPj, both o f which bind TH.
Studies o f mRNA, protein and nuclear T3 binding
activity indicate that all TR isoforms are expressed in
rat brain and are subject to developmental regulation.
a). Nuclear T3 binding studies
Nuclear T3 binding has been studied in some detail by
saturation techniques which, although limited by their
ability to discrim inate between various T3 binding
receptor isoforms, have yielded important insights into
TH action in the brain.
Saturable T3 binding has been detected in nuclear
extracts o f whole brain at 14 days gestation [earliest
stage investigated] (26). M aximal binding capacity
[MBC] increases three fold by 16 days gestation, then
remains stable throughout the remainder of fetal life. A
further three-fold elevation occurs in the early postnatal
period, maximal levels being attained by 5 - 6 postnatal
days. This phase is followed by a steady [but slight]
decline to the 20 - 30 postnatal day level. Similar
changes in MBC in salt-extracted o r intact nuclei from
postnatal cerebm m have been reported (27-29), while
in the cerebellum, receptor ontogeny appeared delayed,
as expected, and receptor levels were lower than in
cerebral cortex at all ages (27).
Several authors have reported developmental changes
in the affinity constant [Ka] o f T3 binding in cerebrum
(28,29), but only when assayed in intact nuclei (30).
Reconstitution experiments with salt-extracted nuclei
have im plicated chrom atin-associated factors in this
regulation (30), however their identity remains to be
determined.
The ontogeny of T3 binding in bulk-separated neuronal
and glial nuclei has been examined by several authors.
Rodriguez & Jolin, studying only cerebral cortex, could
detect T3 binding in neuronal nuclei at 14 days
gestation, with MBC increasing steadily to reach a
plateau between 6 and 20 postnatal days (31). Glial
nuclear binding was first detected at 17 days gestation;
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thereafter the MBC rem ained low until birth, then
increased steeply, reaching - by 10 postnatal days maximal levels sim ilar to those in neuronal nuclei.
Using a different nuclear separation procedure, we also
found neuronal MBC to remain fairly constant between
5 and 20 postnatal days, but glial MBC declined (32).
The MBC o f glial nuclei exceeded that o f neuronal
nuclei at 5 days, when the postnatal peak in total
nuclear receptor concentration is observed. At 15 and
21 postnatal days, a caudo-rostral regional distribution
o f MBC was observed for both nuclear fractions. In the
cerebral cortex, MBC o f glia was higher than that of
neurons at both ages, in contrast to the fully mature
brain in which neuronal receptor concentration far
exceeds th at o f the g lia in w hole brain and its
constituent regions (33-35).
D espite the in consistencies w ith respect to the
neuronakglial MBC ratio, these observations indicate
that developing glia possess high nuclear T3 binding
capacity and may be important targets for TH during
the postnatal period. Indeed, this finding is consistent
with primary cell culture studies (36-38).
b). Gene expression of T3 receptor isoforms
Strait e t a l. have determined molar concentrations of
various TR isoform mRNAs by quantitative Northern
hybridisation analysis (39). During brain development,
both C-erbAa, and -a^ were found to be coordinately
expressed, w ith the latter species predominating [10fold higher mRNA levels]. Concentrations doubled
between 19 days gestation and birth, with a further
doubling by 4 postnatal days [maximum levels]. After
day 10, a decline was observed, with adult values only
slightly higher than those at 19 days gestation. More
dramatic changes were observed for c-erM p, mRNA levels were very low [<10% c -e r b A a ,] at 19 days
gestation, but increased 40-fold to reach those of the
adult by 10 postnatal days. This isoform exceeded cerbAa, from around 15 postnatal days onward, being 3
to 4 times higher at adulthood. Sim ilar findings with
respect to c-erbA a, and -p, mRNAs have been reported
by other w orkers (40-42), although there is some
disagreement regarding the ontogeny o f c-erbAa^, with
evidence both for (41) and against (40,42) co-ordinate
expression with c-erb A a ,. R e v-E rb A a mRNA is not
detectable in brain until 15 postnatal days, with an
increased level apparent at 60 days (42).
The ontogenic pattern o f brain nuclear T3 binding
capacity is not related to combined c -erb A a , and -P,
mRNA molar levels [although some correlation with cerbAa, m R N A alo n e is apparent] (39). These
observations, coupled with evidence from other tissues,
led to the suggestion that the various TR isoforms may
b e s u b je c t to d i f f e r e n t ia l tr a n s la tio n a l/p o s t- tr a n s la tio n a l

control (39). Indeed, this is supported by other evidence
[section IIIc] how ever the existence o f extranuclcar
TR-related proteins may also need to be taken into
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consideration.
T he regional distribu tio n o f T R isoform m R N A s has
also been exam ined in both neonatal and adult rat brain
by quantitative N orthern analysis (39,43). Levels o f cerbA a m RN As vary c a . 3-fold betw een regions [highest
in frontal co rtex , lo w est in diencep h alo n and brain
stem ] irrespective o f age, w ith adult levels around h alf
those in neonates. As in w hole brain, c-erbA cti mRNA
concentrations w ere h ig h er [5-fold] than those o f ce rb A a ,. M ore m arked regional variation w as noted for
C-erbA fit m RN A ; the frontal cortex contained >50-fold
higher levels than the cerebellum , irrespective o f age.
A dult c -e rM p , m R N A levels w ere 4 -fold higher than
those o f neonates in all brain regions, and exceeded
those o f C -e rb A a , in frontal cortex and co rtex (43).
O thers have also noted very low levels o f c -e rb A %
m R N A in cere b e llu m rela tiv e to cere b ru m (44).
A lthough early studies indicated th at c-erbA fij mRN A
w as h ighly re stric te d to p itu ita ry [d etec tab le by
N o rth ern h y b rid isa tio n ] (4 5 ) an d h y p o th a lam u s
(detectable by R T -P C R ] (46) in ad u lt brain, m ore
sensitive approaches [RT-PCR com bined w ith Southern
h y b rid isatio n ] h av e d e m o n stra te d th is sp e c ies in
cerebrum and possibly cerebellum (47,48).
Use o f in situ hybridisation has allow ed m ore detailed
ex am in atio n o f th e sp a tia l e x p re ssio n o f c-erb A
m RNAs (49,50). B oth c -e rb A a , and - a , transcripts are
detectable in the neu ral tube at 11.5 d ay s gestation
[earliest age studied], and all five m ajor subdivisions o f
the brain [especially th e telencephalon] at 12.5 days
gestation (50). c -c rM p , mRNA is also detectable at this
latter age, but only w ithin ventral areas o f the hind
b ra in an d d ie n c e p h a lo n (5 0 ). A t su b s e q u e n t
developm ental stages, including adulthood, both cerbA a, and -a^ m R N A s are widely expressed [levels o f
the latter are g enerally highest], w hereas c -e rb A ^ ,
mRN A is restricted to areas o f c - e r b A a expression
(49,50). T he expression o f c -c rM p j is highly localised
to pituitary [first detectable at 13.5 days gestation],
with low levels also present in the late fetal striatum
and hippocam pus, and the postnatal neocortex, w here it
is limited to sub dom ains o f c -e rM p , expression (50).
D uring the rem ainder o f fetal life, high levels o f cerhA a, transcripts w ere seen in the olfacto ry bulb,

piriform cortex, thalam us, caudate putam en, inferior
colliculus, spinal cord, cerebellum , hippocam pus and
ncocortex. Especially intense labelling o f postm itotic
neuronal cell layers in the latter th ree regions was
noted. In general, the expression o f c -erb A a , [and
transcripts reaches m axim al levels by the end o f the
first postnatal w eek, then declines by adulthood, with
prom inent labelling o f the o lfactory bulb, caudate
putam en, hippocam pus [dentate gyrus granule cells,
C A l and C A 3 pyram idal cells], neocortex [m ainly
layers 2 , 3 , 5 a n d 6 ] a n d cerebellum [Purkinje cells,
internal g r a n u la r la y e r a n d deep cerebellar neurons].
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E x p ressio n o f c-erb A ^ , tra n sc rip ts is v ery lim ited
d u rin g fetal life, m oderate to h ig h levels being seen
only in caudate putam en [lim ited to rostral regions] and
h ippocam pus [C A l field]. H o w ev er, levels increase
maricedly during the first postnatal w eek and peak one
to tw o w eeks later than c -e r b A a , (49,50). D uring this
tim e labelling o f the olfacto ry b u lb , cau d ate putam en
[rostral reg io n s], n eocortex [m id co rtical layers] and
hip p o cam p u s [p y ram id a l c e ll la y e r C A l] b ecom es
particularly intense.
c). Expression o f T 3 receptor protein isoform s
T h e expression o f T R p ro tein s in b rain has n o t been
extensively docum ented. F alcone e t al. have perform ed
an im m u n o h isto c h e m ic a l stu d y u sin g p o ly c lo n a l
antibodies specific fo r T R p , and T R o j (51). T R a , w as
in ferred fro m d iffe re n c e s in th e la te llin g p attern
b e tw een th e la tte r a n tib o d y a n d a T R a com m on
antiserum . Several differences w ere apparent com pared
to studies o f T R transcripts: T R a , appeared to 1^ the
predom inant T R a isoform from 1 4 - 1 7 days gestation;
TRp, w as detectab le a t low to m o d erate levels at 14
day s gestation, up-regulated betw een 17 and 21 days
gestation, but r e m a in ^ fairly stab le through the first 3
w eeks o f p ostnatal life; th e tem p o ral pattern o f T R o ,
expression was sim ilar to that o f T R p , rather than T R a,.
A ll protein isoform s w ere d e tec ted in g lia as w ell as
neurons [at least during neonatal life] and cytoplasm ic
stain in g w as ap p aren t w ith T R p ,-sp ecific and T R a
com m on antisera.
T R isoform ex p ressio n in adu lt cereb ellu m has also
been investigated (43,44). Puym irat e t a l. reported that
TRp w as lo calised to P u rk in je c e lls o n ly , im m unostaining bein g ap p aren t in e ith e r th e nucleus o r the
p erin u clear region and cy to p lasm (44). S trait e t a l.
observed.nuclear staining only w ith antisera specific for
TR p, and T R a^ - th e form er iso fo rm w as localised to
P u rk in je c ells (stron gly stain ed ] an d g ran u le cells
[weakly stained], w hereas the latter isoform was mainly
localised to granule cells (43). Im m unoprécipitation
studies have dem onstrated that T R p , accounts for som e
30% o f nuclear T3 binding activity in this brain region
(43), despite low m R N A levels - in ad u lt brain, the
TR p, proteintm R N A m olar ratio w as calculated to be 7fold higher in cerebellum than in cerebrum (43).
Im m unocytochem ical studies have dem onstrated T R p,
e x p re ssio n in th e a d u lt p itu ita ry , h y p o th a lam u s,
piriform cortex, neocortex [especially layers 3, 5 and
6], am ygdala, th alam u s, h ipp ocam p u s, parts o f the
septum and the cerebellum [especially P urkinje cells]
(47). A lthough p redom inantly nuclear in localisation,
cytoplasm ic staining w as also apparent in Purkinje cells
and certain neocortical pyram id al neurons. Saturation
techniques fo llo w in g im m u n o p récip itatio n indicated
that T R p i accounts fo r c a . 10% o f nuclear T3 binding
capacity in adult b rain; th e rem ain d er being due to
T R a, [61% ] and T R p , [29% ] (4 8 ). In fetal brain
how ever, o n ly T R a ,-sp e c ific antiserum was able to
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decrease [by 90%] nuclear T3 binding activity (48); an
earlier study indicated that TRp, may contribute some
5% of nuclear T3 binding at 19 days gestation (52).

erbA a, m R N A e x p ressio n o n ce cell m igration is

Anomalous findings with respect to glial cells, deriving
from im munocytochemical studies, have been reported
(53.54). C arlson e t a l., using T R isoform -specific
antibodies, observed T R a ,, -a ,, -p „ and -p, immunoreactivities in oligodendrocytes in adult cerebellum and
cerebrum but found astrocytes to be devoid o f all
isoform s (54). Besnard e t a l. em ployed a monoclonal
antibody im m unoreactive for T R p ,, - a , and -a ,
isoforms, and observed labelling o f both astrocytes [not
noted above] and selective oligodendrocytic subtypes
[m edium oligodendrocytes] in corpus callosum o f
developin g and ad u lt rats (53). O ligodendroglial
staining w as not observed until 20 postnatal days,
follow ing w hich the proportion o f labelled cells
declined (53). TR expression in oligodendrocytes in
culture is also related to m orphological maturity progenitor cells express only T R a isoforms, whereas
mature oligodendrocytes express both T R a and TRp,
(53.55).

Relevant to this suggestion are observations in rat P C I2
pheochrom ocytom a cells and E18 im mortalised brain
neuroblasts stably expressing th e chick c-erbA a, gene,
dem onstrating m odulation o f neurotrophin-dependcnt
neuronal differentiation (62). T his process is inhibited
by TRa, in the unliganded state, whereas T3 exerts a
permissive effect. O n the other hand, over expression
o f human T R p „ but not rat T R a „ was found to prevent
proliferation o f neuroblastom a [neuro-2a] cells in a T3dependent manner (63). T3 also induced differentiation
but only in c e lls sta b ly tran sfected w ith TRp„
independent of anti proliferative effects. Interpretation
o f these studies is, how ever, com plicated by several
factors: the use o f heterologous systems; the high levels
of expression o f the TRs; the immortalised nature of the
cell lines; as w ell as the u su al d ifficu lties in
extrapolation from neural cell culture models to brain.

A strocytes in culture contain significant nuclear T3
binding capacity (36,37,56), as w ell as c - e r M a „ -Oj
and p, m RN As (56). TRp, protein has also been
detected in astrocytes in culture [predominantly type 1
fibrous astrocytes] but immunoreactivity was localised
to perinuclear and cytoplasm ic regions (56). Leonard
and cow orkers have dem onstrated the presence o f CerbA a, and -a^ [but not -p,] mRNA in these cell types,
as well as T R aj [but not TRp,] immunoreactivity (57),
whereas Carlson and colleagues could only detect TRpj
mRNA and p rotein, the latter show ing nuclear
localisation (58). Type 2 astrocytes [found only in
culture and not in vivo ] were also exam ined and were
shown to express mRNA and protein o f all isoforms
(58). T he discrepancies with respect to astrocytes both
in vitro and in vivo remain unresolved.
d). Possible roles for nuclear TR isoforms
The respective roles o f the T R s and their non-T3
bin d in g -related isoform s rem ain uncertain. W ith
respect to TRs, the differential spatial and tem poral
expression in brain suggests quite distinct functions.
From the foregoing it is clear that T R a, predominates
early in developm ent, when cell proliferation is active,
w hereas T R p, [and possibly T R p j is up-regulated
concom itant w ith term inal differentiation. Sim ilar
relationships also hold in neuronal (59), oligodendro
glial (55,60) and astrocytic (56) cultures. A role for
TRa, in blast cell proliferation is consistent with studies
in chick optic lobe which dem onstrate that antisense
oligonucleotides against c - e r b A a block neuroblast
proliferation w hereas those against c -erb A ^ are
ineffective (61). T he T R a , protein may also be
im portant in initial stages o f cell differentiation since
observations o f developing neocortex, cerebellum and

hippocam pus dem onstrate m arked enhancement o f ccomplete (50), notw ithstanding the problems inherent
in extrapolation from c-erbA mRNA to protein.

Based on observations on the ontogeny o f TR isoforms
and tissue T3 levels, an im portant role for TRp, in
m ediating the effe c ts o f T H on postnatal brain
developm ent has been proposed (39). Indeed, mRNA
levels o f four TH -responsive genes [calbindin, inositol
trisphosphate receptor, PC P-2, myelin basic protein]
are m arkedly up-reg u lated in the early postnatal
cerebellum coincident with increases in TRp, and tissue
T3 (64). In hypothyroid pups, these mRNA species
exhibit slow er developm ental increases than in T3treated anim als. T ra n sie n t co tran sfectio n studies
suggested T3-independent and -dependent regulation of
the PCP-2 gene prom oter by TRp, alone (64), however
these effects were later attributed to the parent vector
(65). Although primary cell culture studies also support
an im portant role for TRp, in terminal differentiation
(55,56,59,60), the ad ditional involvem ent o f IR o ,
[which is also expressed] cannot be totally discounted.
A ntisense mRNA technology m ay prove helpful in
resolving this issue.
With respect to the non-T3 binding isoforms, it has
been suggested - on the basis o f transient transfection
studies - that these may serve as dominant negative
regulators o f T R a, and T R p , function, via competition
at the level o f the TH response elem ent (66). In brain.
TRa; appears to be ubiquitously expressed at high
levels throughout developm ent, and is likewise found at
high levels in T H -responsive cell cultures (59). It is
uncertain, how ever, w hether T R a , is present in the
same cells as T 3-binding isoform s in vivo. Recent
evidence suggests that the phosphorylation state of TRs
is im portant; phosphorylation attenuates the DNA
binding activity o f T R a ; (67), but enhances T3dependent transcriptional activation by TRa, and TRP,
(68). Although intriguing, the physiological relevance
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o f T R p h o sp h o ry latio n rem ains to be dem o n strated .
T he role o f th e R e v - E r b A a protein rem ains highly
sp eculative. It has b een su g g ested th at R e v - E r b A a
m R N A m ay reg u late altern ativ e splicing o f c - e r b A a
gene tran scrip ts (6 9 ), y e t sp atial exp ressio n o f R ev
E rbA a m R N A in ad u lt brain differs from that o f ce rb A a transcripts (70).
IV ■E X T R A N U C L E A R B IN D IN G SITES
T he b rain , lik e m any o th e r T H -re sp o n siv e tissu es,
p o sse sse s a ra n g e o f e x tra n u c le a r io d o th y ro n in e
binding sites, but these h av e no t been as intensively
stu d ied as th e n u c le a r T R s. C o n se q u e n tly , th e ir
contribution to T H action rem ains poorly defined.
a). Synaptic m em brane binding sites
Synaptosom es possess tw o classes o f T 3 binding sites,
characterised by h ig h affin ity [3 x 10'" M *J and low
cap acity , and low a ffin ity [4 x 10* M '] and high
c a p acity (7 1 ,7 2 ). F ra c tio n a tio n stu d ie s in d ic a te a
synaptic m em brane localisation for the h ig h er affinity
site (72). L evels o f both sites show regional variation
and are d ev elo p m en tally reg u lated ; cereb ro co rtical
levels increasing in parallel w ith synaptogenesis.
R adiotracer studies have dem onstrated the preferential
a c c u m u la tio n o f T 3 w ith in sy n a p to so m e s as a
co n sequ ence o f d irect u p tak e o f ex tra c e llu la r T3 by
dendrites and nerve term inals, and axonal transport o f
cell body T3 (review ed in (73)]. T h e T3 binding sites
m ay serve as b in d in g p ro te in s to m ain tain a high
sy n ap to so m alx y to so lic T 3 ratio (73) or as m em brane
T3 transporters (74).
M em brane T 3 binding sites in non-neural tissues have
been im plicated in extranuclear-m ediated effects o f TH
on su g ar and am ino acid u p tak e ; th ese effects are
modulated via interaction w ith adrenergic agents (75).
The existence o f sim ilar m echanism s in brain has not
been th o ro u g h ly in v e s tig a te d . L e u c in e u p tak e in
synaptosom es from euthyroid adult rats is not subject to
direct regulation by T 3 (76), w hereas u p tak e o f aam inoisobutyric acid and 2-d eo x y g lu co se into nerve
endings o f hy p o th y ro id [but not eu th y ro id ] m o u se
cerebro co rtical slices are T 3 -reg u lated (77). A cute
stim ulation o f 2 -dcoxyg lu co se u p tak e into ad u lt ra t
sy n a p to s o m e s e x h ib its s im ila r th y r o id s ta tu s d ep en d en cy (7 8 ). T 3 e n h a n c e s th e fast p h ase o f
depolarisation-induced Ca** uptake and Ca**-dependent
G ABA release in synaptosom es from eu thyroid adult
rats (7 9 ,8 0 ), sy n ap tic T3 its e lf b ein g su b je c t to
d epolarisation-dependent release by a Ca**-dependent
process (81). T h ese o b serv atio n s, co u p led w ith the
existence o f discrete synaptic T 3 processing system s,
are c o n s is te n t w ith a d ir e c t ro le fo r T 3 in
n eu ro tran sm issio n (73,7 9 -8 1 ). B y analo g y w ith the
c a te c h o la m in e s, D ratm a n an d c o lle a g u e s fu rth e r
speculate that synaptic T3 m ay also act as a trophic
factor, regulating late stages o f neuronal differentiation
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and plasticity in adu lt b rain (7 3 ). F u rth er investigation
o f th e ro le s o f sy n a p tic T 3 a n d its re c e p to rs are
therefore w arranted.
b). C ytosolic binding sites
Early studies described the existence o f a single class o f
low affinity cy to so lic T 3 (8 2 .8 3 ) and T 4 (84) binding
sites in p o stn a tal b rain w h ic h w ere e x p re ssed in a
region-specific m an n er and dev elo p m en tally regulated
[T able I] (82-84). D iscrep an t fin d in g s w ith respect to
th e o n to g en y o f th e se site s m ay b e re la te d to th e
d ifferen t m e th o d o lo g ie s e m p lo y e d fo r sep aratio n o f
b o u n d a n d free h o rm o n e . U sin g a d e x tra n -c o a te d
charcoal m eth o d , c y to so lic T 3 b in d in g in developing
brain w as ch a ra c te rise d b y a fairly sta b le M B C b u t
v a ria b le K a - th is d e c lin e d d u rin g c e re b e lla r
dev elop m en t (82 ) b u t tra n sien tly p eak ed betw een 12
and 15 postnatal days in cereb ru m (83). H ow ever, other
studies o f T 4 binding dem o n strated that dextran-coated
charcoal rem oved a sig n ifican t fraction o f bound tracer
(84). U sing a D ow ex re sin sep aratio n p ro ced u re, an
o n to g e n ic d e c lin e in th e M B C o f T 4 b in d in g
[undetectable in c ereb ellu m by 30 p ostnatal days] was
observed, w h ereas K a rem ained unchanged (84).
E x a m in a tio n o f io d o th y ro n in e b in d in g in c y to s o l
prepared from prim ary neural c e ll cu ltu res has revealed
the existence o f tw o c lasses o f binding site fo r b o th T4
and T3 [T able 1] (8 5 ,8 6 ). In th e c a se o f T 3 binding,
M B C s w ere h ig h est in n eu ro n -en rich e d cu ltu re s and
d e c lin e d c o n c o m ita n t w ith g lia l p ro life ra tio n and
differentiation [T able 1]. B ind in g activity w as very low
in cy to so l o f g lial ce ll su b c u ltu res (8 6 ). In n euronenriched cultures, the tw o classes o f binding site appear
to bind both T 4 and T 3, w ith T 3 bein g th e preferred
ligand (85).
In m ore recen t years, a h ig h affin ity [c a . 10’ M '] , 58
k D a cy to so lic T 3 b in d in g p ro te in [C T B P ] has been
purified from ad u lt rat cereb ral co rtex (87). T his protein
e x h ib its m an y sim ila r p ro p e rtie s to an ex ten siv ely
c h a ra c te ris e d 58 k D a k id n e y C T B P (8 8 -9 0 ).
P re lre a tm e n l o f th e b ra in C T B P w ith c h a rc o a l
attenuates T 3 b inding, reactiv atio n o ccurring upon the
a d d itio n o f N A D P , N A D P H p lu s d ith io th re ito i, o r
thioredoxin p lus d ith io th reito i (87). M axim al activation
is observed w ith 25 nM N A D P H or 10 - 50 nM N A D P
(higher con cen tratio n s o f th e la tte r are inhibitory] and
is associated w ith changes in b o th M B C and Ka
T h e ontogeny o f such C T B P s has been exam ined in a
variety o f tissu es (91). S atu ratio n o f T 3 b inding sites
w as conducted w ith c y to so lic ex tracts w h ich had been
pretreated with charcoal, th en m axim ally activated with
N A D P H . T3 b in d in g a c tiv ity w as d etec tab le during
fetal life at th e e a rlie st a g e p o in t stu d ied [17 days
g estation] in b rain alone, th o u g h activity appeared in
o ther tissues p erinatally. T h e M B C peaked around the
tim e o f b irth in cereb ru m and cerebellum and declined
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TABLE I. C ytosolic thyroid horm one binding sites in developing rat brain and prim ary cell cultures.

M BC (pmol/mg pfot)

R ef

10'
10'

0.79 - 0.87
1.97 - 2.74

(82)
(83)

i. 1 .2 - 3 .7 x 1 0 ’
ii.0 .8 - 1.4x 10'

i. 1 .8 -3 .2
ii. 1 0 - 15

(85,86)

1.7
ii. 0.7

i. 0.6
ii. 3.6

(86)

0.72-1 X 10'
0.79 - 0.8 X 10'

7.7 - 11
9.1 -2 0 .2

(84)

i. 3.7 - 5.0
ii. 1 .6 -2 .9

i. 1 .5 -4 .2
ii. 1 7 -2 6

(85)

Age
L C ytosolic T3 binding sites
A . Brain region
Cerebellum
Cerebrum
B. Mixed cell culture
Neuron-enriched

G lial-enriched

10 pnd
3 pnd

adult
adult

7div

14 div

n. C ytosolic T 4 binding sites
A. Brain region
Cerebellum
3 - 6 pnd
Cerebrum
3 - 3 0 pnd
B. Mixed cell culture
N euron-enriched

7 div

0.07 - 0.64
0.58 - 2.94

i.

X
X

X
X

10’
10'

X
X

10'
10’

A ffinity con stan t (K .) and m axim al binding capacity (M B C ) w ere d etern iin ed by S catchard
analysis. A ges are postnatal days (pnd) for brain regions o r day s in v itro (div) fo r m ixed cell
cultures. T h e latter were derived from fetal cerebral hemispheres at 16 - 17 days gestation.
concom itant with the main phase o f glial proliferation.
A further increase w as apparent in the late postnatal
period [4 to 6 w eeks] in cerebrum alone. C erebellar
extracts exhibited low er M BC than cerebral cytosol at
all stages, w hereas K a was sim ilar [ca. 1.1 x 10’ M ']
throughout developm ent.
The role o f the 58 kD a brain C TB P rem ains to be
explored in detail. In vitro studies o f the kidney protein
in dicate th at alth o u g h the N A D P- and N AD PH
activated form s are readily interconvertible, they may
possess distinct functions (90,92). The NADP-activated
form may enhance T3 delivery to the nucleus, whereas
the N A D P H -activated form appears to inhibit this
process, via retention o f T3 within the cytosol (92), and
may even facilitate T3 delivery to the mitochondrion
(90). The physiological relevance o f this mechanism in
regard to the brain has, however, been questioned (87).
A lthough not studied in brain, tw o other cytosolic 58
kD a proteins - pyruvate kinase subunits types M l and
M2 - exhibit T3 binding with sim ilar affinities [ca. 10’
M^] to the low affinity class o f brain cytosolic T3
binding sites (93,94). M onom ers, and not tetraraers,
possess T 3 binding activity. T ransient transfection
studies in d ic a te th a t such p ro tein s m ay serve to
integrate cellu lar m etabolism w ith nuclear activity:
prom otion o f tetram er to m onom er conversion o f
endogenous subtype M 2 by glucose starvation inhibits

T 3 -d ep en d cn t tran scrip tio n al activ ity o f transfected
hum an T R p , (9 5 ). A d d itio n a l C T B P s, related to
pyruvate kin ase su b ty p e R , h av e been reported in
human erythrocytes (96). T etram eric form s bind T3,
w ith high affin ity [10‘® M '] , b u t b in d in g is coldsensitive. T hese observations are o f interest since brain
cytosol is usually prepared at 4 **C, and T3 binding
assays are routinely conducted at 0 °C.
c). M itochondrial binding sites
The presence o f a high affinity [Ka: 2 x 10" M '], 28
kDa, T3 binding protein has been dem onstrated in the
inner m itochondrial m em brane in various rat tissues
(97-99). Although not extensively characterised, similar
sites were found in rat brain, but only up to 12 days of
p o stn atal life (9 7 ,9 8 ). A ro le fo r th e p ro tein in
m ediating direct T H action on m itochondria has been
p ostulated (9 7 ,9 8 ), as e v id e n c ed by rapid, protein
sy n th e tic -in d e p en d e n t e ffe c ts o f T 3 o n oxidative
p hosphorylation in d isp ersed liv er c e lls and m ito
chondrial v esicles from h y p o th y ro id rats (97,100).
N evertheless the existence o f m itochondrial T3 binding
sites, th eir identity, an d the d irect effects o f T3 on
m itochondria, rem ain highly controversial [reviewed in
(75,101,102)], and th eir p h y sio lo g ical relevance in
brain, in particular, rem ains unexplored.
U sing im m unochem ical approaches, tw o groups have
recently d em o n strated the p resen ce o f nuclear TR
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related p ro tein s in rat liver m ito ch o n d ria (103,104).
S om ew hat d iscrep an t results w ere obtained, how ever,
w hich may in part b e related to th e different antibodies
em ployed. A rdail e t a l. reported th e presence o f T R aand T R P -related proteins [48 and 55 kD a, respectively]
(103), w hereas W rutniak e t al. detected a T R a,-related
p rotein [43 k D a species] b u t no T R p -rela ted species
(104). T he T R a ,-re la te d protein co u ld not be detected
in m ito ch o n d ria fro m ad u lt b rain , b u t no data w ere
p resen ted w ith re s p e c t to d e v e lo p in g brain (104),
F u rther ch aracterisatio n o f th e protein revealed that it
bound to n atu ral an d synthetic T H response elem ents,
as w e ll as a s e q u e n c e w ith in th e m ito ch o n d rial
prom oter, indicating a potential role in the regulation o f
e x p re s sio n o f th e m ito c h o n d ria l g en o m e. It is o f
interest, therefore, that the expression o f m itochondriale n c o d e d g e n e s in b ra in h as b e e n sh o w n to be
influenced b y th y ro id status (105,106), as discussed in
detail below [see sections V lf and VIT],
V. M A T E R N A L T H A N D B R A IN D EV ELO PM EN T
S ignificant tra n sfe r o f m aternal T 4 to the fetus w ell
before the o n se t o f T H synthesis, its accum ulation and
m etab o lism w ith in the fetal b rain , cou p led w ith the
e x p ressio n o f bona-fuJe T R s [m ainly T R a ,], suggest
that early neufogenesis is regulated by m aternal thyroid
status. In o rd e r to ex am ine the role o f m aternal T H in
brain d ev elo p m en t, various thyro id ecto m ised rat dam
m o d els h av e b een d ev elo p e d [e .g . se e (1 0 7 -110)].
T h ese d iffer w ith resp ect to th e m eth o d o f thyroidec
tom y (surgical, radioiodine ab lation, o r a com bination
o f these] and the degree o f thyroid hypofunction. In our
m odel, d am s are p artially th y ro id ecto m ised [Tx] by
su rgical m eans [p arath y ro id -sp ared ] and tim e-m ated
w ith norm al m ales w hen circulating total T 4 levels are
<15 nM . A t 15 days gestation, m aternal T4 levels are
ty p ically re d u c e d to aroun d 30% o f the euthyroid
control dam v alu es, w ith T3 levels reduced by som e
50% [e .g . se e (109)]. S im ilar red u ctio n s in maternal
s e ru m T H le v e ls , as a c o n s e q u e n c e o f ra d io th yroidectom y, depress fetal brain T 4 and T3 levels by
only 50% (9). T h is is in co n trast to congenital and
adult-onset hypothyroidism m odels w hich are generally
characterised by severe brain hypothyroidism . W e have
avoided stu d y in g severely h y p o thyroid rat dam s, for
several reasons: they ex h ib it decreased fertility, often
appear unw ell n ear term , and m ay experience difficulty
in g iv in g b irth . T h e la tter tw o e ffe c ts w ould render
stu d ies o f la te fetal and p o stn a ta l p ro g en y largely
m eaningless.
a). A dult progenv
O ur early w ork co n c e n tra te d on 7 -m onth-old adult
progeny o f T x dam s [i.e. end point o f developm ent] and
dem onstrated b rain regional com prom ise o f neural cellsp ecific and g en eral m etabolic pznam eters [Table 2].
A ffected lysosom al enzym e activities included sev e r^
w ith p referen tial n euronal lo calisatio n , especially Pg alac to sid ase a n d ary l su lp h atase (114). D iscordant
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c h a n g e s w e re n o te d in m o re s e le c tiv e n e u ro n a l
m ark ers, su g g e stin g th a t m ate rn al T H in flu en ces the
d e v e lo p m e n t o f s p e c ific n e u ro n a l p o p u latio n s. F or
e x a m p le, th e a c tiv ity o f th e c h o lin e rg ic n eu ro n al
m arker, ch o lin e a c e ty ltra n sfe rase , w as affected in the
su b cortex a lo n e (T a b le 2 ), w h e re as G A B A erg ic and
g lutam atergic neu ro n al m ark ers w ere unaffected (115,
unp u blish ed o b se rv a tio n s). G lia l m ark ers su ch as Na c ety lg a la c to sa m in id a se [g e n e ra l m a rk e r (1 1 6 )] and
glutam ine syn th etase (astrocytic madcer] are unchanged
(111,115). H o w ev er en zy m es w ith ex clu siv e [C N Pase]
o r p re fe re n tia l [o le a te e s te ra s e ] o lig o d e n d ro g lia l
lo calisatio n a re affe c te d [T ab le 2]. S u c h e ffe c ts are
co n sisten t w ith th e identificatio n o f T R s in neurons and
oligodendroglial pro g en ito r cells [see section III].
P -G alactosidase an d aryl su lp h a ta se , as w ell as other,
a ffe c te d e n z y m e s fT a b le 2 ], p a rtic ip a te in m y elin
tu rn o v e r. D e fic its in g a la c to lip id s fu rth e r in d icate
co m p ro m ised m y elin a tio n in ad ult*T x d am progeny.
W h e th e r m a te rn a l T H re g u la te s o lig o d e n d ro c y tic
p ro g e n ito r c e lls, o r th e e ffe c ts o c c u r se c o n d a ry to
n eu ro n al ch a n g e s, is u n k n o w n . T h e fa c t th a t m ost
a ffe c te d p a ra m e te rs a rc n o rm a l in th e c e re b e llu m
(T able 2] is c o n siste n t w ith th e e x is te n c e o f a T H requiring w indow early in u terine life.
B e h a v io u ra l stu d ie s in d ic a te im p a irm e n t o f b rain
function in ad u lt ex perim ental p ro g en y at 2 - 3 m onths.
Such anim als tak e lo n g er to e m e rg e fro m a b o x placed
in an o p en field an d ex h ib it re d u ced activ ity w ithin the
o p en field (1 1 7 ). B o th m ales a n d fe m a le s re a r less
frequently than co n tro ls, w h ile fem ale p ro g en y alone
d em o n stra te d e c re a se d b a s e lin e lo c o m o to r activ ity.
W hen a novel o b ject is in tro d u ced into th e o pen field,
how ever, only m ale T x d a m p ro g en y ex h ib it deficient
locom otor behaviour.
In contrast, H endrich e t a l. have rep o rted that m ale and
fem ale ad u lt p ro g en y o f ra d io th y ro id e c to m ised dam s
exhibit increased spontaneous activ ity , as m easured by
p lacin g c a g es o n stab ilim ete rs (1 1 8 ). T h e se w orkers
also o b serv ed th a t ad u lt p ro g e n y d isp la y e d d eficien t
le arn in g b e h a v io u r in a L a sh lcy a lle y m aze (118).
Indeed, sim ila r c o n c lu sio n s c an b e d raw n fro m our
anim al m odel; pro g en y req u ire th ree to fo u r tim es the
n u m b er o f tria ls c o m p a red w ith co n tro l p ro g en y to
rea c h 50% c rite ria w h e n te s te d in a fo o d re w ard
paradigm [S kinner box] (113).
b). D eveloping progenv
In o rd er to fu rth e r ex a m in e th e e x is te n c e o f a T H re q u irin g w in d o w in e a rly d e v e lo p m e n t, o u r recen t
w ork has focussed on fetuses [both b efo re and after the
on set o f T H synthesis] and early p o stn atal rats. A spects
o f this w o fk are d isc u sse d b e lo w , to g e th e r w ith the
fin d in g s o f o th e r g ro u p s, w h e re p e rtin e n t. F in ally
possible lim itations o f th e anim al m odels are addressed.
W e have observed sig n ifican t d ep ressio n [c a . 20% ] in
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T A B L E 2 . B iochem ical changes in brain regions o f adult (7-m onth-old) pro g en y o f h y p o 
thyroxiném ie rat dams.
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O nly en zym e activities w hich ex h ib it statistically significant (P < 0.05; S tu d en t’s r-test)
changes in one or m ore brain regions (cerebellum : CB; pons-m edulla; M D; m idbrain: MB;
cerebral cortex: CC; subcortex: SC) are shown:
± no change
i l l - 30% decrease, i i 31 - 50% decrease, i i i >50% decrease
T i l - 30% increase, TT 31 - 50% increase, TTT >50% increase
A dapted from (111-113).
body and brain w eights o f fetuses from T x dam s, but
only at the earliest age point studied [15 days gestation]
(109). T hroughout the rem ainder o f fetal life (19 and 21
days gestation], and through the early postnatal period
to adulthood these values are norm al (109,1.11,112). In
general, w eights o f gross anatom ical regions are also
norm al in postnatal and adult anim als. O ther groups,
using different thyroidectom ised rat dam m odels, have
reported body and brain w eight reductions during late
fetal life (107,118-121) which m ay persist well into the

postnatal period (118-121).
In our ow n m odel, the reduction in brain weight at 13
days gestation in T x d am progeny is a s s o c ia te d w i
decreased D N A content, indicative o f a deficit in cw
num ber (109). N ear term , how ever, DNA
appeared norm al, w hereas D NA concentration (
density index] w as elevated and the protein:C n^
[cell size index] was decreased, suggestive of d ^ î ^
neuronal m aturation. T hese param eters were no
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postnatal brain regions, at least from 5 to 14 days. Total
protein concentrations w ere also norm al in both fetal
b rain a n d p o stn atal b rain re g io n s in ex p erim en tal
progeny (109). In o th er studies, encom passing 16 days
g estation through to 2 p o stn atal m o n th s, b ra in total
p ro tein co n cen tratio n s w ere u n a ffe c te d in T x d am
progeny, although isolated differences o f generally low
statistical significance w ere o b serv ed [e .g . see (122,
123)J. T hese findings contrast w ith d ata in 7-m onth-oId
progeny (Table 2],
W o rk w ith o th er T x dam m o d els (1 0 7 ,1 2 0 ,1 2 4 ) has
d e m o n strated sim ila r c h an g es in fe ta l b ra in D N A
c o n ten t, D N A co n cen tratio n an d p ro tein iD N A ratio
du ring early developm ent, albeit th e effects tend to be
m o re prolonged, analogous to th e findings w ith respect
to brain and body w eights. A d ditionally, reductions in
w hole brain ganglioside co n cen tratio n s at term and 5
po stnatal days in the radio th y ro id ecto m ised rat dam
m odel, are consistent w ith delayed neuronal m aturation
(124).
W ith regard to brain protein co n cen tratio n s, M orreale
d e E scobar e t a l. o b serv ed th ese to b e norm al a t 20
days g estatio n but in creased at 21 d a y s gestatio n in
experim ental progeny (107). In contrast, Porterfield and
H endrich observed deficits at term and at 1, 5 and 60
po stnatal days (6,108,118). P arallel ch an g es o c cu r in
ribosom al protein synthetic activity, as studied in a cellfree system , w ith deficient brain u p tak e o f am ino acids
also evident up to 5 postnatal days ( 108).
T he polyam ines are im portan t reg u lato rs o f c ellu lar
grow th and differentiation. E xtensive study has shown
that ornithine decarboxylase [O DC] activity is a highly
sensitive m arker for the detection o f abnorm alities in
perinatal brain m aturation arising from a w ide range o f
insults (125), including neonatal th y ro id d y sfunction
(12 6-128). W e have reported a co m p le x pattern o f
change in this enzym e as a co n seq u en ce o f m aternal
thyroid status. In prenatal brain, activity w as reduced at
15 days gestation, norm al at 19 days gestation [after the
o n set o f fetal T H synthesis], b u t e le v a te d n ear term .
F u rth er d eficits w ere ap paren t in th e e arly p ostnatal
period in the brain stem , subcortex and cerebral cortex
(but not cerebellum ], w ith activity becom ing norm al by
14 postnatal days.
T h e g lu c o se tra n sp o rte r iso fo rm G L U T l is a lso
ex p ressed at high levels in rapidly develo p in g tissues
and up-regulated upon trophic stim ulation (129). L ike
O D C activity, its ex p ressio n is d eficien t in brain o f
early T x d am fetuses. W estern b lo ttin g o f fetal brain
m ic ro so m e p re p a ra tio n s w ith a G L U T l-s p e c ific
an tib o d y has show n a large d eficit [ c a . 40% ] in a
su b type o f this p rotein, but only at 16 days gestation
(130). A lthough G L U T l is p redom inantly localised to
th e b lo o d -b ra in b a rrie r [B B B ] at th is sta g e o f
dev elo p m en t (131-133), this red u ctio n is unlikely to
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reflect a g e n e ra lis e d c o m p ro m ise in B B B fu n ctio n ,
sin ce a n o th e r m a rk er, a lk a lin e p h o sp h a ta se activ ity ,
appears norm al (134).
T h e p o ly a m in e s r e g u la te th e d e v e lo p m e n t o f
cate ch o lam in erg ic n e rv e p ath w ay s an d the acquisition
o f se n so rim o to r fun ctio n (1 2 5 ). T h is, cou p led w ith the
w ell ch aracterised e ffects o f postnatal thyroid statu s on
the o n to g e n y o f c a te c h o la m in e rg ic a n d c h o lin e rg ic
m etabolic en z y m e s (1 ,2 ,4 ,5 ), a n d th e p roposed neurotro p h ic a c tiv itie s o f th e se n e u ro tra n sm itte rs (2 ,1 3 5 ,
136), p ro m p te d u s to e x a m in e s e v e ra l o f th e s e
param eters in th e T x d a m m o d el (137). In experim ental
progeny, th e ea rly o n to g en y o f D O P A d ecarb o x y lase
w as ab e rran t in fetal w h o le b rain , ex h ib itin g a sim ilar
pattern o f c h a n g e to th a t o f O D C . In addition, activity
w as e le v a te d in p o stn a ta l c e re b ra l c o rte x a n d , in
particular, brain stem . M o n o am in e o xidase activity w as
also d e fic ie n t in fetal b rain b u t e le v a te d in p ostnatal
brain stem . O f th e c h o lin erg ic m etab o lic enzym es, the
p ren atal o n to g e n y o f c h o lin e a c e ty ltra n sfe ra se w as
a ffe c te d , w h e re a s a c e ty lc h o lin e e ste ra s e a p p e a re d
norm al. T h is la tte r o b serv atio n is so m ew h at surprising
in v iew o f th e w id e s p re a d d e fic ie n c ie s w e h av e
o b se rv e d in th is e n z y m e a c tiv ity in a d u lt p ro g en y
(T able 2]. S everal o th e r e n zy m e activ ities [including pg ala c to sid a se , ary l su lp h a tase a n d ac id p h o sp h atase]
w hich show w id esp read ch an g es in 7 -m o n th -o ld brain,
appear norm al at ea rlier developm ental stages (110).
S tu d ie s o f th e c a lm o d u lin -d e p e n d e n t p h o sp h a ta se,
c a lc in e u rin , in d ic a te th a t th e d e v e lo p m e n t o f th e
cerebellum m ay also be d ep en d en t on m aternal thyroid
statu s (1 2 2 ,1 2 3 ). W h o le b ra in n e u tra l an d alk alin e
c o m p o n en ts o f th is p h o sp h a tase ac tiv ity h av e been
show n to be m a rk e d ly re d u ce d in n eo n ata l T x d am
progeny (123). H ow ever, at later stages o f developm ent
[2 m o n th s], o n ly th e c e re b e llu m is a ffe c te d , the
a c tiv itie s o f n e u tra l a n d a c id ic c o m p o n e n ts b e in g
elevated (122). T h u s although p o stn atal ce ll acquisition
(109) and the d ev elo p m en t o f sp ecific n erv e pathw ays
(137) ap p ear norm al in cereb ellu m , m o re subtle effects
on neurite o u tg ro w th c an n o t b e disco u n ted (138).
T o g eth er, th ese stu d ie s p ro v id e c o m p e llin g ev id en ce
that m aternal T H is necessary fo r brain d e v e lo p m e n t In
th y ro id ecto m ised d a m m o d e ls, b ra in d e v e lo p m e n t is
co m p ro m ised n o t o n ly b e fo re th e o n se t o f fetal T H
sy n th esis b u t a lso in th e la te feta l/p o stn a ta l p erio d ,
culm inating in irreversible brain dysfunction.
D u ring e a rly feta l life, b ra in a n d b o d y w eig h ts are
reduced, an d n e u ro b last a c q u isitio n ap p ears d eficient,
co n siste n t w ith th e p ro p o se d ro le o f T R a , in ce ll
proliferation. T h e e x p ressio n o f several proteins (O D C,
G L U T 1] w h ich p la y e ssen tia l ro le s in p ro liferativ e
grow th is also co m p ro m ised at th is stage. T hese early
c h a n g e s m ay r e f le c t a g e n e ra l d e la y in b ra in
developm ent. H o w ev er, in o u r m odel, body and brain
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w eights, cell num ber and G L U T l protein expression
b ecom e norm al soon after th e o n se t o f fetal TH
sy n th e sis and rem ain so n e a r term . S e le c tiv e
com prom ise o f other param eters is apparent, however,
p o in tin g to asy n ch ro n o u s (ra th e r than delay ed ]
developm ent o f the late fetal/postnatal brain.
The dam age appears to be localised, at least at the gross
anatom ical level, and is confined to phylogenetically
old er regions o f the brain, in w hich m ajor phases o f
neuroblast division precede fetal T H synthesis and are
thus dependent on the m aternal T 4 supply. A lthough
sev eral fetal a b n o rm alities [D N A c o n cen tratio n ,
proteiniD N A ratio] are corrected in the early postnatal
period, others (ODC, calcineurin and catecholam ine
m etabolic enzymes] persist beyond the active phase of
synaptogenesis and m yelinogenesis. T he perturbation
o f polyam ine and catecholam ine m etabolic enzym es
suggests an im pact on m ultiple neurotrophic systems
w hich m ay underlie the com plex pattern o f changes
seen in the adult brain.
In regard to the ad u lt brain, sev eral w idespread
abnorm alities [protein and DNA concentrations/ratios,
acetylcholine esterase and certain lysosom al enzym e
activities] w ere apparent in 7-m onth-old progeny which
w ere not detected at earlier stages. Such effects may
indicate degenerative changes in the brain, although
lo n g itu d in a l stu d ies are req u ired to c larify these
observations.
O ther groups have reported sim ilar changes in early
brain dev elo p m en t as a co n seq u en ce o f m aternal
thyroidectom y, albeit the effects are m ore prolonged
than those seen in our model. T he reasons for these
discrepancies are as yet unresolved. Porterfield &
H endrich have reported numerous metabolic changes in
both m others and fetuses, and that peri- and postnatal
thyroid function is disturbed in progeny (108). The
o b se rv atio n th at p ostnatal c e re b e lla r grow th and
biochem ical functions (in particular ODC] are largely
unaffected in our model would argue against a role for
these and oth er m echanism s, su ch as nutritional
d isadvan tag e during suckling, in our model (109).
Placental w eight and gross indices o f placental cellular
developm en t, including O D C activ ity , also appear
norm al in T x dam s (109). C hanges in the glycosylation
o f placental G L U T l protein have been observed, but
only near term (130). T ogether, these findings are
consistent with low levels of expression o f TR n& N A s
and n u cle a r T3 b in d in g activ ity in rat placen ta
[m anuscript in preparation]. Furtherm ore, although
im paired during early fetal life, body and brain weights
becom e norm al by 19 days gestation and remain so at
term . T h ese o b serv atio n s in d icate that p lacental
dysfunction is unlikely to contribute significantly to the
fetal brain damage.
VI.CON GEN ITAL HYPOTHYROIDISM
A lthough there is a vast literature (1-6) detailing the
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deleterious effects o f n eonatal hypothyroidism on rat
brain developm ent, the precise m echanism s underlying
the dam age are unknow n. G iven the com plexity o f the
brain, and th e interdependence o f the various events
that constitute developm ent, it is difficult to distinguish
between direct and indirect effects o f TH on this tissue.
T he re c e n t a p p lic a tio n o f m o le c u la r biolo gical
techniques to this problem [e.g. see (139)] has allowed
identification o f several candidate genes w hich may be
prim ary targets fo r tran scrip tio n al regulation by T3.
Several o f th ese genes are discussed in further detail
below.
a). RC3/Neurogranin
TTie RC3 gene product [neurogranin] is a protein kinase
C substrate and is localised in dendritic spines and the
cell bodies o f p o stn atal fo rcb rain neurons [e .g . see
(140)]. It has been im plicated in postsynaptic calcium
second m essen g er fu n ctio n , in particu lar.lo n g -term
potentiation. C om bined m atem al/fetal/neonatal hypo
thyroidism re su lts in re d u ced ex p ressio n o f RC3
mRNA and protein from 5 p ostnatal days onwards in
several brain regions, the striatum being m ost severely
affected (141). T h is e ffe c t w as rev ersib le by TH
replacem ent therapy, but if left untreated, adult control
levels w ere never reached. In siiu hybridisation studies
have confirm ed these findings and further indicate that
thyroid status influences late phases o f RC3 maturation
in a com plex m anner (140). C haracterisation o f the
RC3 gene and flanking sequences, how ever, have so far
failed to dem onstrate a T H response elem ent, although
retinoic acid and steroid ho rm o n e response elements
were identified (142).
b>. Immediate early genes
Several studies have im plicated thyroid status in the
regulation o f im m ed iate early g en e expression in
developing brain. The basal expression o f c-ju n mRNA
is increased in postnatal hypothyroidism but whether
this is a prim ary or secondary effect is unclear (139).
NGFI-A has been more extensively studied. Expression
o f NGFI-A m RN A and protein has been shown to be
T3-responsive in developing rat brain (but not adult
brain], in an age- a n d re g io n -d e p en d e n t m anner
(143,144). T h ese latter effects d o not appear to be
related to differential T3 recep to r isoform expression
(144). A p u ta tiv e T H resp o n se elem en t has been
identified upstream o f the prom oter region in the mouse
gene, suggesting that T3 m ay directly regulate NGFI-A
expression at the transcriptional level (145). Indeed a
rapid increase in N G FI-A m R N A levels is observed
when T3 is ad m inistered to hypothyroid rats (143).
Furtherm ore, a recent study o f n euro-2a cells over
expressing hum an T Rp, indicates d irect transcriptional
regulation o f the N G F I-A gene [but not c-juri\ by T3
(146). H ow ever, indirect m echanism s cannot be ruled
out, since N G FI-A is induced by a variety o f growth
factors (147,148), w hich m ay them selves be under TH
control. N evertheless, the postulated roles o f NGFI-A
in the regulation o f cell proliferation, differentiation
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and synaptic plasticity (149-152) are consistent w ith the
effects o f congenital hypothyroidism on the brain.
c). M velin genes
N eonatal h y p o th y ro id ism resu lts in severe delays in
m y e lin o g e n e s is, an d v a rio u s m y e lin p ro tein s are
suspected o f being under T H co ntrol (3-6). Indeed, an
early differential screening study identified a num ber o f
oligodendroglial genes w hose ex pression w as m arkedly
red u ced in p o stn atal h y p o th y ro id an im als (139). O f
these g en es, m y elin -asso ciate d g ly co p ro tein (M A G ]
and, in p a rticu lar, m yelin b asic p ro tein [M B P] have
been stu d ied in som e d etail a t th e m R N A level. A T H
response elem en t has been id en tified in th e prom oter
region o f the M B P gene (153-155). T h is, coupled w ith
the dem onstration o f T R isoform s in oligodendrocytes at least d u ring active m yelinogenesis [see section IIIc] suggests that M B P is a direct target fo r transcriptional
regulation by T 3. O ther studies how ever point to effects
o f T H on M B P m R N A stability (156,157), suggesting
th at T H m ay re g u la te m y elin g e n e e x p re ssio n at
m u ltip le le v e ls. W ith re s p e c t to M A G , n eo n ata l
h y p othyroidism delays m R N A and protein expression
by several d ay s, w h ereas hyperthyroidism accelerates
o ntogeny (158). R eg io n al d ifferen ces w ere apparent,
cerebral co rte x and hippocam p u s being m ore severely
affected th an striatum an d m esencephalon; how ever by
ad u lthood all reg io n s w e re no rm al. N u clear run-on
assays failed to show a T 3 induced increase in M A G
gene tra n s c rip tio n , in d ic a tin g T H acts a t a p o sttra n scrip tio n al lev el in th is in stan c e - p o ssib ly by
increasing m R N A stability (158).
d). N eurotrophins and their receptors
In a recent com prehensive study, A lvarez-D olado and
cow orkers observed alterations in gene expression o f a
num ber o f neurotrophins and neurotrophin receptors as
a consequence o f neonatal hypothyroidism (159). T hus
nerve g ro w th facto r [N G F] m R N A w as decreased in
most b rain regions [except striatum ]; its h igh affinity
receptor [trkA ] w as reduced in striatum ; and its low
a ffin ity re c e p to r [p 7 5 N G F R ] w as in c re a se d in
cerebellum (159). A cute treatm ent o f hypothyroid pups
with T3 rapidly norm alised hippocam pal N G F m RN A
levels, w h ereas co rtic a l lev els rem ain ed dep ressed .
N eurotrophin-3 [N T -3] m R N A w as elevated in m ost
regions except cereb ellu m in neonatal hypothyroidism ,
w hereas gene expression o f brain-derived neurotrophic
factor, trkB and trkC receptors appeared norm al (159).
In norm al brain, both N T-3 and p75N G FR m RN As are
d ow n-regulated during the postnatal period; therefore
the effects o f neonatal hypothyroidism are indicative o f
a d e v e lo p m e n ta l d e la y (1 5 9 ). T h is stu d y is in
agreem ent w ith the elevated m R N A and protein levels
o f p 7 5 N G F R p re v io u sly n o ted in c e re b e llu m in
hypothyroid neonatal rats (160,161), although the latter
a uthors w ere u nab le to d e tect any effect o f h y p o 
thyroidism on N G F protein (160). O n the other hand,
an early stu d y o f th e cere b e llu m found n eonatal
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hyp oth y ro id ism to resu lt in d ec re a se d N T -3 m R N A
levels; T3 ad m in istratio n resu ltin g in increased N T-3
gene e x p ressio n in v iv o and in p rim ary cu ltu res o f
cerebellar g ra n u le cells (1 6 2 ). T h e reaso n s fo r these
discrepancies are as y e t unclear, as is the m echanism o f
T H -m ediated reg u latio n o f n eu rotrophin/neurotrophin
receptor gene ex p ressio n . F u rth e r clarificatio n o f this
latter point is required, given th e fundam ental role that
neurotrophins p lay in brain d ev elo p m en t, m odulating
the proliferation, differentiation and survival o f specific
neuronal populations.
e). PC P-2 gene expression
PC P-2 is a P u rk in je c e ll-sp e c ific g e n e o f unknow n
function. It accu m u lates in th e ce reb ellu m o f norm al
rats du rin g th e p o stn atal p e rio d reach in g m axim um
levels a ro u n d d ay 15, c o in c id e n t w ith th e p eriod o f
Purkinje ce ll d ifferen tiatio n . In hypo th y ro id anim als,
the rise in P C P-2 m R N A is delayed, norm al adult levels
being attained betw een 15 and 45 postnatal days (64).
T3 replacem ent n orm alises th is process. T he presence
o f T3 response elem ents in the prom oter region o f the
P C P -2 g e n e s u g g e s ts th e p o s s ib ility o f d ire c t
transcriptional regulation (163).
f). M itochondrial penes
T h e e x p re s s io n o f s e v e ra l m ito c h o d ria l g e n e s
[cytochrom e c o x id ase su b u n it III [C O X -III], 12S and
16S rRN A s) in brain has been sh o w n to be m odulated
by T 3 (105). C om bined m atem al/fetal/n eo n atal hypo
thyroidism w as associated w ith a significant decrease in
the steady state levels o f 16S rR N A even in th e fetal
brain [19 days gestation], w ith th e effects o n 12S rRN A
and C O X -III becom ing evident im m ediately after birth
or by 15 p o stn atal d ay s, re sp ectiv ely . T h ese effects
w ere not due to cellu la r loss o f m ito ch o n d ria; rather
fu rther study o f o th e r m ito ch o n d rial-en co d ed genes
revealed it to be a generalised phenom enon. A lthough
T3 replacem ent therapy norm alised m itochondrial gene
expression, sig n ifican t ch an g es in m R N A levels w ere
o nly seen 4 8 h o u rs a fte r a d m in istra tio n . D eficien t
expression o f nuclear-encoded C O X subunits types IV
and V ic w as also apparent du rin g the postnatal period
but this norm alised by 30 po stn atal d ay s even though
the expression o f th e m ito ch o n d rial-en co d ed subunit
rem ained d ep ressed . C O X en z y m e activ ity w as also
affected at least a t 15 p o stn atal d ay s. F u rth er studies,
u sin g w h o le g e n o m e P C R , h a v e in d ep e n d e n tly
id e n tifie d a n o th e r m ito c h o n d r ia l g e n e , N A D H
d ehydrogenase subunit 3, as a targ et fo r T H action in
b rain (106). H y p o th y ro id ism is a sso c ia te d w ith a
depression in steady state tran scrip t levels, but only in
cerebral cortex and hippocam pus.
A lth o u g h th y ro id h y p o fu n c tio n is a sso c iate d w ith
changes in gene expression in developing brain, only a
few genes [N G F I-A , M B P, PC P-2] have so far been
id e n tifie d fo r w h ic h d ir e c t [n u c le a r-m e d ia te d ]
transcriptional regulation by T 3 appears likely. M any
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changes in gene expression may simply reflect, for
example, ceil loss or abnormal cellular differentiation.
In other cases, post-transcriptional mechanisms may be
im portant, affecting mRNA stability. How T H may
regulate mRNA turnover is as yet unknow n, but a
recent study o f neuro-2a cells over expressing TRp, has
implicated a cytosolic serine/threonine protein kinase
pathw ay in the T 3 -d e p c n d e n t sta b ilisatio n o f
acetylcholine esterase tran scrip ts (146). W hether
similar mechanisms are operative in vivo remains to be
demonstrated.
VD. ADULT-ONSET HYPOTHYROIDISM
The ad u lt brain is capable o f TH uptake and
metabolism, and expresses high levels o f nuclear TRs
[preferentially distributed w ithin neuronal cells]. An
increasing number of biochemical studies support a role
for TH action in this tissue [review ed in (113)].
H ow ever, many o f the genes w hich appear THresponsive [either directly or indirectly] in the neonatal
brain do not appear so in adulthood. For example, of
the m itochondrial-encoded genes, only 12S rRNA
changes as a consequence o f adult-onset hypo
thyroidism (105,106). Similarly Alvarez-Dolado e ta l .
(159) show ed that, o f the neurotrophin/neurotrophin
receptors genes, only N GF and trkA mRNAs were
reduced by this treatm ent. This contrasts with the
findings o f G iordano e t a l. (164) who found that
peripherally administered TH increased the expression
of NGF and NT-3 mRNAs in the h ip p o c ^ p u s (164).
RC3 mRN A expression in adult brain is decreased
upon hypothyroidism and this can be reversed by T3
replacement therapy (140). Since this gene possesses a
retinoic acid response elem ent, the observations that
hypothyroidism differentially modulates RXRp and y
isoforms in adult brain (165,166), may be pertinent.
These latter effects were rapidly reversible by T3
administration, with T3 exerting direct transcriptional
regulation on RXRp [but not RXRy] expression (166).
The reasons for the restricted responsiveness o f adult
brain gene expression to thyroid status are unknown.
Observations on the PCP-2 gene indicate the possible
presence o f silencing sequences which may attenuate
the effects o f T3 at maturity (163). A further possible
factor may be the changes in chrom atin structure that
accompany brain developm ent (167,168). These may
conceivably serve to regulate the access o f TRs to their
response elements. Interestingly, chromatin rearrange
ment p e r se may be subject to regulation by thyroid
status (169,170).
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Maternal hypothyroxinemia disrupts neurotransmitter metabolic
enzymes in developing brain
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A b stract
M aternal thyroid status influences early brain developm ent
and, consequently, cognitive and m otor function in
hum ans and rats. T h e biochem ical targets o f m aternal
thyroid honnone (TH ) action in fetal brain rem ain poorly
defined. A partially thyroidectom ized rat dam model was
therefore used to investigate the influence o f maternal
hypothyroxinem ia on the specific activities of cholinergic
and m onoam inergic neurotransm itter metabolic enzymes
in the developing brain.
M aternal hypothyroxinem ia was associated w ith
reduced m onoam ine oxidase (M AO) activity in fetal
w hole brain at 16 and 19 days gestation (dg). A similar
trend was observed for choline acetyltransferase (ChA T)
activity. In contrast, D O P A decarboxylase (D D C ) activity
was m arkedly elevated at 21 dg. Further study of these
enzymes at 14 dg show ed no differences betw een nomial

In trod u ction
M aternal thyroid horm one (TH ), notably thyroxine (T4),
is transferred to the fetus prior to the onset o f fetal thyroid
function in both hum ans and rats. T he transferred T H
accum ulates w ithin the fetal brain — coincident w ith the
expression o f T H metabolic enzym e activities and 3 ,5 ,3 'triiodothyronine (T3) nuclear receptors (Porterfield &
H endrich 1993, Pickard et al. 1997). It is possible there
fore, that the critical period of T H -dependency of brain
developm ent begins prior to fetal thyroid function, w hen
an adequate maternal T H contribution is crucial. Indeed,
field studies in iodine-deficient endemias have show n
that m aternal serum T 4 levels in hypothyroxiném ie
pregnancies correlate w ith subsequent m otor and
cognitive function in the children (Pharoah & Connolly
1989). Furthem iore, impaired intellectual and m otor
function are also apparent in children born to hypo 
thyroxiném ie w om en in iodine-sufficient environm ents
(Man ct al. 1991).
Previous studies utilizing thyroidectom ized (Tx) rat
dam models have shown that adult progeny exhibit
lournal o f Endocrinology (1999) 161, 2 7 3 -2 7 9
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and experim ental progeny —suggesting they becom e T H
sensitive after this age. Tyrosine hydroxylase (TyrH ) and
acetylcholinesterase (AChE) activities w ere unaffected
prenatally. D u rin g postnatal developm ent, the activities o f
T yrH , M A O , D D C and, to a lesser extent, A C hE w ere
increased in a brain region- and age-specific m anner in
experimental progeny.
T he prenatal disturbances noted in this study may
have w ide-ranging consequences since they occur w hen
neurotransmitters have putative neurotropic roles in brain
development. Furtherm ore, the chronic disturbances
in enzyme activity observed during postnatal life may
affect neurotransmission, thereby contributing to the
behavioural dysfunction seen in adult progeny o f
hypothyroxiném ie dams.
journal o f Endocrinology (1 9 9 9 ) 161, 2 7 3 - 2 7 9

impaired m otor perform ance, cognition and learning
ability (H endrich et al. 1984, A ttree et al. 1992, Sinha et al.
1994), suggesting underlying neurotransm itter dysfunc
tion. Furtherm ore, brain region-specific alterations in
acetylcholinesterase (AChE), choline acetyl transferase
(ChAT) and several m yelin metabolic enzym e activities
have been described in adult experim ental progeny
(Pickard et al. 1997). It is thought that the compromise in
adult brain function stems from the insult incurred during
fetal life. Indeed, the brains of fetal and postnatal T x dam
progeny exhibit a range o f biochem ical abnomialities,
including changes in cellular protein and D N A concen
trations, and ornithine decarboxylase activity (Morreale de
Escobar et al. 1985, Pickard et al. 1993, Porterfield &
H endrich 1993).
D uring postnatal developm ent in the rat, neurotrans
m itter systems and synaptogenesis constitute major targets
for T H action (Porterfield & H endrich 1993). Cholinergic
and am inergic neurotransm itter systems in rat brain are
particularly susceptible to alterations in postnatal thyroid
status, disruption occurring in neurotransm itter levels
(Rastogi & Singhal 1976), metabolic enzyme activities
O n lin e version via h ttp ://w w w .en d o crin o lo g y .o rg
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(Geel & Tim iras 1967, Ladinsky et al. 1972, Rastogi &
Singhal 1974, Gripois & Fernandez 1977a,6, Kalaria &
Prince 1985, Virgili et al. 1991) and receptor num ber
(Patel et al. 1980, Smith ct al. 1980). Similar findings have
been reported in rat neural cell culture models (H onegger
& Lenoir 1980, Safaei & Timiras 1985, Garza et al. 1988).
Several o f the affected neurotransm itter systems are
expressed in early fetal brain, before the onset o f electrical
activity (Saito et al. 1991, Schambra ct al. 1994, Thomas
et al. 1995, Zhou ct al. 1995) w hen they are thought to
have neurotropic activities (Lauder 1993, Leslie 1993).
W h eth er such TH -responsive neurotransm itter systems
are also targets for maternal T H action during early fetal
brain developm ent has not been investigated.
In this study we have therefore em ployed a partially T x
rat dam model to investigate the effects of maternal
hypothyroxinem ia on the pre- and postnatal ontogeny
o f several cholinergic and m onoam inergic metabolic
enzymes in brain. A preliminary report o f these data has
appeared elsewhere (Evans et al. 1995).

M aterials and M ethods
Materials

G eneral reagents were obtained from Sigma Chem ical Co.
(Poole, D orset, UK) and B D H -M erck Ltd (Lutterw orth,
Herts, U K ). R -( —)-deprenyl hydrochloride was ob
tained from IC N Biomedicals Ltd (Tham e, O xon,
U K ), and acetylcoenzyme A and 6,7-dim ethyl-5,6,7,8tetrahydropterine hydrochloride from Calbiochem —
N ovabiochem Ltd (Beeston, Notts, UK). ['^H]Acetylcoen
zyme A was purchased from Amersham International
(Amersham,
Bucks,
UK),
D,L-3,4-[alanine-1-’"^C]
dihydroxyphenylalanine and l- [ 1-''^C]tyrosine from N E N
D upont Ltd (Hounslow, H erts, UK) and Picofluor
scintillant from C anbeira-Packard Ltd (Pangbourne,
Berks, U K ). Total T 4 and T3 radioimmunoassay kits
w ere obtained from N orth East Tham es Regional
Immunoassay Service (London, UK) and rat thyroid
stim ulating horm one (TSH) radioimmunoassay kit from
Biocode Biotechnology (Liege, Belgium).
Anim als

Sprague—D aw ley rat dams, partially T x by surgical
removal of the left lobe and isthmus (parathyroid-spared),
w ere m ated w ith nomial males w hen circulating T 4 levels
w ere < 2 0 nM . T he control group constituted euthyroid
(N) dams m ated w ith normal males. All animals w ere
m aintained at 22 °C on a cycle of 14 h light: 10 h darkness,
w ith free access to an iodine-replete diet. T he drinking
w ater o f the T x dams was supplem ented with calcium
lactate (01% w /v). W hen pregnancy was allowed to
continue to term , litters were standardized to seven pups
on the day of birth.
journal o f Endocrinology (1999) 161, 2 7 3 -2 7 9

Sample preparation

Pregnant dams and postnatal progeny w ere stunned and
killed by cervical dislocation. A cardiac blood sample was
taken from the dams im m ediately after killing for serum
T H determ ination. Brains w ere dissected from fetal and
postnatal progeny, placed on ice and cleaned o f meninges
and blood vessels. Postnatal brains w ere dissected into fourgross anatomic regions —cerebellum , brain stem (compris
ing pons, m edulla and m idbrain), subcortex and cerebral
cortex — w hereas prenatal brain was used whole. Tissue
was hom ogenized in 9 vol ice-cold 0 32 M sucrose and
aliquots stored at — 20 °C.
E n zy m e assays

M onoam ine oxidase (M A O ) activity was assayed by the
fluorimetric m ethod of Krajl (1965), using kynuram ine as
substrate. At several age points, 1 pM clorgyhne or 1 pM
deprenyl hydrochloride was included to assess the activity
o f the M A O -A and -B isoforms respectively (Squires
1972). These concentrations o f inhibitor w ere determ ined
at 19 days gestation (dg) in prelim inary experim ents (data
not shown). D O P A decarboxylase (D D C ), tyrosine
hydroxylase (TyrH ) and C h A T activities were assayed
radiometrically according to the m ethods of O k u n o &
Fujisawa (1982), W ay mi re et al. (1971) and Fonnum
(1969, 1975) respectively. A C hE activity was measured
using the colorimetric procedure o f Ellman et al. (1961).
Protein determination

Protein was assayed in tissue homogenates using
Folin—Ciocalteau reagent (Lowry et al. 1951) w ith bovine
serum album in as standard.
Thyroid function

Total T 3, total T 4 and T S H w ere determ ined in maternal
serum by radioimmunoassay using commercial kits.
Statistical analysis

All values are expressed as m ean ± s . e . m . Statistical signifi
cance was determ ined either by tw o-w ay analysis of
variance (A N O V A ) w ith post-hoc analysis by Fisher’s
PLSD test, or S tudent’s (-test, as indicated. In all cases,
values of P <0-05 w ere taken to be significant. W here
necessary, data was logarithmically transformed prior to
analysis to satisfy the criteria for A N O V A (Snedecor Sc
C ochran 1980).

R esu lts
Initially, the study was restricted to samples from 16 dg to
30 postnatal days (pnd) and these constitute the main
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T able 1 Maternal serum TH levels, litter number and fetal body weight in normal (N) and
partially Tx rat dam pregnancies. Values are means ± S .E .M ., n > 5. Treatment effects
(two-way ANOVA) were observed for T4 (P < 0 0005) T3 (P < 0-001), fetal body weight
(P < 0 001), and litter number (P<0-05)

D am
sta tu s

T4

T3

(nM)

(nM)

L itter
num ber

(g)

16

N
Tx

40-86 ± 2-21
14-46 ± 1-22***

1-19 ± 0-12
0-76 ± 0-14*

14-73 ± 0-94
13-00 ± 111

0-500 ± 0-011
0-424 ± 0-022**

19

N
Tx

29-50 ± 2-55
16-93 ± 2-35***

1-88 ± 0-34
1-03 ± 0-08*

15-12 ± 1-32
12-14 ± 0-67

2-440 ± 0-080
2-180 ± 0-075*

21

N
Tx

25-53 ± 2-64
9-87 ± 1-29***

2-12 ± 0-38
1-43 ± 0-31*

14-00 ± 1-28
12-89 ± 1-02

5-008 ± 0-248
4-613 ± 0-177

B ody w e ig h t

Days
g esta tio n

*P<0-05, **P<0'01 an d ***P<0-005 c o m p a re d with N dam p ro g en y (Fisher's PLSD).

section of the results below. Additional samples w ere later
collected at 14 dg to assay those enzyme activities showing
disturbed prenatal ontogeny in T x dam progeny and these
are presented separately.
A nim al model

T h e experim ental dams in this study were moderately
hypothyroid (Table 1); total T 4 levels were reduced to
40—60% of controls, while total T 3 was less severely
deficient. A further series of dams (n > 4) with comparable
total T 4 levels (Tx vs N dam; lT 6 8 ± 2 - 5 0 vs
51 41 ± 6 1 4 nM at 16 dg; 15 74 ± 2 61 vs 29 00 db 2 61
nM at 19 dg; and 1151 ± 2 28 vs 22 88 ± 4 68 nM at 21
dg) w ere also evaluated for maternal serum T SH levels.
These w ere found to be markedly elevated at all stages of
pregnancy studied (P < 0 0005; Fisher’s PLSD test). Values
(Tx vs N dam) were: 18 94 db 2 84 vs 2 82 ± 0 21 ng/m l
at 16 dg; 22 99 ± 5-34 vs 5 59 di 1-18 ng/m l at 19 dg; and
27-10 ± 3 -8 9 vs 2-09 ± 0-33 ng/m l at 21 dg. Litter sizes
w ere marginally lower throughout gestation in T x dams
relative to controls (Table 1). Fetal body w eight was
reduced in T x dam progeny at 16 and 19 dg but normal
near term (Table 1). Brain w eight and protein concen
tration (in terms of whole brain and by region) were
normal at all stages o f developm ent (data not shown).

was observed in the subcortex at 20 pnd, although no
overall treatm ent effect was found for this region (Fig. 1).
In normal fetal brain, the specific activity o f D D C
declined linearly by 58% b etw een 16 and 21 dg, whereas
in experim ental progeny this decline was absent (Fig. 2).
Consequently, although the specific activity of D D C in
T x dam progeny at 16 dg was slightly low er than in
controls, by 21 dg it was 58% higher (Fig. 2). Enhanced
levels o f D D C specific activity persisted in a regionspecific m anner during postnatal developm ent in T x dam
progeny, w ith significant treatm ent effects apparent in
cerebral cortex and brain stem (Fig. 3). Post-hoc analysis
confirmed the statistical significance o f the higher activities

1.0

c

If

0.8

-

0.6

-

0 .4 Monoaminergic metabolic enzym e activities

T he ontogenic profiles of T yrH specific activity in fetal
brain from N and T x dam progeny were very similar, both
displaying a 1 4-fbld increase betw een 16 and 21 dg (data
not shown). D uring postnatal developm ent however,
T y rH specific activity was 32% higher in the cerebral
cortex o f T x dam progeny at 10 pnd and although the
overall treatm ent effect was significant, the difference had
disappeared by 20 pnd (Fig. 1). A similar increase (by 28%)

0.2

0

10

20

30

Postnatal age (days)
F igure 1 Postnatal ontogeny of TyrH specific activity in cerebral
cortex (circles) and subcortex (triangles) of normal (open symbols)
and Tx (closed symbols) dam progeny. Values are means ± s . e . m . ,
n > 5. Two-way ANOVA indicates an overall treatment effect in
cerebral cortex (P<Q-Q5). *P<0-Q5 com pared with N dam progeny
by Fisher's PLSD.
tournai o f E ndocrinology (1 9 9 9 ) 161, 2 7 3 -2 7 9

275

276

I M EVANS a n d o t h e r s

■ Maternal T4 and neurotransmitter m etabolic enzym es

7 .0 3

20-

6 .0 -

2
bO

5 .0 -

5
J

4.0 -

CU
O
O
(U

3 .0 -

1
a

c:

10-

2 .0 1.00. 019

20

15

Age (dg)
Figure 2 Prenatal ontogeny of DDC specific activity in whole
brains of normal (O) and Tx ( • ) dam progeny. Values are
m eans ± s . e .m ., n > 6 . Two-way ANOVA indicates an overall
age-treatment interaction (P < 0 05). * P < 0 05 com pared with
N dam progeny by Fisher's PLSD.

17

18

19

20

21

22

Age (dg)
Figure 4 Prenatal ontogenic profile of MAO specific activity in
w hole brain of normal (O) and Tx ( • ) dam progeny. Values are
means ± s .e .m ., n > 5. Two-way ANOVA indicates an overall
treatment effect (P<0-001). *P<0-01, **P<0-005 com pared with N
dam progeny by Fisher's PLSD.
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Figure 3 Postnatal ontogeny of DDC specific activity in cerebral
cortex (circles) and brain stem (triangles) of normal (open
symbols) and Tx (closed symbols) dam progeny. Values are
m eans ± s . e . m ., n > 5. Two-way ANOVA indicates overall treatment
effects in cerebral cortex (P<0 01) and brain stem (P<0 001).
*P<0 05 and **P<0 01 com pared with N dam progeny by Fisher's
PLSD.

in experim ental progeny at 20 pnd in the cerebral cortex
and at 20 and 30 pnd in the brain stem (Fig. 3).
In nomial fetal brain, total M A O specific activity
increased 1-5-fold betw een 16 and 19 dg, then remained
stable (Fig. 4). T h e initial phase o f induction was blunted
in T x dam progeny, w ith total M A O activity being
reduced by ca. 25% at 16 and 19 dg. Using isoformspecific inhibitors no treatm ent-related effect on M A O -A
or -B specific activity (nmol p ro d u c t/h /m g protein) was
apparent at 16 dg (data not shown), whereas M A O -A
specific activity was significantly reduced (P < 0 05 by
tournai o f Endocrinology (1999) 161, 2 7 3 - 2 7 9
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Figure 5 Prenatal ontogeny of ChAT specific activity in whole
brain of normal (O) and Tx ( • ) dam progeny. Values are
means ± s .e . m ., n > 7.

Fisher’s PLSD) at 19 dg (13 34 ± 0 64 vs 15-80 ± 0 65;
11=5). D espite the apparent nonnalization of total M A O
activity by 21 dg (Fig. 5), differences in activity w ere seen
in brain stem (P < 0 05 treatm ent effect for tw o-w ay
A N O V A ) in postnatal T x dam progeny. Specific activity
was ca. 20% higher in the experim ental progeny at 10
(76-83 ± 8 -1 0 vs 64-77 ± 3-37; n > 6 ) and 20 pnd
(78-23 ± 5 1 1 vs 6 5 1 1 ± 4 40; n > 7), b ut only 7% higher
at 30 pnd (84-52 ± 5-77 vs 78-69 ± 6-37; n > 8).
Cholinergic metabolic enzym e activities

Following a very similar pattern to M A O , C h A T specific
activity in norm al fetal brain increased T5-fold betw een
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Table 2 W hole brain DDC, MAO and ChAT specific activities in 14 dg normal (N) and partially Tx rat dam progeny. Values are
m eans ± s . e . m ., n 5= 5. N o significant differences were observed as determined by Student's t-test
DDC
(nmol D O PA /h/m g protein)

MAO
(nmol product/h/m g protein)

ChAT
(nmol acetylC oA /h/m g protein)

0 -9 5 8 ± 0 - 2 2 3
0 -6 9 4 ± 0 - 1 1 2

9 -9 63 ± 0 - 7 0 1
9 -0 6 8 ± 0 - 3 5 4

0 -7 0 2 ± 0 -0 5 3
0 -6 3 5 ± 0 -0 5 4

Dam
status
N
Tx

16 and 19 dg and then rem ained constant through to 21 dg
(Fig. 5). In T x dam progeny the profile was different in
that the initial rise in activity continued from 19 to 21 dg
(P < 0 05, Fisher’s PLSD), although there was no overall
treatm ent effect. After biith, C hA T activity was nonnal in
all brain regions betw een 10 and 30 pnd (data not shown).
A C hE specific activity increased 4-fold from 16 to
21 dg in nonnal fetal brain and this profile was unaffected
by m aternal thyroidectom y (data not shown). Postnatal
developm ent was also largely unaffected in T x dam
progeny, the only exception occum ng in cerebral cortex
at 10 pnd w here the specific activity was significantly
(P < 0 05 by Fisher’s PLSD) raised (56 0 ± 9 9 vs
40-7 ± 2 4 pmol thio ch o lin e/m in /m g protein; ii=5); this
nonnalized by 20 pnd how ever and was not associated
w ith any overall treatm ent effect.
D efiniu^ the onset o f T H sensitivity

H aving dem onstrated that the prenatal ontogeny of certain
enzymes, namely D D C , M A O and to a lesser extent
C h A T , w ere disrupted as a consequence of maternal
hypothyroxinem ia, it was decided to investigate w hether
their ontogeny was disturbed even earlier in development,
Subsequent experim ents w ere therefore perfonned at
14 dg. As w ith the previous results (Table 1), serum total
T 4 and T 3 levels w ere reduced (P< 0 05 by Student’s
f-test) in the T x dams relative to controls (13-50 ± 1 86 vs
39 69 ± 1 70 nM and 0 71 ± 0 1 6 vs 0-89 ± 0 06 nM for
T 4 and T 3 respectively; n > 5 ) . Litter sizes w ere not
significantly reduced (13-50 ± 1 -3 4 vs 16 00 ± 110;
n > 5), b u t followed the same trend as previously
(Table 1). Similarly, brain w eight and protein concen
tration did not differ from control values (data not shown).
In contrast to the 16 dg data, body w eight was not
affected (0-164 ± 0 -0 0 3 vs 0-157 ± 0 005 g; /; > 5 for N
and T x dam progeny respectively). Furtherm ore, no
significant differences w ere apparent in any of the enzyme
activities measured at this age (Table 2).

D iscu ssio n
In this T x rat dam model, fetal T H deprivation will be
greatest prior to - but mitigated by - the onset of fetal TH

secretion at 17 5 dg, since intrauterine T H is predom i
nantly maternally derived before this tim e. At 16 dg,
maternal serum total T 4 in T x dams was reduced by 65%
relative to controls. Total T 3 was less severely affected,
therefore these dams w ere considered ‘hypothyroxiném ie’.
Serum T SH levels w ere significantly elevated in T x dams,
confim iing thyroid dysfunction and the expected pituitary
feedback response.
Maternal hypothyroxinem ia disrupted the ontogeny o f
several neurotransm itter m etabolic enzymes in fetal
brain. Total M A O activity was reduced at 16 and 19 dg,
but normal at 21 dg; C h A T activity exhibited a similar
trend. These changes are consistent w ith the effects o f
T H insufficiency at later stages o f brain developm ent, as
studied in in vivo and cell culture models. For example,
total M A O activity is reduced by com bined m aternofetal (Gripois & Fernandez 1977a) or neonatal hypo
thyroidism (Gripois &c Fernandez 19776). Furtherm ore,
M A O -A activity is T H sensitive in neuroblastoma cell
lines (Safaei & Timiras 1985) and was reduced by
maternal hypothyroxinem ia in this study. C h A T activity
is also regulated by postnatal thyroid status in vivo
(Ladinsky et al. 1972, Kalaria & Prince 1985) and
induced by T 3 in neuronal cultures (H onegger & Lenoir
1980, Garza et al. 1988).
These results suggest that T H may regulate M A O and
C hA T activities through com m on mechanisms both
before and after the onset o f fetal T H synthesis. In
postnatal brain, T H is considered to act via nuclear T H
receptors (T R ). T R s are present at detectable levels in rat
fetal brain from 14 dg (Perez-Castillo et al. 1985, Falcone
et al. 1994), rising 3-fold by 16 dg (Perez-Castillo et al.
1985). Thus, M A O activity is disrupted after 14 dg,
coincident w ith the rise in T R num ber. Further w ork is
required therefore to exam ine T H -m ed iated transcrip
tional regulation o f neurotransm itter metabolic enzymes.
T yrH and A C hE are also regulated by postnatal thyroid
status (Geel & Timiras 1967, Rastogi & Singhal 1974) but
w ere unaffected prenatally by m aternal hypothyroxinem ia.
T yrH activity appears less T H -sensitive how ever than
C hA T in an in vivo model (Kalaria & Prince 1985) or
M A O -A in neuroblastoma cells (Safaei & Timiras 1985),
while A ChE is less responsive than C h A T to T 3 in
neuronal cultures (H onegger & Lenoir 1980, Garza et al.
1988). Prenatal changes in brain A C hE and T y rH
lournal o f Endocrinology (1999) 161, 2 7 3 - 2 7 9
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activities may have occurred if m ore severe maternal
hypothyroxinem ia had been induced. T h e interpretation
o f findings from overtly hypothyroid rat dam models is
how ever confounded by factors such as severe maternal
metabolic compromise and placental m aldevelopm ent
(Bonet & H errera 1991). Thus severe maternal hypo
thyroidism produces pem ianent deficits in body and brain
w eight, and brain protein concentration (H endrich et al.
1997). T h e influence o f such confounding factors in the
present model appears to be m inim al, since in T x dam
pregnancies: fetal body w eight normalized near term; fetal
brain w eight and protein concentration w ere unaffected;
effects on neurotransm itter metabolic enzym e activities
w ere specific rather than general; and both M A O and
C h A T normalized by 21 dg (i.e. appear to be corrected by
fetal T H synthesis).
M aternal hypothyroxinem ia also disrupted the prenatal
ontogeny o f D D C , but only near tem i w hen the intra
uterine T H environm ent is deterniined largely by the
fetus. This effect may be a progressive consequence o f the
earlier T H deficit. Indeed, postnatal dysthyroidism has
little effect on D D C activity (Virgili et al. 1991). D D C
activity rem ained elevated postnatally in brain stem and
cerebral cortex, indicative of long term or, in the case of
brain stem, perm anent compromise to m onoam inergic
neurons. C hronic changes were also apparent for other
enzym e activities, in particular T yrH in cerebral cortex
and M A O in brainstem. Interestingly, all the enzymes
affected postnatally show ed increased activity, and distur
bances w ere confined to brain regions in w hich neuro
genesis occurs during early gestation. N o changes were
seen in cerebellum , possibly because this region develops
largely after the onset o f fetal T H synthesis. These results
confirm and extend previous observations in postnatal T x
dam progeny (Pickard et al. 1993), and strongly support a
prenatal origin for the postnatal disturbances. N eurotrans
m itters have putative neurotropic roles in early gestation
(Lauder 1993, Leslie 1993) and it is therefore possible that
neuronal differentiation is disturbed by m aternal hypothy
roxinem ia thus leading to chronic brain m aldevelopm ent
and perhaps the observed postnatal effects. Alternatively,
the early T H deficit may im pact on other signals w hich
regulate the developm ent of m onoam inergic neural path
ways, such as polyamines (Slotkin & Bartolomé 1986).
Indeed, ornithine decarboxylase, w hich regulates poly
am ine biosynthesis, is sensitive to maternal hypo
thyroxinem ia in fetal and postnatal rat brain (Pickard et al.

1993).
Earlier w ork in adult progeny o f T x dams showed
disturbances in brain C hA T and A C hE activities (Sinha
ct al. 1994). T hese results seem to be at variance w ith the
present study, how ever they may reflect covert distur
bances w hich becom e apparent over time. A similar effect
was noted regarding T yrH activity in this study. Alterna
tively, the m ore severe maternal hypothyroxinem ia
induced in the study of adult progeny (T4 levels were
journal o f Endocrinology (1999) 161, 2 7 3 -2 7 9

depressed to only 10% o f controls (Sinha ct al. 1994)), may
be responsible.
In summ ary, this study dem onstrates that maternal
thyroid status regulates the ontogeny o f m onoam inergic
and, to a lesser extent, cholinergic neurotransm itter m eta
bolic enzym e activities in rat brain. These changes are
evident during fetal life (from 16 dg) w hen the n eu ro 
transmitters concerned have putative neurotropic roles,
and may therefore have long term repercussions for brain
developm ent. Com prom ise to m onoam inergic metabolic
enzymes during postnatal life, may im pinge upon n eu ro 
transmission and contribute to the behavioural dysfunction
seen in young adult progeny of T x dams (Attree et al.
1992, Sinha et al. 1994). These findings may be pertinent
to hum ans, since m aldevelopm ent o f cholinergic and
m onoam inergic nerve pathways during the first half of
gestation, w hen the intrauterine T H environm ent is
determ ined by the m other, may contribute to the
im paired cognitive and m otor developm ent reported in
offspring o f hypothyroxiném ie w om en (Man et al. 1991).
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