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Abstract

The role of thyroid hormones in the development and maintain ance of normal CNS
functions has been extensively studied and is well established. In the developing brain,
hypothyroidism adversely affects most specific parameters of brain cell development
which, if not corrected, results in irreversible damage. However, the effect of thyroid
hormones on adult brain remains a contentious and relatively neglected area of research.
Nevertheless, the clinical findings and symptoms of adult onset dysthyroid states suggest
profound changes in brain function. For example, hypothyroidism is associated with
psychotic behaviour, delusions^hallucinations, memory impairment, cerebellar ataxia,
confusion, slower motor-coordination and loss of the a-rhythm on EEG, whereas
hyperthyroidism is accompanied by an increased frequency of the a-rhythm, nervousness,
irritability, tremulousness and, in extreme cases, delirium, stupour and coma. Apart from
behavioural abnormalities observed in adult hypothyroidism, the putative biochemical and
cellular disorders leading to these abnormalities have not been studied in detail. The aim of
this study was to evaluate the biochemical and molecular biological changes in different
brain regions due to adult hypothyroidism in an animal model.
Hypothyroidism was either chemically induced (methimazole; 0.1%, w/v in
drinking water) in male rats (6 month of age) or by partial thyroidectomy coupled with the
administration of 6-n-propyl-2-thiouracil (0.005%, w/v) in the drinking water. Agematched euthyroid males served as the controls. Total protein, protein profiles (cytosolic,
particulate and synaptosomal), DNA, RNA, inorganic phosphate, acid and alkaline
hydrolases (including cell markers), enzymes of energy metabolism, neurotransmitter
associated enzymes, metabolism of several metabolic substrates (glucose, glutamate and
acetate) and expression of thyroid hormone nuclear receptors (THNRs) isoforms in
different brain regions were investigated. Our results show that the body weight, brain
weight, total protein, protein profiles of different subcellular fractions, DNA, RNA and
inorganic phosphate remained apparently unchanged as a consequence of adult
hypothyroidism. Hypothyroidism resulted in brain region-specific changes in certain

catabolic enzymes activities. 5 -DII activity was increased in the cerebral cortex and the
cerebellum (52% and 96%, respectively), while 5 -DI remained unaffected in all brain
regions. Acid phosphatase activity was reduced in the cerebellum (by 34%) and the medulla
(by 38%), whereas alkaline phosphatasf activity was decreased in the midbrain (by 37%)
and the subcortex (by 49%). A differential response was also observed in the case of
arylsulphatase activity; arylsulphatase A (myelin degradative activity) was diminished in the
cerebellum (by 56%), whereas arylsulphatase B remained unchanged in all regions.
Acetylcholinestesfm$<activity was reduced in the cerebellum (by 45%), the medulla (by 34%)
and the subcortex (by 45%), whereas monoamine oxidase activity was increased in only
cerebellum (by 61%). Aspartate aminotransferase (AAT) activity was decreased in the
cerebral cortex (by 25%) and the medulla (by 41%), whereas y-aminobutyric acid
transaminase (GABA-T) activity was diminished in all brain regions: in the cerebral cortex
(by 27%), the subcortex (by 45%), the midbrain (by 38%), the cerebellum (by 32%) and
the medulla (by 52%). The activities of glutamate dehydrogenase and glutamine synthetase
however were unaffected in all brain regions. Protein kinase C (PKC) activity was elevated
only in one region (cerebral cortex, by 20%), whereas cAMP-dependent protein kinase A ()
was increased in all regions : in the cerebral cortex (by 15%), the cerebellum (by 15%) and
the brainstem (by 20%). Activities of lactate dehydrogenase, Na+/K+-ATPase along with
several other acid hydrolases (p-D-glucosidase, P-D-galactosidase, A^-acetyl-p-Dgalactosaminidase and 7V-acetyl-p-D-glucosaminidase) were not affected as a result of
hypothyroidism.
Hypothyroidism resulted in significant changes in glutamate metabolism in the
brain. Radiolabelling of CO 2 in the cerebral cortex and the cerebellum from U-^^Cglutamate was decreased (by 25% and 41%, respectively), whereas glucose and acetate
metabolism remained unchanged. Lysine incorporation into proteins was also unaffected.
Northern and slot blot analyses showed that hypothyroidism results in upregulation of c-erbA a-1 and P-1 expression in various brain regions, especially in the
subcortex and the midbrain while no significant changes in c-erbA a-2 mRNA levels
between normal and hypothyroid rat brains were found. In the liver (one of the thyroid

hormone responsive organs), a l mRNA remained unchanged, whereas p i mRNA was
slightly downregulated in hypothyroidism.
In conclusion, it is postulated that the compromise of these functional enzymes,
glutamate metabolism (a major excitatory amino acid neurotransmitter) along with THNRs
isoforms and 5'-DII may place severe restrictions on normal brain functions. The
biochemical vulnerability of the adult rat cerebellum to the effects of thyroidectomy may
correlate with the known clinical manifestations of CNS dysfunction in adult hypothyroid
man. These findings raise the possibility of an important role for the thyroid hormones in
the maintainance of biochemical and behavioural normality.
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Chapter 1 : Introduction

21

1 .1

Historical Review

The thyroid gland as a distinguishable human organ was first described in 1656 by
Wharton (1614-1673), who named it glandula thyroidea ("thureos” is Greek for shield).
Wharton thought the viscous fluid within the gland lubricated the trachea, an idea that
persisted for a long time (cited in Harington, 1935; Haynes et al 1980; Merke, 1984).
Wharton, however, cannot be considered as the discoverer of the gland since Leonardo da
Vinci had already made astonishingly accurate anatomical sketches of the thyroid gland,
around 1500. The first anatomical drawing of the thyroid gland was made by Casserius
who is said to have declared that enlargement of the thyroid leads to goitre (cited in Merke,
1984).
The problem of goitrogenesis was known much earlier. The first descriptions of
goitre possibly go back to 2000 BC (Lyons & PetrucceUi, 1987). Vitruvius, Pliny (62-113
AD) and Juvenal (60-140 AD) described the occurrence of goitre in people living in Alpine
regions (Klein, 1980). Unlike the early reports on endemic goitre, there was no mention of
endemic cretinism until the 16th century. Paracelsus ("the father of pharmacology")
recognised cretinism in 1567 and noted its relation with goitre (Cranfield, 1962). The first
entirely convincing description was given in 1602 by Felix Platter, a Swiss physician and
psychiatrist (Cranfield, 1962; Konig, 1981). In the next two centuries, little progress was
made in the study of endemic cretinism. Fodere was the next who extensively described
endemic goitre and cretinism in Savoy. He also believed that it was the function of the
thyroid to lubricate the larynx and the trachea (Merke, 1984). Gay-Lussac first discovered
and identified iodine (I) as a result of work with several species of seaweed. Coindet in
1820 prescribed fodine for the treatment of goitre and Boussingault in 1825 suggested the
use of I-containing salt for the prevention of goitre (Merke, 1984).
The first descriptions of sporadic congenital hypothyroidism (CH) were probably
made by Curlings (1850) and Fagge in 1871 (cited in Trotter, 1964; Kaplan, 1989). Gull
(1874) first associated a cretinoid state supervening in adult life with the absence of thyroid
enlargement, and it was Ord (1878) who introduced the term "myxoedema" for adult
hypothyroidism. It took until 1883 before the Swiss surgeons Reverdin and Kocher
22

independently became aware of the similarities between spontaneous myxoedema and the
clinical pictures that developed after the removal of the thyroid (Konig, 1981; Kaplan,
1989). Replacement therapy was initially attempted by thyroid grafting (Horsley, 1890),
but in 1891, Murray administered thyroidal extracts subcutaneously with much more
success. The breakthrough however, came in 1892 with the introduction of oral
administration of thyroid tissue, first as raw or lightly cooked sheep thyroid, later as a
desiccated powder (Fox, 1892; Mackenzie, 1892). Although it is obvious that thyroid
hormone (TH) replacement must be the treatment of choice, it should be noted that
successful transplantations were also reported (Kaplan, 1989). The impressive results of
thyroid treatment brought Baumann in 1895 to an attempt to isolate an I-rich bioactive
compound which he called "thyroidin" (Baumann, 1896) and Kendall (1915) successfully
isolated a crystalline form of an iodine-containing compound with the same properties of
crude thyroid extracts which was named "thyroxin". Later, Harington (1926) improved the
isolation procedure and, in 1927, Harington and Burger established the definite molecular
structure of TH, and were able to synthesise the compound. Subsequently, Gross and PittRivers (1952) detected 3,5,3’-triiodothyronine (T3) in the thyroid gland and in plasma.
This compound with one I-atom less than TH proved to be physiologically more potent
than thyroxine (T4) and more rapid in the onset of its action. Several years later Roche et
al. (1956) reported the existence of biologically inactive compounds; reverse T3 (rT3) and
3,3'-diiodothyronine (T2). Ever since the identification of thyroid hormone nuclear
receptors (Oppenheimer et al., 1972), TH have been known to exert their effects through
these proteins.
1 .2

O ntogeny of the Thyroid G land

The thyroid gland is the first endocrine gland to appear in embryonic development and is a
derivative of the digestive tract (Moore, 1988). In humans, the development of the thyroid
starts at about 20 days of gestation with a single median ventral endodermal pit (placode) in
the primitive pharynx (Sgalitzer, 1941). Around 8th week of gestation, the thyroid mass
increases faster than the body mass, whereas after the 12th week the thyroidrbody mass
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ratio stabilises at approximately 1/2000 (Sheppard, 1968). At birth, the average thyroid
mass is approximately 1.5 g (Palmer et al., 1938). Although the human fetal thyroid gland
starts to secrete thyroid hormones at approximately 70 to 80 days of gestation, it remains
unresponsive to pituitary-secreted thyrotrophin until the 22nd week of gestation (Fisher &
Klein, 1981). From the 24th week of gestation, the plasma level of free T4 (FT4)
stabilises, as does plasma thyroid stimulating hormone (TSH) (Fisher et al., 1971),
indicating the functioning of the negative feed-back mechanism around that time. Plasma
T3 is unmeasurable until about 30th week of gestation, after which the mean concentration
increases gradually (Issac et al., 1979). At term, the plasma T3 level is still considerably
lower than adult levels. More or less simultaneously with a rise in T3, fetal plasma rT3
decreases (Fisher et al., 1977).
The regulatory mechanism which governs TH secretion is of considerable
importance in the ontogeny of thyroid function. At the 13th to 14th week of gestation,
thyrotropic cells in the pituitary are capable of producing thyroid stimulating hormone
(TSH) and TSH at this stage has a

bioactivity that is even higher than subsequent

stages of development (Fuckuchi et al., 1970). TSH secretion is stimulated by thyrotropin
releasing hormone (TRH) (Goodyer et al., 1977). Moreover, at this stage, TSH becomes
measurable in plasma (Fisher et al., 1970). At 18th to 20th week, hypophysial and plasma
TSH concentrations begin to increase, when the hypothalamic-hypophysial portal vascular
connectivity develops (Fisher et al., 1970; Fisher & Klein, 1980). At around the 22nd
week, plasma TSH increases until levels of term neonates are reached, and plasma T4 starts
increasing considerably (Fisher et al., 1970; Greenberg et al., 1970). As a consequence,
the plasma levels of T4 and T3 increase rapidly during the first postnatal hours (Abuid et
al., 1973). T4 peaks at 48 hours, and free T3 at 24 hours. Plasma thyroglobulin (Tg) peaks
after 1 to 2 days of birth (Kok et a l ., 1986).
1 .3

Anatomy of the Mature Thyroid Gland

1.3.1 Macroscopic Anatomy

24

The mature thyroid gland is a brownish-red, bilobular organ, with a frontal view which has
some resemblance to a butterfly. The lateral lobes at both sides of the trachea have a
topographic relationship with the shield-shaped thyroid cartilage, the isthmus connects the
lower parts of both lobes ventral from the trachea near the first to third cartilage rings. The
thyroid projects just between the fork of both common carotid arteries. The thyroid size is
almost directly dependent upon the iodine content of the diet (Berghout et al., 1987). Lobes
have a maximum diameter of about 20 mm and a length of roughly 40 mm. The length and
width of the isthmus averages 20 mm; its thickness 4 mm (DeGroot et al., 1984).
1.3.2 Nerve and Blood Supply
The nervous innervation is both sympathetic (cervical ganglia) and parasympathetic (vagal
nerve). Its main function is to regulate blood flow (Kaplan, 1989). Stimulation of cervical
sympathetic neurons and administration of adrenaline or vasopressin (ADH) diminishes the
blood flow, whereas stimulation of the superior laryngeal nerve, or the vagal nerve and
administration of acetylcholine enhance the flow. As the thyroidal accumulation of iodine
depends on the blood flow, this process is not only regulated by TSH, but also by the
autonomous nervous system, adrenals and neurohypophysis (Fujita, 1988).
The abundant blood supply is mainly by four major arteries, the paired superior
thyroid arteries (arising from external carotid arteries) and the paired inferior thyroid
arteries (arising from the thyrocervical trunk of the subclavian artery). Often there is a fifth
artery, the arteria thyroidea ima, which arises from the arch of aorta and enters the thyroid
in the midline. The many anastomoses around the gland construct an arterial plexus, from
which many small branches enter the gland and split into follicle arteries. Each follicle is
surrounded by a rich capillary network (Kaplan, 1989).
1.3.3 Microscopic Anatomv
The functional unit for thyroid hormone production is the follicle. This is a closed structure
of a variable size (average diameter 30 \xm, normal range 35 to 500 |im), filled with
colloid, surrounded by a single layer of specialised epithelial cells (thyrocytes), and
enclosed by a rather thick basement membrane. Between the thyrocytes and the membrane,

25

the parafollicular cells can be found (Halmi et al., 1986). The thyrocytes are polarised with
the basal plasma membranes directed towards the surrounding stroma, and the apical
membranes directed towards the lumen. The nucleus is in the basal part of the cell; apical
from the nucleus is a prominent rough endoplasmic reticulum and a well-developed Golgi
apparatus, along with vesicles and lysosomes. The cells are tightly connected with each
other by desmosomes (tight-junctions) near the apical membrane (Nesland et al., 1987).
The shape of the cells largely depends upon the metabolic state, mainly determined by the
TSH concentration (Halmi et al., 1986).
1 .4

Biochemistry of the Thyroid Hormones

The biosynthesis of thyroxine (T4) is unique for the thyroid gland, which means that some
processes of the metabolic path are restricted to thyroid tissue. This hormone is generally
considered as a pro-hormone, with

, a biological potency ten times less than T3. The

majority o f plasma T3 and rT3 are derived from the peripheral deiodination of T4. The
structure of important iodothyroni nes which are composed of two iodinated rings (inner or
tyrosyl ring and outer or phenolic ring) with an alanine side chain, are shown in Figure 1.
1.4.1 Thvroid Hormonogenesis
The synthesis of T3 and T4 involves iodine which is normally ingested in the form of
iodides in the diet. Iodide is taken up from the blood by the thyrocytes and incorporated
into thyroglobulin. The thyroid hormones are synthesised within the thyroglobulin
molecule, which is stored within the lumen on colloid, transported back into the thyrocyte
and degraded to release TH.
The following processes are known to be part of the thyroid hormonogenesis :
Al Iodide (I-l transport : Iodide is taken up and transported into the thyrocyte by
active transport. A similar iodide transport system exits in the salivary gland, mammary
gland, the gastric mucosa, the choroid plexus, the ciliary body and the placenta. However,
the transport mechanism of the thyrocyte basal membrane is unique in its stimulation by
TSH. The system is Na+/K+-ATPase-dependent with iodide being pumped from the
extracellular fluid into the follicular cell against electrical and chemical gradients. Iodide is
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Figure 1 : S tru ctu re of the m ajor thyroid hormones.
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subsequently transferred into the follicular lumen by simple diffusion (Dumont et a/.,
1989; Wolff, 1983).
B> Incorporation into thyroglobulin

Tg is a 660 kDa glycoprotein containing

two identical subunits and 10% carbohydrate. The gene is located on chromosome 8q24-ter
(Baas et a l, 1985). Labelling studies in rat thyroid tissue have shown that the polypeptide
chain of the Tg-precursors are synthesised in the endoplasmic reticulum but glycosylated in
the Golgi apparatus (Whar et a l., 1969). Small (primary) vesicles filled with Tg are
transported form the Golgi apparatus to the apical membrane where Tg is released into the
folhcular lumen (Greenspan & Rapoport, 1986). Although the Tg molecule has 130 tyrosyl
residues, no more than 3-4 iodothyronines are formed, even in well iodinated Tg
(Lissitzky, 1984). Regulation of Tg synthesis is under TSH control. Normal TSH levels
induce near-maximal expression of the Tg gene. TSH controls transcription by direct
interaction with the thyrocyte TSH receptors, with cAMP as the mediator (Van
Heuverswyn et a l, 1985).
Cl Oxidation of iodide and thvroglobulin iodination: Iodide must first be converted
to a higher oxidative state before it can be incorporated into thyroglobulin. Amongst
biological oxidising agents, H 2 O 2 is one of the most potent (Ekholm, 1981). The origin of
this substrate for thyroid peroxidase (TPO) is still poorly understood and at least three
H 2 O 2 generating systems are postulated: 1) microsomal NADPH-cytochrome-c reductase,
2) microsomal NADH- cytochrome-b5-reductase and 3) monoamineoxidase (Dumont et
a l, 1989). TPO, a 107 kDa membrane bound hemoprotein (Kimura et a l, 1989), is a
glycoprotein and catalyses the oxidation of L into iodonium (1+) in the presence of H 2 O2 .
Propylthiouracil (PTU) and methimazole (MMI) block thyroid hormone synthesis by
inhibition of thyroid peroxidase. This results in an impairment of both the iodination and
coupling reactions (Taurog, 1979).
D1 Organification of I- ( Iodination of Tgl: The tyrosyl residues of the Tg molecule
are iodinated in the follicular lumen, especially at the cell-colloid interface. TPO binds and
oxidises iodide into its active form, which is then transferred to the tyrosyl residue of Tg,
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which

IS

itself bound at another site on TPO. Both mono-iodothyronine (MIT) and

diiodothyronine (DIT) are produced (Ekholm, 1990). The iodination of the first tyrosyl
residues at the N-terminal site of Tg leads to T4 production. The production of T4 at the Cterminal site proceeds at slower rate (den Hartog et al., 1990).
E") Coupling: The coupling reaction comprises of three steps: 1) oxidation of
iodotyrosyl residues to an activated form within the protein matrix catalysed by TPO, 2)
coupling of two iodotyrosyl radicals to form a quinolether intermediate within the same Tg
molecule, and 3) splitting of the quinolether to form an iodothyronine with a dehydroalanyl
residue as a by-product (Gavaret et at., 1980). The iodinated ring is ether-linked to another
iodotyrosyl residue of the same thyroglobulin molecule, thus forming T4, T3 or rT3.
Coupling does not occur randomly, rather T4 or T3 is formed in one or more limited
domains of the molecule which have unique amino acid sequence (Lissitzky, 1984).
F') Endocvtosis of iodinated Tg and hormone release: The endocytosis in the
thyrocyte takes place by macro- and micropinocytosis. Macropinocytosis accounts for
normal T4-secretion. After acute stimulation, micropinocytosis plays an important role in
basal T4-secretion. The internalised colloid vesicles (secondary vesicles or phagosomes)
fuse with lysosomes to phagolysosomes (Dumont et al., 1989).
In the phagolysosomes, Tg is degraded into its constituent amino acids, including
MIT, DIT, T3 and T4 by the action of proteases and peptidases. T3 and T4 are released at
the blood/cell membrane interface, and exported by the blood stream (Dumont et al 1989).
Deiodination of iodotyrosines (MIT and DIT) is not used directly in the hormone synthesis.
In order to avoid considerable losses of iodine, the relatively large amounts of liberated
MIT and DIT must be deiodinated before they leave the thyroid. High iodotyrosine
deiodinase activities occur in the thyroid, the liver and the kidney, and the enzyme is also
present in the salivary glands (Querido, 1971).
Thyroid gland stores a large amount of Tg, containing the hormones T4 and T3 and
the substrate I, all covalently bound. The normal adult thyroid contains roughly 10 mg I,
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being 100 times the recommended daily intake and sufficient for several months T4
production (Querido 1971).
1.4.2. Thvroid Hormone Transport Proteins
Thyroid hormones in the circulation are largely bound to a group of plasma proteins. They
are dissociated from these plasma proteins before they reach their site of action within the
cells. Thyroxine-binding globulin (TBG), binds the majority of plasma T4. It also carries
much of the plasma T3. Pre-<^lbumin (PA), or transthyretin (TTR), is also recognised as an
important T4 transport protein. Albumin binds T4 and T3 as it does many other small
molecules in plasma. Therefore, it is of importance to consider the chemical and
physiological properties of these transport proteins.
The identification of T4 with the protein-bound iodine (PBI) of plasma by
Trevorrow in 1939 established that T4 is strongly bound to plasma proteins. TBG is a 54
kDa glycoprotein containing a 45 kDa monomeric polypeptide chain and about 20%
carbohydrate (Gordon et al., 1952). The complete amino acid structure is known. The
association constant for T4 binding to TBG is 1 x 10^91/mol and T3 binding to TBG is 4.6
X 1Q8 1/mol, which is far higher than the association constant for any other protein. TBG
binding is specific to T4 and T3; rT3 is not bound. The carbohydrate residues play a minor
role in T4-binding and immunological properties of TBG (Cheng et al., 1979). Plasma
TBG levels are influenced positively by oestrogen and negatively by testosterone. The
increased TBG levels encountered in pregnancy may however be due to a more heavy
sialyation of TBG (longer survival time) rather than increased hepatic synthesis (Ain et al.,
1987).
During the isolation of TBG from plasma, a second protein with high affinity and
very similar to pre-albumin was found, which was referred to as T4-binding pre-albumin.
This protein also binds plasma retinol, and its name was changed later to transthyretin
(TTR) (Schussler, 1990). Unlike TBG, TTR is not a glycoprotein. TTR is produced in the
liver, pancreas, choroid plexus, and during development, in the yolk sac (Jacobsson et al.,
1990). It has been postulated that the T4 transport from the circulation into the
cerebrospinal fluid is based on partitioning of T4 between choroid plexus and binding of
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T4 to TTR secreted by the choroid plexus, suggesting that T4 available to the brain would
then depend predominantly on the rate of TTR synthesis and secretion by the choroid
plexus (Dickson et al., 1987). The association constant for T4-binding to TTR is 7 x 10^
1/mol and T3-binding to TTR is 1.4 x 10^ 1/mol. The T4-binding capacity of TTR varies
independently of TBG. Sex steroids have opposite effects on plasma TTR and TBG
concentration. Oestrogen causes a modest decrease in plasma TTR which is probably the
basis for its moderately low levels in pregnancy; androgens increase TTR levels quite
markedly (Schussler et a l, 1990). It has been demonstrated that TTR plays an important
physiological role to maintain normal levels of serum retinol, retinol-binding proteins and
thyroid hormones (Episkopou et at., 1993).
Albumin is a non-specific and virtually unsaturable acceptor for T4 and T3
(Robbins & Bartalena, 1986). The association constant for T4-binding to albumin is 7 x
1Q5 1/mol and T3-binding to albumin is 1 x 10 ^ 1/mol. All three transport proteins are
synthesised in the hepatocyte (Gershengom et at,, 1980); TTR is also synthesised in other
organs (Schussler, 1990). TBG appears to be the major transport protein of T4. Pre
albumin or TTR plays a major role in vitamin A transport and albumin is involved in the
transport of a great many small ligands, both physiological and pharmacological (Robins &
Bartalena, 1986).
On average, in the euthyroid state about 0.010-0.015% of circulating T4 is
unbound. Approximately 80% of T4 is bound to TBG, the remainder is distributed over
albumin (5 - 10%) and TTR (10 - 15%) ( Byfield, 1988; Schussler et al., 1990). Many
clinical and experimental observations have shown that the unbound fractions of T4 and T3
are responsible for the metabolic effects. This resulted in the "free hormone hypothesis"
which postulates that only the unbound fractions of T4 and T3 are responsible for the
metabolic effects (Schussler, 1990). Ekins (1990) has indicated that the binding by TBP of
T4 is a phenomenon whose physiological significance is still not understood. It is possible
that TBG has a specific function during pregnancy and as T4 is a major determinant of the
thyroid hormone status of the fetal CNS, in tlie development of the fetal CNS.
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1.5

C ontrol of T hyroid Function

The main regulator of thyroid function is the negative feed-back mechanism between
thyroid and adenohypophysis. In short, both T4 and T3 inhibit TSH secretion, and
thyrotrophin releasing hormone (TRH) stimulates this process. T4 influences the TSH
secretion via intrahypophysial conversion of T4 to T3 (Brabant et a/., 1987; Wenzel et a i,
1975).
TSH is a 28 kDa glycoprotein containing two different non-covalently-linked
subunits, a and p (Dumont et a i, 1989). It is produced exclusively in the thyrotrophic
cells of the adenohypophysis. TSH has its o(*subunit in common with luteinising hormone
(LH), follicle stimulating hormone (FSH) and human chorionic gonadotrophin (hCG). The
P subunit is specific for TSH and its gene has been assigned to chromosome 1. Both
subunits are glycosylated; the 14.7 kDa a-subunit and the 15.6 kDa p-subunit (Franklyn &
Sheppard, 1988).
The tripeptide TRH is produced in the hypothalamus and transported via the portal
vessels of hypophysial stallc. FT3 and FT4 tightly control secretion of TSH. Their
inhibiting effect is exerted both acutely and chronically on the number of TRH receptors,
the relative bioactivity of circulating TSH, transcription of the TSH subunit genes and TSH
synthesis. T3 inhibits directly, but at a physiological level the main external agent of control
is T4, which through deiodination (5'-DII) in the thyrotropic cells, provides the inhibiting
intracellular T3 (Dumont e ta i, 1989; Silva, 1986).
Besides their direct effects on thyrotropic cells in the adenohypophysis, T4 and T3
regulate TSH secretion, at least in part, by influencing hypothalamic TRH secretion in rat
(Iriuchijima et al., 1986). Ageing of the individual is accompanied by a gradual decrease of
plasma FT4 levels, a decreased secretion of T4 and T3, and an increased half-life of T4.
Studies in rats have shown similar phenomena, and also plasma TSH and intrahypophysial
T3 remain stable. This is a consequence of increased hypophysial conversion of T4 into T3
(Donda & Lemarchand-Beraud, 1989).
1 .6

T h y ro id H orm one M etabolism
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There are many sites for potential control of thyroid hormone transport into the CNS. The
blood brain barrier and the choroid plexus are responsible for the movement of thyroid
hormone, mainly T4, from the bloodstream to the CNS. Thyroid hormone may enter
neurons directly from the interstitial fluid or indirectly from the glial cells. Nonetheless,
both neurons, perhaps at the synaptosomes, and glial cells are capable of transporting and
concentrating thyroid hormone at physiological levels. Furthermore, most of the T3 found
within brain cells is derived from the T4 that they have accumulated (Robbins &
Lakshmanan, 1992).
Large proportion (e.g. 80%) of circulating T3 and virtually all of circulating rT3 is
derived from the monodeiodination of T4 in peripheral tissues. The major pathway of
iodothyronine metabolism is via progressive deiodination. Other degradative routes play a
very small part. Over a decade there has been a great deal of effort to examine
iodothyronine deiodination. Physiological and biochemical considerations have led to the
recognition of two distinct deiodinative reactions, termed 5'-monodeiodination (Visser et
al.y 1975; Kaplan and Utiger, 1978) and 5-monodeiodination (Tanaka et at., 1981). 5'M onodeiodination results in the conversion of T4 to T3, and rT3 to 3,3'-T2 by
monodeiodination of phenolic or outer ring. 5 Monodeiodination converts T4 to rT3 and,
T3 to 3,3'-T2 by monodeiodination of tyrosyl or the inner ring (Visser, 1980). 5'monodeiodination of T4 is considered as an activating pathway that generates the more
potent T3, whereas 5-monodeiodination is regarded as an inactivating pathway (rT3 is
biologically inactive).
Using an in vitro assay system with rat tissues, these enzymes have been classified
into three different types according to the selectivity of the reaction they catalyse (substrate)
and their inhibition by PTU (Visser, 1980, Leonard & Visser, 1986).
Type I deiodinase, deiodinates both rings (phenolic and tyrosyl), is inhibited by
PTU, and is considered as a nonselective enzyme. Type II deiodinase is regarded as a true
5'-monodeiodinase since it only catalyses deiodination of the outer ring of T4 and is not
sensitive to PTU. Type III deiodinates only the tyrosyl ring and is thus, a true 5deiodinase. It is also not inhibited by PTU (Leonard & Visser, 1982 ).
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F igure 2 : Sequential deiodination of iodothyronines

thyroxine (T4)

NH2

I
C H 2 -C H -C O O H

R

HO

3,5,3'-triiodothyronine (T3)

3,5',3'-trilcdothyronine (rT3)

R HO

3,5-diiodothyronine

R HO

3',5-diiodothyronine

3',5'-diiodothyronine

3'-m onoiodothyronine

3-m onoiodothyronine

thyronine

34

R

There is a general agreement that irrespective of the substrate used and sensitivity to
PTU, deiodinase activity is associated with the particulate fractions of tissue homogenates,
predominantly with the microsomes (Heosch et al., 1975, Visser

a/., 1975). Thiols

stimulate both 5- and 5'-monodeiodination. Dithioerythritol and dithiotheritol (DTT) are the
most potent stimulators of deiodinase activity, while 2-mereaptoethenol and 2,3dimercaptoethanol are less effective. Glutathione (GSH) is clearly the least effective (Visser
et al., 1976; Cavalieri et al., 1977; Chopra, 1978). Thiols actively participate in the
deiodination process, acting as a second substrate in the 5'-monodeiodination of T4
(Leonard & Rosenberg, 1978) and of rT3 (Visser, 1979). The main group of inhibitors of
5- and 5'-monodeiodination consists of the thiouracil (TU) derivaties which react with the
essential sulfahydryl group of the enzyme. Notably, PTU has been reported to inhibit both
5- and 5'-monodeiodination (Heyma et al., 1978) uncompetitively (Chopra et al., 1978)
and is competitively antagonised by DTT, methimazole and thiourea (Visser, 1980).
It is clear that these enzymes play a key role in determining the availability of TH to
different tissues or cell types. Any changes in the activities of these enzymes during
development or adulthood may influence the amount or type of hormone available to
specific tissues in response to physiological demand of the organ. Table 1 shows some of
the biological and physiochemical properties of iodothyronine deiodinases in the brain.
1.6.1 Tvpe I Deiodinase ("5'-DP Activitv
The conversion of T4 to T3 has been demonstrated in several human and animal tissues
including liver, kidney, heart, fibroblast and peripheral blood leukocytes (Sterling et al.,
1972; Refetoff et al., 1972; Woeber & Ingbar, 1973, Visser et al., 1976, 1978; Chopra,
1977; Green, 1976).
Studies by Chopra (1977) demonstrated that amongst the different rat tissues tested,
5'-DI activity is most abundant in liver and kidney. The specific activity in kidney was
found to be about two-fold higher than that in other tissues. A similar pattern has also been
observed by others (Kaplan & Utiger, 1978). In contrast, rat eye, lung, pituitary and
cerebral cortex exhibit lower activities (McCann et al., 1984).
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The OLpparent molecular mass of 5 -DI is estimated to be 50 kDa (Leonard &
Visser, 1982; Mol et al., 1984) and the enzyme is composed of two subunits. Deiodination
of the outer ring is maximal at pH 6.4 and that of the inner ring is maximal at pH 8.0 (Mol
& Visser, 1985). rT3 is the preferred substrate as compared with T4 in rat kidney
microsomes (e.g. 27-fold higher Km) (Leonard & Rosenberg, 1980). It has been
demonstrated that the enzyme activity is increased during hyperthyroidism (Dratman et al.,
1983), whereas its hepatic content decreases during hypothyroidism (Kaplan, 1979). In
vitro studies by Beech et al. (1993) have indicated that thyroidal 5 -DI exhibits marked
species differences in its expression; in those species which express the enzyme (man,
mice, guinea pig and rats), the activity may make an important contribution to thyroidal T3
production. This enzyme has been also shown to be a seleoenzyme (Arthur et al., 1990),
containing stoichiometric amounts of selenium (Behne et al., 1990). Cloning of the enzyme
has confirmed the presence of selenium, in the form of selenocysteine (Berry et al., 1991).
High levels of TSH have shown to stimulate the activity of the enzyme, probably in a cyclic
been
AMP dependent manner (Murakami et al., 1990).
1.6.2 Tvpe n Deiodinase t5'-DIB Activitv
5'-DII catalyses the removal of an outer ring iodine from T4. There are three unique
properties for the 5'-DE monodeiodinase: (1) stimulation of reaction at a low concentration
of T4, (2) insensitivity to PTU either in vivo or in vitro and (3) rapid modulation of the
enzyme activity in response to thyroid status (Silva et al., 1982; Visser et al., 1983;
Kaplan, 1980; Kaplan & Yakoski, 1980; Silva & Mathews, 1984).
In mammals, 5'-DII appears to have a more limited distribution than 5 -DI, activity
being present in the CNS (Kaplan and Yakoski, 1980; Visser et al., 1981), the pituitary
gland (Silva, 1986), the brown adipose tissue (Silva & Larsen, 1983; Silva & Larsen, ,
1983) and the placenta (Kaplan & Shaw, 1984). It has been demonstrated that, in the brain,
it is associated with neurons (Leonard & Larsen, 1985), but its synthesis has been shown
to be located in glial cells in culture (Leonard & Galvin, 1983). In the pituitary, it has been
isolated from some secretory cells such as lactotrophs and somatotrophs (Koenig et al.,
1984).
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In the brain, 5'-DII serves as the source of T3 and plays an important role in
determining the extent of "local" T3 production (Meinhold et al., 1992). At the subcellular
level, 5'-DIX has been shown to be associated with the particulate fraction of tissue
homogenate. In the brain and placenta, it is predominantly found in microsomes (Kaplan,
1980; Kaplan & Shaw, 1984). Unlike 5'-DI, 5'-DII is not a selenoenzyme (Meinhold et
al., 1992). The apparent Km for T4 is 0.5 - 2 nM at 20 mM DTT concentration, which is at
or near the physiological level. Thus, changes in substrate availability may have a
significant impact on T3 production in the brain and the pituitary. 5 -DII activity shows an
absolute requirement for a moderate to large amounts of reduced cofactor (RSH) group in
vitro (Kaplan & Yakoski, 1980; Kaplan, 1980; Visser era/., 1983).
1.6.3 Tvpe III Deiodinase (5-DIIII Activitv
5-Din catalyses deiodination of the inner ring or tyrosyl ring of T4 and T3. It may play a
critical role in regulating the levels of circulating T3. 5-DIII is localised in several tissues
including, the placenta (Roti et al., 1982) and the central nervous system (Kaplan &
Yakoski, 1980, 1981, 82). At the subcellular level, 5-DIII has been found to be present in
the crude microsomal fractions (Kaplan et al., 1983; Fay et al., 1984). 5-DIE is the most
abundant deiodinase in the brain and is localised predominantly in the glial cells (Leonard &
Larsen, 1985).
Contradictory results are reported for the Km values of 5-DIII. Some workers
(Kaplan et al., 1983) have reported that Km value is in the nanomolar range, whereas
others (Tanaka et al., 1981) have reported it in the micromolar range. Its optimal pH is 7.5
to 8.2 and the optimal temperature is 37 °C. It is dependent on available RSH group
(Huang etal., 1986; Tanaka etal., 1981).
1.6.5 5- and 5'-Monodeiodinase Activities in the Brain
Several studies have been performed on homogenates of rat brain tissues to explore the
control of thyroid hormone homeostasis by 5- and 5'-monodeiodination. It has been
demonstrated that 5-monodeiodinase activity in rat cerebral cortex is low in the prenatal rat
and increases during the brain growth spurt. 5'-Monodeiodinase activity increases after 7
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days of postnatal life and exceeds adult level between 14 and 35 days in rat cerebral
hemispheres. The peak was observed at 28 days in the cerebral homogenate (Kaplan &
Yakoski, 1980). Maximum activity was found at 17 to 19 days of gestation, declining after
birth and reached adult levels at 1 to 3 weeks of age (Kaplan & Yakoski, 1980; McCann et
al., 1984).
In the neonatal brain, hypothyroidism causes a 5- to 8 -fold increase in the activity
of 5 -D n within 24 hours after thyroidectomy, and activity returns to normal after injection
of thyroid hormones (Leonard et a i, 1984). Fetal brain deiodinase activity responds to
maternal thyroid hormones (treatment of hypothyroid mothers with T4). 5'-DII activity
increases under these conditions (Ruiz de Ona et aL, 1988). These observations indicate
that 5'- and 5-monodeiodinase activities vary quantitatively and show different responses at
different developmental stages.
Table (1) : Biological and physiochemical properties of monodeiodinases in
the brain.

5’-DI

5'-DII

5-Dm

---

T 4toT 3

T 4torT 3

rT3 to 3,3'T2

rT3 to 3,3'T2

T3 to 3,3’T2

Substrate

rT3

T4, rT3

T4,T3

Molecular weight

54 kDa

200 kDa

unknown

Subunit size

27 kDa

29 kDa

31 kDa?

primary cell distribution

glia

neuron

glia

Effects of hypothyroidism

unchanged

increased

decreased

Hyperthyroidism

unchanged

decreased

decreased

Reaction

Adapted from Leonard (1992).
5'-Monodeiodinase activity in adult hypothyroid rats was found to be increased in
the anterior pituitary, the CNS and the brown adipose tissues (Cheron et at., 1979; Kaplan,
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1980; Visser et <2/., 1983). Compensatory changes in 5’-monodeiodinase activity t h o u g h t
to be crucial in regulating cerebrocortical T3 levekin hypothyroidism (Kaplan & Yakoski,
1980, 1981; Kaplan et al., 1981). Similar observations were shown by others (Leonard et
al., 1981; Leonard & Larsen, 1985), indicating that cerebrocortical T3 production seems to
be an adaptive response serving to preserve intracellular T3 levels when the availability of
thyroid hormone is diminished.
When alterations in the enzymatic pathway of iodothyronine deiodination occur in
adult rat brain, thyroid hormone-dependent metabolic changes have been demonstrated to
occur (Leonard et al., 1982). 5'-Monodeiodinase activity was decreased in the CNS from
chronically hypothyroid adult rats (Kaplan et al., 1981). These observations are indicative
of an increase in the efficiency of T4 to T3 conversion to protect CNS from any abnormal
metabolic consequences. Studies in neonatal undernourished rats have demonstrated that a
complex pattern of changes in the activity of 5 -DII (decreased or increased) occurs during
the critical period for brain development, when normal brain T3 levels are required (Alaez
et al., 1992). Campos-Barros et al. (1991) have shown that 5 -DI and 5’-DE activities
were significantly enhanced in the hippocampus and frontal cortex in adult rats after chronic
treatment of despiramine (DMI). The changes in 5'-monodeiodination in the brain of the
hypothyroid adult rats, indicate that the tissues indeed respond directly or indirectly to
changes in thyroid status. Overall, the consequences of all these changes occurring in both
enzymes, are to normalise intracellular T3 concentration.
1.6.4 Other Path wavs of Thvroid Hormone Metabolism
There are also nondeiodinative routes which are minor metabolic pathways of thyroid
hormones. Some 20% of secreted T4 is disposed of in feces and urine, either in the free
form or as conjugates with glucuronide and sulphate. These pathway are:
1) Oxidative deamination of T4 leading to the formation of 3,3',5,5'tetraiodothyroacetic acid (TETRAC), and of T3 leading to the formation of 3,3',5triiodothyroacetic acid (TRIAC) which is of potential biological importance.
2) Phenolic conjugation into glucuronide derivatives in the liver and into sulphate
derivatives which occurs in the kidney.
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3) Cleavage of the ether link between the two phenol rings. Hydrolysis of the ether
bond is only a minor pathway of T4 degradation.
4) Decarboxylation of T4 to thyroxamine (Visser, 1980; Greenspan & Rapoport,
1986).
1 .7

T hyroid H orm one N uclear R eceptor (THNR)

1.7.1

History

TH exert their effects largely by influencing gene expression by a mechanism in which they
enter the cell and may proceed to the nucleus where they interact with their nuclear
receptors (THNRs). The TH/THNR complex then may rapidly trigger specific thyroid
hormone-responsive genes to initiate their biological actions (Chin, 1991). Because of the
crucial role of the THNR, there has been considerable progress in understanding the
molecular basis of TH action (Oppenheimer, 1983). It is now well known that effects of
TH are mediated by interaction with their nuclear receptors.
In the 1960's, Tata and his colleagues proposed that the nucleus is the site of action
for TH (Tata & Widnell, 1966). This was later proved by the identification of THNR
(Oppenheimer et al., 1972). Studies in understanding the nature of the THNRs showed
that these are specific receptors with limited capacity and high affinity (Oppenheimer, 1979;
1985). T3-specific nuclear binding sites were subsequently confirmed in GH 3 cells, a
cultured cell line derived from pituitary tumours (Samuels & Tsai, 1973), and in rat liver
(De Groot & Strausser, 1974). Methods were also developed to assay nuclear receptors
(Surks et at., 1975; Samuels & Tsai, 1974). Importantly, the biological action of TH has
been well correlated with TH occupancy of nuclear receptors and binding affinity of
various TH analogues (Oppenheimer, 1983; Samuels, 1983). The receptors are chromatinassociated and can be recovered by extraction with high salt concentrations (0.4 M KCl).
THNRs bind TH and their analogues in fixed hierarchy of the relative affinity:
TR IA C>T3>T4»rT3 (Oppenheimer & Schwartz, 1986). Further works suggested that
THNRs are heterogeneous in nature, having a number of forms with an apparent molecular
mass of ranging from 47 to 57 kDa which were thought to be due to protein degradation or
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post-translational modifications (Latham et al,, 1976; Casanova et al., 1984; Samuels et al.,
1988). Similarly, others suggested that 57 kDa form may be a precursor of, or the result of
post-translational modification, of the smaller form, or the two may be the products of two
different genes, or else the result of alternative splicing of the mRNA from the same gene
(Diliegro et al., 1987). Now it is well proven that THNRs sure nuclear protein*that binds to
TH with high affinity (Kd = lO’^^ - lO'^^ M) and specificity and we associated with
chromatin. There are approximately 2,000 to 10,000 THNRs per cell in most tissues,
although fewer have been observed in the spleen and testis (Oppenheimer et al., 1974).
A breakthrough in the understanding of the nature of THNRs was achieved when
molecular cloning of their complementary DNAs (cDNA) was reported, using chicken
embryo (Sap et al., 1986) and human placenta (Weinberger et al., 1986). The studies
revealed that proto-oncogene, c-erbA, the cellular homologue of v-erbA (derived from the
avian erythroblasts) encodes a protein that can bind TH and thus represents a putative
THNR. The deduced amino acid sequences of these cDNAs exhibit structural similarity to
the steroid hormone receptors and vitamin D receptors, which form a superfamily of
nuclear receptors (Evans, 1988; Green & Chambon, 1986). A surprising observation in the
comparison of the chicken versus human THNR was that they are similar but not identical,
suggesting the possibility of multiple THNRs and corresponding genes in a given species.
It was also shown that c-erbA is located on two human chromosomes; chromosomes 3 and
17 (Weinberger et al., 1986; Dayton et al., 1984). The chicken embryonic and placental
THNRs are designated as a and P, respectively. Soon after these observations, a cDNA
encoding a homologue of the chicken thyroid receptor-a (TR a) from rat brain was
isolated and called c-erbAa or TRa-1 (Thompson et al., 1987). This hybridised to brain
mRNA of 2.6 kb in size, and was widely distributed within the brain. Identification and
characterisation of human cDNAs from testis and kidney encoding a form of THNR which
differed from rat TRa-1 in the deduced amino acid sequence at the carboxy-terminus was
reported (Benbrook & Pfahl, 1987; Nakai et al., 1988). Further works by Murray et al.
(1988) and Koenig et al. (1988) in the rat resulted in the identification and characterisation
of cDNAs encoding T R a-1 and TRp-1. The rat TRa-1 cDNAs were similar to the
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form described by Thompson et aL (1987). The T R ^-l cDNA (Koenig et al., 1988;
Murray etal., 1988) from liver and pituitary GH 3 cells were homologues of the placental
form originally described by Weinberger et al. (1986). Further works by Lazar and Chin
(1988), Izumo and Mahdavi (1988) and Mitsuhashi et al. (1988) demonstrated cDNAs
isolated from GH 3 cells, rat brain and rat liver encoding a form of a rat c-erbAa which was
identical to the rat TRa-1. This suggested the c-erbAa-2 form, similar to the human cerbAa -2 form (Nakai et al., 1988) is also present in the rat. The most curious feature of rat
c-erbAa-2 is that it does not bind TH but yet can interact, if less effectively, with putative
thyroid hormone response elements (TREs) (Lazar et al., 1988). Hodin et al. (1989)
described a cDNA, derived from GH 3 cells, that encodes a bonafide THNR by the criteria
of TH/TRE binding and TRE transactivation that is homologous to rat TR(3-1, and called it
TR p-2 which is a protein identical to T R ^-l, with N-terminal region being slightly
different.
It is now clear that there is a single a gene and a single P gene in the mammalian
genome. Each one is alternatively spliced to yield multiple mRNAs encoding proteins with
different functions (putative) and tissue specificity.
1.7.2 Functional Domains of THNR
Figure 3 shows functional domains of thyroid hormone receptor. The most important
functional domains are: (1) the hormone binding E domain (ligand binding domain), (2) the
C domain which binds DNA and influences intramolecular interactions and (3) the amino
terminal (A/B) or the N-terminal domain which is the most variable region and plays an
undetermined role in specific gene transactivation in different tissues (Thompson & Evans
1989; Tora et al., 1988). D acts as a "hinge" region. The A/B domain contains a site which
becomes phosphorylated upon activation by protein kinase C and cAMP-dependent protein
kinase A (Goldberg et al., 1988). Each of the receptors contains a DNA binding domain of
6 6 -6 8

amino acids which shows a higher degree of the homology with other members of

the family. The ligand binding region (E) shows some degree of homology which
contributes to optional function of the receptor. The DNA binding domain (C) contains two
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"zinc finger" looped structures involving chelated metal ions that are responsible for
reaction with cognate DNA in the hormone response elements of target genes (Chin, 1991).
.1.7.3 Thvroid Hormone Response Elements (TRE")
Thyroid hormones regulate the transcription of specific genes on target cells containing the
corresponding intracellular receptors. Functional experiments using chimeric genes
transfected into cultured cells have led to the identification of small DNA sequence motifs in
the vicinity of positively hormone-regulated genes which are required for hormonedependent activation of transcription. These regulatory DNA sequences (hormone response
elements; HRE) are the specific high affinity DNA binding sites for the activated hormonereceptor complexes (Martinez & Wahli, 1991).
The HREs were identified by two main techniques : (1) transfection into cultured
cells and (2) in vitro protein-DNA interaction analyses using partially purified hormone
receptors (Martinez & Wahli, 1991). They are strong enhancers very capable of activating
transcription when located at long distance from promoters. Their strength depends on the
number of regulatory elements that they are composed of (Maniatis et al., 1987).
More recently, thyroid hormone response elements (TREs) have been identified in
several different genes including, rat growth hormone (Glass et at., 1987) TSH a
(Burnside et at., 1989), TSHp (Wood et at., 1989), malic enzyme (Petty et al., 1989) and
c<-myosin heavy chain genes (Izumo & Mahdavi, 1988). It has been shown that TRE is
identical to oestrogen-response element (ERE) in consensus half binding sites but differs in
the spacing between the palindromic sequences: a three nucleotide spacer appears in ERE.
(Glass et al., 1988). It may also interact with retinoic acid response elements (RAREs)
(Glass et al., 1989). Interestingly, THNRs interact with RARs to form heterodimers which
potentially possess various regulatory functions depending on the target TRE and host cell.
TRE half-site has been identified and presented by the sequence AGGT(C/A)A, having
three half-sites located between -190-and -164 (Brent et a l, 1989).
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Figure 3 : Functional dom ains o f the thyroid horm one receptors.
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1 .7.4

Tissue Distribution

The various THNR isoforms are expressed in a tissue specific manner (Weinberger et al.,
1986; Thompson et at., 1987; Freake et a l 1988 ; Lazar & chin, 1988 ; Lazar et al.,
1988 ; Murray et a l , 1988 ; Hodin et al., 1990 ; Sakurai et al., 1989). c-erbAa -1 mRNA
is expressed in nearly all tissues and predominates in brain, brown fat, other adipose
tissues and cardiac and other muscles. TR(3-1 is most abundant in liver and kidney but is
also found in some other tissues. TRp-2 is expressed only in the pituitary gland and could
have some important physiological functions in this tissue (Hodin et al., 1989b). In brain,
TRa-1 and TRp-1 are expressed in most regions (Bradley et al., 1989). The c-erbAa -2
mRNAs are most abundant in olfactory bulb, hippocampus and the granular layer of the
cerebral cortex. However, TRp-1 is limited in distribution with peak levels in the neocortex
and hypothalamus. This may suggest that TRp-1 may play an important role in the
regulation of hypothalamic-pituitary-thyroid axis (Chin, 1991).
1.7.5 THNRs in Hvpothvroidism
In adult hypothyroid rats, pituitary level of TRp-1 increases following T3 treatment,
whereas levels of TRp-2, decreases. In h eart, kidney, liver and brain, the levels of TRP-1
are unaffected, but in the case of TRa-1 and TRa-2, the levels of both decrease with T3
treatment in all tissues with exception of brain (Hodin et al., 1990). This regulation of the
specific C-erbAa mRNAs could have important consequences for T3 action. Under
hypothyroid conditions TRa-1 levels are generally increased while TRa-2 levels vary in a
less consistent manner in the developing brain (Wills et al., 1991) implying that non-T3
binding may play a major role throughout postnatal brain development. Although it has
been observed that adult brain is modestly responsive or unresponsive to TH as measured
by oxygen consumption (Sokoloff, 1971), the large amount of c-erbAa and p mRNAs in
many brain regions may provide a possibility of TH action in the adult brain. It has also
been demonstrated that TRp-1 in the adult brain, during hypothyroidism, increased
however TRa-1 and TRa-2 mRNA levels were shown to be unaffected (Wood et al.,
1991).
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1.7.6 Steroid/THNR Superfamily
Thyroid hormone receptors are ligand-dependent DNA binding trans-acting transcriptional
factors belonging to the erb-A related steroid/thyroid horm one receptor superfamily
(M iyam oto et al., 1993). These include the steroid horm ones; oestrogen, progestins,
androgens, glucocorticoids, mineralocorticoids, ecdysteroids, vitamin D, thyroid hormones
and retinoids (Jensen, 1991). This family of receptors regulates gene expression through
binding to short cis -acting sequences known as HRE (Umesono et at., 1988). The genes
for this family could be grouped into one large family each of which consists of eight
coding exons. They may vary in size from 15 to 200 Kb and are located on different
chromosomes. The N-terminal domain is largely encoded by one exon, the DNA-binding
domain by two exons-one for each zinc finger, and the rem aining 5 exons give rise to
horm one-binding domain (W hite et at., 1987). Genes for THNRs and retinoic acid
receptors are located near to one another on each of the human chromosomes 3 and 17 but
their 21 intron boundary differs from that of the steroid receptor genes (Green & Chambon,
1988). The superfamily receptors vary in amino acid sequence

fr o m
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amino acids for vitamin D receptor to 984 fo rr)hehx\ocor^co\è receptors. The DNA-binding
of the receptors (66-68 amino acids) shows a high degree o f homology with the other
members of the family. The ligand binding (E) region shows some homology and variable
regions with little homology that contribute somehow to optimal function of the receptor.
The N-terminal region may account for most of the variabilities (Jensen 1991). Receptors
for thyroid hormone and probably for retinoic acid exist only in a DNA- binding state in the
nucleus but those for the steroid hormones are present in an inactive modification, in some
cases, partly in the cytoplasm (Jensen 1991). There is a high degree of structural and
functional similarity in HRE sequence of each receptor in the family, suggesting that they
belong to a family of transcription regulated DNA sequences that have evolved by mutation
o f a common ancestral DNA sequence motif (Maitinez & Wahli, 1991). In general, they all
share a common mechanism in which they interact with the hormone and transformed to

are

their DNA-binding form and react with the response element on the target gene and exert
their biological action.
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Figure 5 : The human nuclear receptor family and their ligands.
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1.7.7 Thvroid Hormone Extranuclear Receptors

In addition to the nuclear receptors, binding sites for TH have been demonstrated at several
sites outside the nucleus in a number of cells; in the plasma membrane, cytosol and
mitochondrion.
Plasma membrane binding sites have been reported in many cell types and tissues
of different species, such as; rat liver and kidney, human placenta, rat thymocytes and in rat
pituitary GH 3 cells in culture (Gharbi-Chihi & Torresani, 1981). Two separate sites have
been identified; one exhibiting the classic low capacity high affinity associated with receptor
molecules, the other displaying high capacity low affinity TH binding (Segal & Ingbar,
1986).
The presence of cytosolic TH binding sites in different tissues has. been reported
including, rat heart, rat kidney (Nishii et al., 1989) and human carcinoma cell lines (Obata
et al., 1989). Although the function is unclear, cytosolic biding sites may play a key role in
regulating thyroid hormone availability to cellular organelles, including the nucleus.
Studies by Sterhng and co-workers (1980) demonstrate the presence of specific TH
receptors on the inner mitochondria membrane. They observed that injection of
hypothyroid rats with thyroid hormone, immediately increased oxygen consumption and
ATP synthesis in liver mitochondria, independent of protein synthesis.
1 .8

Clinical Importance

The essentiality of thyroid hormones for the development of the central nervous system is
now well recognised, and its abnormalities (lack or excess) result in morphological,
physiological, and biochemical abnormalities with a broad spectrum of clinical
manifestations affecting different stages of life, from the fetus to the adult. The lack of
thyroid hormones during critical period of maturation of central nervous system can result
in cretinism, which is considered as the extreme end of the scale of dysfunction. Endemic
cretinism was first described by McCarrison and classified into two types; neurological and
myxoedematous (MacCarrison, 1908). Endemic cretinism with the regional variations in its
manifestations is a part of the iodine deficiency syndrome that results in somatic and mental
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abnormalities (Querido, 1986). Extreme iodine deficiency in the neonate and fetus leads to
myxoedematous cretinism (Konig, 1981). This type of cretinism shows clinical and
biochemical evidence of hypothyroidism, mental retardation and defective growth, but
deaf-mutism and spastic diplegia are infrequent (Konig, 1981). Neurological cretinism is
manifested by mental retardation, deaf-mutism, spastic diplegia and squint (Pharoah et a l .,
1978; Ma et al., 1989). A range of subclinical neurological deficits including poor motor
co-ordination and cognitive dysfunction have been reported in the children of the women
(Pharoah et al., 1981). Congenital

living in iodine deficient regions

hypothyroidism (CH) is a situation in which fetus is unable to produce its own thyroid
hormones and this may be due to developmental defects of thyroid (athyroid or thyroid
dysgenesis), autoimmune factors acting alone or in combination with environmental factors
(goitrogens or antithyroid drugs) (Dussault, 1989), or it may arise occasionally due to
secondary TSH deficiency or tertiary TRH failure (Di George, 1983). The main clinical
symptoms in CH infants during the first week are: retardation of skeletal maturation and
growth length, prolonged icterus, abdominal distention, large tongue, muscle hypotonia
and goitre (Foley, 1983; Delange, 1988).
Iodine deficiency in late life may cause progressively less serious disorders which
includes some types of goitre and autoimmune disease such as Hashimito's disease.
Although TH play an important role in pre- and postnatal growth and development of the
mammalian brain, less attention has been paid to adult hypothyroidism and the effect of TH
on adult brain. Nevertheless, adult brain contains significant amounts of intracellular
thyroid hormones (Heninger & Albright, 1975: Obregon et al., 1978). There is a large
body of clinical evidence showing that adult hypothyroid patients have generally decreased
brain excitability and many symptoms attributable to functional impairment of the central
nervous system. For example, loss of a-rhythm, cerebellar ataxia, increased threshold to
light and sound stimuli, increased sensitivity to depressant action of morphine and
phenothiazines tiredness, memory impairment, anxiety, depression and occasionally
dementia or coma (Utiger, 1981; Reichlin, 1974; Turner & Bangara, 1976; Gold et al.,
1981; Reus, 1986). Thus, it is imperative to understand the effects of TH on the adult brain
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in order to correlate and to demonstrate a cause and effect relationship of these clinical
findings.
1 .9

Epidem iological Studies

One of the prime goals of the epidemiological researches is the assessment of the disease
risk, estimated by the number of new cases within a defined population of eligible subjects
over a period of time. World-wide the most prevalent thyroid disorders are still those
caused by iodine deficiency; endemic goitre and endemic cretinism.. Two main forms of
endemic cretinism, myxoedematous and neurological have been studied. In endemic areas,
both types are present with various relative frequencies and a broad spectrum of clinical and
subclinical anomalies may be linked to the same individuals (Delange, 1972). According to
the report by Hetzel (1990), in all iodine deficient regions, approximately one billion people
are at risk of iodine deficient disorders (IDD), with more than 300 million in China alone.
He estimated that in Asia, at least, 280 million are at risk from IDD, with 100 million
suffering from goitre and up to 16 million mental defectives. Of the latter, 4 million can be
classified as cretins. Neurological cretinism with the characteristic symptoms of mental
retardation, deaf-mutism, disorders of gait, is the most common type in all parts of the
world, such as Alpine Europe, South America, Papua New Guinea, Indonesia, China and
India, while the myxoedematous type predominates in Zaire (Hetzel, 1986). It has been
estimated that there are more than a million persons who have significant neuromotor
damage as a result of the severe iodine deficiency in the Indian Terai alone (Pandav, 1985).
Typical cretinism with neuromotor disturbances is predominantly present in the developing
countries, such as highland Ecuador, Western Brazil, and the Himalayan region from the
Middle East to Southeast Asia and extending into Indonesia and Papua New Guinea
(Stanbury, 1986), while myxoedematous cretins with abnormalities similar to sporadic
congenital hypothyroidism is the main type in other regions such as Zaire and Central
Africa (Errmans et al., 1983). Mountainous and inland areas in North Africa along with
Mediterranean shore are mainly affected by endemic goitre, while endemic cretinism is
extensive and severe and most prevalent in Central Africa (Beckers & Benmiloud, 1980).
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Although goitre of moderate intensity has been reported in other African countries such as
Nigeria, Ethiopia and Zambia, endemic cretinism in significant number has not been
reported (Pharoah et al., 1980). In Western Europe, endemic cretinism no longer seems to
be a problem (Pickardt, 1990). However, there are still a few isolated regions, for
example, in Italy (Vermiglio et al., 1987), but endemic goitre still affects West Germany,
Switzerland, Austria, Spain, Italy and Greece (Koutras, 1980).
1 .1 0

Effects of Thyroid Hormone on the Developing Brain

A relationship between the thyroid gland and brain development has been evident since at
least the middle of the nineteenth century (Fagge, 1871). At present, there is little doubt that
thyroid hormone deficiency during the fetal or neonatal brain life is accompanied by
potentially irreversible brain damage.
The differentiation and maturation of the brain follows an ontogenetic history which
is characteristic for each neural cellular element. Neural development includes, in addition
to general growth-related processes (e.g. protein synthesis), specific events such as neurite
growth, synaptogenesis, developm ent of electrical activity, specification of
neurotransmitter secretion and myelinogenesis (Timiras, 1988; Timiras & Nzeke, 1989). It
is well known that neuronal cell proliferation is terminated at birth and cell differentiation
proceeds in the neonate period. In human, the brain growth spurt starts at about
midgestation and ends by about 3-4 postnatal years, In rats, it begins at birth and is over by
25 postnatal days. The final number of neurons is achieved quite early in brain
development (Dobbing & Smart, 1974), and glial cells increase rapidly during the first 6
months of postnatal life and result in an increase in brain weight by increasing their
numbers, as well as by differentiation (Stagard & Mollgaed, 1989). Myelination in brain
proceeds rapidly from birth to 6 months and remains in a steady state of increase until about
10 years. It then slows down but still continues until 15 to 20 years of life (Einstein &
Adams, 1988).
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TH are believed to influence several of these events in most animal species,
especially during the so-called critical periods, characterised by periods of accelerated
growth and differentiation.
1.10.1 Morphological Effects
It is viewed that, hypothyroidism during development, reduces the whole brain size,
concurrent with a decease in cell number and cell size (Nunez, 1984b). Hypoplasticity of
the neuropil is apparent in the cerebral cortex, cerebellum and hippocampus. The number
and length of dendrites are reduced, and the degree of branching is limited. Axonal length
is reduced, with consequent impairments in inter-neuronal connection, wiring patterns and
electrical activity (Nunez, 1984b; Smith, 1981). The Purkinje cells (PC) are central to the
functional plan of the cerebellum. Although their number is not affected by
hypothyroidism, their maturation is severely and permanently affected. Dendritic
aborization and dendritic spines formation are reduced, resulting in permanent hypoplasia
with morphological changes in the cerebellum (Morreale de Escobar & Escobar del Rey,
1983).
In cortical areas, there is a considerable reduction in the length and branching of
dendrites of pyramidal neurons, the density of axon terminals and the number of dendritic
spines, resulting in hypoplasia of the neuropil (Balazs et al., 1968; Timiras, 1988).
In neonatal hypothyroidism, both the formation and maturation of oligodendrocytes
is retarded without causing a reduction in their final number (Clos, 1978). There is a
significant reduction in the amount of myelin and cerebroside in the brain of neonatal
hypothyroid rats at 5-6 weeks of age while excess thyroid hormone in early life accelerates
the process of myelination (Balazs et al., 1969; Bhat et al., 1979).
TH are also essential for the formation of the normal number of synapses and the
development of the neuronal network in the brain (Hajos et al., 1973). It has been
demonstrated that hypothyroidism affects the density and total number of synapses.
Synapses of parallel fibers with the Purkinje fibers are reduced and there is an increased
rate of cell death in the internal granular layer (Lauder, 1989).
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1.10.2 B ioch emical Effects
TH are believed to take part in the formation of cytoskeletal structure. Microtubules,
microfilaments and the intermediary filaments are the three major components of the
cytoskeleton. Microtubules are composed of D-tubulin and several microtubule associated
proteins (MAPs) and are present in the linear structure of the axon and the dendrite. They
all play a major role during the process of nerve cell division and differentiation (Nunez,
1984a). Microtubule assembly is very low at birth but increases progressively with
development until adulthood (Fellous et al., 1979). Hypothyroidism slows the assembly
rate, but the rate is restored with TH treatment (Nunez, 1984a; Timiras, 1988).
Alterations in DNA and RNA contents have been observed in neonatal
thyroidectomised rats. The DNA concentration (per gram of tissue) in the developing brain
is highest at the first week and then gradually decreases, reflecting a reduction in the
neuronal cell density due to the development of neuropil. This process is slowed in
thyroidectomised neonates (Geel &Tmiras, 1967; Balazs et al., 1968)). In normal animals,
the RNA content of the cell rises sharply during the first week of life and the concentration
of protein per cell rises more than six fold during the first 30 days; neonatal
hypothyroidism leads to severe reductions of both these indices (Geel & Timiras, 1967;
Pasquini et at., 1967). The amount of protein and RNA/DNA are also significantly reduced
both in cerebral cortex and cerebellum as a consequence of neonatal thyroidectomy (Balazs
et at., 1968)
Amino acid metabolism is generally decreased in developing hypothyroid rat brain.
Incorporation of [^^C] leucine into protein remained normal while amino acid was
decreased in hypothyroid rat brain demonstrated by incorporation of

leucine into

proteins and lipids (Balazs & Patel, 1973). TH deficiency has been shown to reduce the
number of ^-adrenergic, acetylcholine and muscarinic receptors in neonatal brain (Vulcana
& Timiras, 1981; Patel et a i, 1980; Smith et al., 1980). Similar effects have been observed
in the activities of several neurotransmitter enzymes, such as GABA-transferase,
acetylcholinesterase, glutamate decarboxylase and monoamine oxidase, whilst cholineacetyl

53

transferase activity was increased (Vaccari et al.y 1983; Balazs et al., 1968; Ford &
Cramer, 1977; Pesetskye & Burkart, 1977).
Neonatal hypothyroidism resulted in the reduced activities of several metabolic
enzymes such as succinic dehydrogenase, aspartate aminotransferase, glucose-6-phosphate
dehydrogenase, and Na+/K+-ATPase, whilst Mg++-ATPase remain unchanged (Ford &
Cramer, 1977). Energy metabolism including glucose uptake and oxygen consumption are
also significantly reduced in hypothyroidism, particularly in the cerebral cortex (Timiras,
1988; Ford & Cramer, 1977).
TH play a major role in the control of myelination, both "maturational" and
"growth" process of myelination (Rosman & Malone, 1977). In most brain regions, under
hypothyroid conditions myelin constituents, including cerebrosides, phospholipids ,
sulphatides and cholesterol, and their associated enzymes are reduced (Timiras, 1988).
1.10.3 Functional and Behavioural Effects
The deficits in synaptogenesis, neurotransmitter system development and myelinogenesis
as a consequence of TH deficiency during development are associated with the alterations
in the development of electrical activity. As in humans, this is reflected by abnormalities of
the EEC and by neurological defects. These may include late disappearance of infantile
reflexes, late acquisition and hypofunction of acquired reflexes, speech disorders,
deafness, spasticity or hypotonia, tremors or convulsion (Timiras & Nzekwe, 1989).
Behavioural disturbances of varying severity affect mental development as well as
socioemotional and temperamental responses (Timiras & Nzekwe, 1989). The maturation
of many inhibitory control systems also contributes to an array of behavioural abnormalities
in hypothyroidism, which include increased stress response, motor activity, expolaration,
habituation and learning difficulties (Tamasy et al., 1986). Evoked electrical activity is
delayed in hypothyroidism induced by PTU, but it can be prevented by the administration
of physiological concentrations of T4 only during a critical period extending from 3 days
before birth to 5-10 postnatal days. The severity of the neurological dysfunction relates to
the degree of deprivation (or excess) of TH during critical developmental periods (Dussault
& Ruel, 1987).
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Congenital hypothyroidism is diagnosed by neonatal screening and can be managed
by early establishment of hormone therapy. Deficits in co-ordination and verbal scores are
most frequent in this type of hypothyroidism (Farriaux et al., 1989).
It has been thought that thyroid hormones are neither available nor necessary for the
development of fetal brain, because thyroid hormones were presumed to be incapable of
traversing the placental barrier, but it is now well established that maternal
hypothyroxinemia in early pregnancy has been correlated with an increased incidence of
irreversible neurological disorders (Hubank, 1990; Al-Mazidi, 1989).
TH are essential during the most active phase of brain growth and differentiation
and adequate amount of TH are needed for an orderly sequence of maturational changes.
Rehabilitation from hypothyroidism preventing the abnormal consequences is possible
within a period so-called "critical period" during which the brain may compensate by TH
availability. In human, the critical period occurs at 2-4 postnatal weeks. If TH replacement
starts immediately, most psychomotor abnormalities could be avoided. Replacement may
not work effectively since there are varying degrees of severity of the hormonal deficiency
and of different prenatal ages at its onset (Timiras & Nzekwe, 1989; Morreale de Escobar,
1983, 1986).
1 .1 1

Effects of Thyroid Hormone on the Adult Brain

The role of the thyroid hormones in mammalian brain development has been extensively
studied and is well established (Nunez, 1984b; Timiras, 1988). The actions of thyroid
hormones on brain development occur during narrow "critical periods" and it is often stated
that once mature, the brain is no longer directly sensitive to thyroid hormones (Bayrs,
1968). The work of Eayrs demonstrated that thyroidectomy in the rat beyond 24 days of
age is without effects on many of the cortical function tests. Conversely, alterations
induced by early hypothyroidism were reversed by thyroid hormone administration only if
they were administered before 10-15 days of age. This view was later supported by
Sokoloff (1971). Comparative studies based on differences between immature and mature
brain in the thyroid hormone responsiveness of oxygen consumption and glucose uptake
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demonstrated that more parameters are unaffected in the mature brain (Barker & Klitgaard,
1952; Fazekas et al., 1951) More recent work has demonstrated that brain oxygen
consumption is insensitive to the thyroid states throughout life (Schwartz & Oppenheimer,
1978).
Studies by Madeira et al. (1991) have pointed out that hypothyroidism interferes
with the structure of adult brain, resulting alterations in neurogenesis, where
hypothyroidism reduces the total number of granule cells. Hippocampal formation plays an
important role in a wide range of cognitive functions. Adult hypothyroidism has been
shown to affect hippocampal functions, mainly memory tasks (Alkon et al., 1991). The
number and distribution of spines along the apical shaft of pyramidal cells of the adult
visual cortex are altered as a consequence of thyroidectomy which could be reversed by
correction of the dysthyroid state (Ruiz-Marcos et al., 1980). Hypothyroidism at adulthood
leads to a reduction in the volume of pyramidal cell layer and a parallel increase in the
density of its neurons without interfering with the total number of pyramidal cells in
hippocampal CA 3 cells, but in the hippocampal CAi cells, the total number of pyramidal
cells is reduced (Madeira et a i, 1992).
At the biochemical level, thyroidectomy results in a reversible perturbation of acetate
metabolism (Chapa et al., 1992) and transport of amino acids into the brain via blood-brain
barrier are altered (Mooradian, 1990), supporting the previous report of Daniel et al. (1975)
that hypothyroidism causes a decrease in uptake of amino acids in rat brain. Apart from
general metabolic effects, the hypothyroid status of the adult rat has been shown to
influence a range of parameters associated with neurotransmitter function. These include
the catecholamine and indoleamine contents of brain (Rastogi & Singhal, 1976), alterations
in a l , a2, P-impiramine and G ABA receptors in hypothyroid adult rats (Sandrini, 1991),
and in the concentration of a number of receptor systems (dopamine D2 receptors, a l , a l
and a-adrenergic receptors and opiate receptors) (Crocker et al., 1986; Gross &
Schum ann, 1981; Gross et al., 1980; de Nayer and M aloteux, 1991). Adult
hypothyroidism also increases G-protein ^-subunits (Gil<^, Gi2o(and G(pO in synaptosomal
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membranes from various regions of the rat brain, which are reversed by treatment with
thyroid hormones (Orford et al., 1991).
Studies in the rat have shown that adult brain contains high levels of nuclear thyroid
hormone binding capacity, at least, in neurons (Gullo et at., 1987a, 1987b) and significant
amounts of T4 and T3 (Heninger & Albright, 1975; Obregon et at., 1978). In addition, T3
is highly regulated in this tissue (Kaplan & Yakoski, 1980; Dratman et al., 1983) In
addition, the activity of type II deiodinase in the brain increases rapidly in the cerebral
cortex after thyroidectomy of adult rats, suggesting that homeostasis of T3 is important for
adult brain (Leonard et al., 1981). A decrease in the activity of type I RNA polymerase as
early as 5 days after thyroidectomy has also been shown (Dembri et al., 1983). A neuronalspecific gene (RC3) is specially expressed in the rat brain from the first days after life being
limited to neuronal proliferation of the cerebral cortex, hippocampus, striatum and olfactory
bulb. Iniguez et al. (1992) have shown that adult hypothyroidism reduces RC3 mRNA
levels in the rat cerebral cortex and striatum, implying that thyroid hormones influence
RC3 mRNA level at early adulthood.
On the other hand, the clinical symptoms of adult onset dysthyroid states suggest
profound changes in brain function. For example, hypothyroidism is associated with
psychotic behaviour, delusions, hallucinations, confusion, memory impairment, cerebellar
ataxia and loss of<?(-rhythm on EEG (Admas & Rosman, 1971a) whereas hyperthyroidism
is accompanied by increased frequency of a-rhythm, nervousness, irritability, delirium,
stupor and coma (Adams & Rosman, 1971b). Adult hypothyroidism results in a various
clinical manifestations including a general decrease in brain excitability, poor motor
conductivity and slow reaction time, increased sensitivity to phenothiazines and morphine,
memory impairment, depression and anxiety and occasionally coma (Reichlin, 1974;
Turner & Bangara, 1976; Utiger, 1981; Gold etal., 1981; Reus, 1986).
Taken together, both morphological observations and biochemical evidences
especially alterations in neurotransmitter system and its receptor system support the notion
that adult brain is sensitive to tliyroid hormones.
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1 .1 2

R ationale

Thyroid disorders are one of the most prevalent pathological conditions in the world.
Recent estimates suggest that upwards of one billion people world-wide live under varying
degreaof iodine deficiency conditions and perhaps suffer from iodine deficiency disorders
(IDD). The critical role of TH in postnatal development in a variety of species has been well
recognised and extensively reviewed (Balazs et al., 1968; Timiras, 1988). However, the
adult CNS was thought to be thyroid hormone unresponsive (Sokoloff, 1971).
Nevertheless, myxoedematous "madness" had been recognised and successfully treated in
1860 by Sir William Gale (Gull, 1874). The clinical symptoms of adult onset thyroid
dysfunctions (psychotic behaviour, memory impairment, delusion, hallucination, cerebellar
ataxia, etc.) along with an increasing body of evidence (see Effect of TH on the Adult
Brain) suggest that TH may have critical influence in the maintenance of behavioural,
biochemical, enzymic, metabolic transmitter and molecular biological homeostasis in the
adult CNS. This is the primary rationale of this series of investigations.
For ethical reasons and inaccessibility to human material, a hypothyroid animal
model was chosen for this study. The primary purpose of the animal model was to create a
condition of both somatic and CNS hypothyroidism (without undue stress which may
impinge upon the results) with only a minimum of drug (antithyroid) effects. This was
achieved by ensuring intact parathyroid function and relatively short exposure to very small
dose of PTU, or by chemical induction of hypothyroidism by MMI. This premise was
borne out by undetectable levels of plasma TT4 and TT3.
In order to examine the influence of TH on the adult CNS, a biochemical, enzymic,
metabolic and molecular biological investigation in different brain regions was carried out.
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Chapter 2 : Materials and Methods
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2 .1

General

2.1.1 Materials
General laboratory chemicals were purchased from Merk Ltd (Lutterworth, Leics, UK) and
were of AnalaR grade wherever possible. Fine chemicals were obtained from the Sigma
Chemical Company Ltd (Poole, Dorset, UK). All radiochemicals were supplied by
Amersham International PLC (Amersham, Bucks, UK) and gasses were purchased from
the British Oxygen Company (Worsley, Manchester, UK). Chemicals purchased from
different sources are mentioned in the text.
2.1.2 Animal Model
In initial experiments, hypothyroidism was induced by the administration of
propylthiouracil (PTU) (0.005% w/v, in drinking water) to partially-thyroidectomised
(parathyroid-spared) rats. In later experiments, however, hypothyroidism was more
conveniently achieved by the simple administration of methimazole (MMI) (0.1% w/v, in
drinking water) to euthyroid animals, without the need for prior partial thyroidectomy.
All animals, both euthyroid and thyroidectomised, were purchased from Charles
River UK Ltd. (Margate, Kent). They were maintained under the standard animal house
conditions of 22 °C, on a light/dark cycle of 14/10 hours, with free access to food
(standard small animal laboratory diet) and water. Blood samples were collected from the
tail vein of age-matched untreated (N) and treated (Tx) animals at weekly intervals and the
animals were sacrificed and used for experimental purposes once T3 and T4 levels dropped
below the detection limit (normally within 3 weeks of PTU or 16 days of MMI treatment).
2.1.3 Sample Preparation
The animals were stunned and killed by cervical dislocation and exsanguination. Brains
were removed to a Petri dish on ice, cleansed of meninges and blood vessels, and dissected
into the cerebellum (CB), the medulla (MD; including pons), the midbrain (MB), the
subcortex (SC) and the cerebral cortex (CC). In certain experiments, brains were dissected
into only three regions: the cerebellum (CB), the cerebral cortex (CC) and the brainstem

60

(BS; comprimised the medulla, pons, midbrain and subcortex). Brain regions were
chopped and homogenised in sucrose (0.32 M) by 20 upward/downward strokes in a
hand-held homogeniser (at 4 °C) to yield a 10% (w/v) homogenate. The homogenate was
aliquoted and either used fresh or stored at required temperature (-20

or -70 °C; see

text).

2.1.4 Preparation of Subcellular Fractions
2.1.4.1 Differential centrifugation
Fresh crude homogenates were centrifuged at (104,000 g for 30 min; 4 °C) to separate
cytosolic and particulate fractions. Apart from the membranes, the latter contains various
organelles (eg. nuclei, mitochondria, and membranes). The pellet (particulate fraction) was
suspended in sucrose (0.32 M). A portion of each fraction was removed for protein
estimation by the method of Lowry et al.{195V).
2.1.4.2..Sucrose density gradient centrifugation
Subcellular fractions were prepared for protein determination and sodium dodecyl
electrophoresis polyacrylamide gel (SDS-PAGE). The subcellular fractions were obtained
as described by Gray and Whitaker (1962), with minor modifications of the method
(Figure 6 ). Homogenates (10%, w/v) of fresh brain regions were prepared in sucrose
(0.32 M), and filtered through a nylon mesh (110 |i) attached to a syringe. A portion of
homogenate (0.5 ml) was removed for protein measurement. The remaining homogenate
was centrifuged (780 g for 15 min) in order to remove cellular fragments and nuclei. The
supernatant was then centrifuged(kt 87(X^ for 25 min) and the resulted pellet was gently
resuspended in 8 ml sucrose (0.32 M) and resolved on a discontinuous sucrose density
gradient: 8 ml of sucrose (0.8 M) on 8 ml of sucrose (1.2 M). Centrifugation at (104,000 g
for 1 hr; 4 °C) resulted in these fractions: the first at the 0.32 M/0.8 M sucrose interface
(fragments of myelinated fibers and myelin sheaths), the second at the 0.8 M/1.2 M
sucrose interface (synaptosomes) and the third at the bottom of the tube (free mitochondria
and lysosomes). The fractions were either used fresh or stored frozen (-20 ^C) before use.
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Protein content of all fractions was determined by the method of Lowry et al. (1951),
except for the synaptosome fraction where the method of Bradford (1976) was used.

Figure 6 : Scheme of subcellular fractionation.
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1.2 M
mitochondria

2.1.5 Determination of Thvroid Hormones
Blood was allowed to clot and the serum was obtained by centrifugation (2500 g for 10
min; 4 ^C). Plasma levels of total T4 and total T3 were determined using commercially
available kits (North East Thames Region Immunoassay Unit, London EC l) according to
the supplier’s specifications and standard protocols. The sensitivities of these assays are
3.19 nM for total T4 and 0.29 nM for total T3.
2 .2

Biochem ical Analyses

2.2.1 Determination of Protein Concentration
Two different methods were used for protein estimation; the Lowry method and the
Bradford method. The former was suitably used for the estimation of the protein content or
crude homogenates, whereas the latter method was used in subcellular fractionation
studies, as indicated in the text

2.2.1.1 Lowrv method
Alkaline copper sulphate reacts quantitatively with compounds containing two or more
peptide b oinds to produce a violet colour, in proportion to the number of peptide bonds
present (Lowry et al., 1951). Alkaline copper sulphate solution (3 ml) containing: sodium
carbonate (2%, w/v) in NaOH (0.1 M) and copper sulphate (0.5%, w/v) in sodiumpotassium tartrate (1%, w/v) in a ratio of 50:1, was added to various amounts of standards
(BSA; 1 mg/ml) or samples (1.2 ml, final volume) in water and, after mixing, tubes were
allowed to stand at room temperature for 15 min. Diluted (1:1 in water) Folin reagent (0.3
ml) was added, the tube contents were mixed rapidly, followed by incubation at room
temperature for a further 30 min. The absorbance was then read at 500 nm in a Pye-Unicam
spectrophotometer (see Figure 7 for a typical standard curve).

2.2.1.2 Bradford method
Where sample was estimated to be less than 10 |ig/ml, the dye binding method of
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Figure 7 : Protein standard curve (Lowry method).
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Figure 8 : Protein standard curve (Bradford method).
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Bradford was employed (Bradford, 1976). This relies on the quantitative binding of
Coomassie Brilliant Blue G250 to protein, the product processing an absorbance maximum
of 595 nm. Protein concentration can be measured almost immediately although the
standard concentration versus optical density plot yields a curvilinear reaction curve.
Bradford solution (1 ml; Coomassie Brilliant Blue G-250, 2 mg/ml) was added to
various amounts of standard (BSA, 100 pg/ml) and samples (1 ml, final volume), the tube
contents were mixed and left at room temperature for 5 min. The absorbance was then read
in a Pye-Unicam spectrophotometer at 595 nm (see Figure 8 for a typical standard curve).
2.2.2

Sodium Dodecvl Sulphate-Polvacrvlamide Gel Electrophoresis (SDS-PAGE)

Analvsis of Proteins
SDS-PAGE was employed to evaluate the effects of adult hypothyroidism on protein
profiles of different cellular fractions from three different brain regions; the cerebral cortex
(CC), the cerebellum (CB) and the brainstem (BS). SDS-PAGE was performed either on a
horizontal gel, using the method of Weber and Osborn (1969) or with vertical minigels,
using the method of Laemmli (1970).
2.2.2.1 Horizontal Gel Electrophoresis
A) Sample preparation and treatment:
The fractions studied, crude cytosolic, crude particulate and synaptosomal were obtained as
described as before (section 2.1.4). Synaptosomes were concentrated using Centricon 10
microconcentrators (Amicon Ltd., Stonehouse, Glous) according to the manufacturer's
instructions to yield a protein concentration of 5 mg/ml. Samples were mixed with the
sample buffer containing: SDS (5%, w/v), 2-mercaptoethanol (1%, v/v) and glycerol
(10%, v/v) in sodium phosphate buffer (0.1 M, pH 7.2) in a ratio of 1:1 so that a ratio of
protein:SDS of 1:4 is obtained. Proteins then were reduced by further addition of 2mercaptoethanol (2.5%, v/v) and denatured in a boiling water bath for 2 min.
B) Gel preparation
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Polyacrylamide gels were prepared in sodium phosphate buffer (0.2 M, pH 7.1)
containing SDS (0.4%, w/v), according to the procedure described by Weber and Osborn
(1969). A 7.5% acrylamide gel was prepared by adding following solutions sequentially;
•Une
14 ml distilled water, 35 ml sodium phosphate buffer and 17.5 ml acrylamide solution
(acrylamide (30%, w/v) and N,N'-methylethylebiscrylamide). Because of the inhibitory
effect of oxygen on polymerisation, the mixture was degassed for 20-30 minutes before the
addition of 3.4 ml ammonium persulphate (10%, w/v) and 75 }il N,N,N',N;tetramethylethylendiamine (TEMED). The gel solution was then poured into the gel
template upto 5 mm of the top, where it was layered with SDS ( 1 %, w/v) to prevent any
oxidising effect of air. The gel was stored overnight in a humidified chamber.
O Electrophoresis
Before loading the samples, the gel was usually pre-run at 150 mA for 30 min. SDS treated
sample (10-15 pi, 50-75 pg of protein) was applied to each slot of a 20 slot flat bed gel.
Gels were run at constant current of 20 mA for the first 10 min, then at 200 mA for 4-5 hr
until the marker dye (bromophenol blue) reached 1 cm of the bottom of the gel. The gel
was then immediately fixed in the fixing solution containing: TCA (11.4%, w/v),
sulphosalycylic acid (3.4%, w/v), methanol (33.3 %, v/v) for 1 hr, washed thoroughly in
water and stained in the staining solution containing: Coomassie Brilliant Blue R250
(0.1%, w/v) in methanol (50%, v/v), glacial acetic acid (10%, v/v) for 1 hour. Destaining
in the destaining solution containing: methanol (10%, v/v) and glacial acetic acid (7%, v/v)
was carried out until the background was completely transparent The gel was soaked in the
preserving solution (glycerol; 10 %, v/v), and dried .
2.22.2 Vertical TMinigell Gel Electrophoresis
A) Preparation of resolving gel
Resolving gel (10%) was prepared by mixing; 8 ml Tris-HCl (1.875 M, pH 8 .8 ), 18.1 ml
distilled water, 13.3 ml acrylamide (30%, v/v), 0.4 ml SDS (10%, w/v) and 0.2 ml
ammonium persulphate (10%, w/v). The solution was degassed for 10 min and 10 pi
TEMED was added and immediately poured into the gel cast. The gel solution was layered
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with SDS (1%, w/v) and left to set. A 4% stacking gel was prepared by mixing; 1 ml of
Tris-HCl (0.6 M, pH 6 .8 ), 7.5 ml distilled water, 1.35 ml acrylamide solution (30%, v/v),
0.1 ml SDS (10%, w/v) and 0.05 ml ammonium persulphate (10%, w/v). After degassing,
10 |il TEMED was added, and the solution was poured onto the top of the resolving gel
portion. The comb was put in place and the gel allowed to set.

Electrophoresis
Samples (10-15 jig of protein per lane) were loaded into the gel slot until the protein
solution settled at the crossborder of the two gels. Then the gel was run at constant current
(15 mA or 150 V) until the bromophenol blue marker dye migrated to approximately 1 mm
of the bottom of the gel. This normally took 50 min. The gel was then processed as
described for the vertical gel.

2.2.2.3 Standard Protein Markers
A molecular weight marker (Rainbow ™ , RPN 756, Amersham) which composed of
seven separate proteins with a range of molecular weights of from 14,300 to 200,000 was
run in each experiment. The migration distance of each protein was measured to obtain
relative mobility (Rf). A calibration standard curve of relative mobility (Rf) against logio
molecular weight was plotted. The relative molecular weight of different bands in sample
proteins were then calculated from this curve.
2.2.2.4 Quantitation
Since no visual changes were observed in the intensity of the proteins of different
subcellular fractions from N and Tx groups, densitometry was not performed.

2.2.3 Determination of Nucleic Acids
2.2.3.1 Extraction
Nucleic acids were extracted from tissue homogenates using a modified method of
Schneider (1945). Aliquots of tissue homogenate were precipitated with an equal volume of
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trichloroacetic acid (20%, w/v) on ice for 20 min, and centrifuged (2500 g for 15 min; 4
°C). The pellet was washed three times with 5 vol. of TCA (10%, w/v) by resuspension
and centrifugation. The final pellet was suspended in 5 vol. TCA (5%, w/v) and nucleic
acids were extracted by boiling for 15 min. After centrifugation (2500 g for 15 min; 4 °C),
the pellet was re-extracted, the supernatants were combined and either used fresh or stored
at -2 0 °C before assay.
2.2.32 DNA Assav
DNA was assayed using the fluorimetric method of Setaro and Morley (1976), with slight
modification. The extracted deoxyribose reacts with 3,5-diaminobenzoic acid (DABA) and
yields a product which fluoresces at 420 excitation and 520 emission.
Samples (1 ml) and various amounts of standard (salmon sperm DNA; 100 |ig/ml
in TCA (5%, w/v)) were mixed with 1 ml of DAB A solution (30 mg/ml) and heated to 60
°C for 30 min. After cooling, fluorescence was read in a Perkin-Elmer fluorimeter, at 420
nm excitation, 520 nm emission wavelength. The standard curve was linear between ,5
and 30 |ig DNA (Figure 9).
2.2.3.3 RNA Assav
The assay was based on the method described by Schneider (1945). The pentose sugar of
RNA is converted to furfural when heated in concentrated HCl. Orcinol reacts with the
furfural in the presence of ferric chloride to yield a green colour which absorbs maximally
at 660 nm.
Samples (1.5 ml) and various amounts of standard (RNA; 1 mg/ml in TCA (5%,
w/v)) were mixed with 1.5 ml orcinol reagent containing: orcinol (1%, w/v) and ferric
chloride (0.5%, w/v) in concentrated HCl and placed in a boiling water bath for 25 min.
After cooling, the absorbance was read in a Pye Unicam spectrophotometer against a
reagent blank at a wavelength of 660 nm. The standard curve was linear between 25 and
200 |J,g RNA (Figure 10).
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Figure 9 : DNA standard curve.
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Figure 10 : RNA standard curve.
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2.2.4 Inorganic Phosphate fPi') Assav
Inorganic phosphate was assayed using the ammonium molybdate reaction, as described in
detail by Hadjzadeh et al. (1990). Inorganic phosphate reacts with ammonium molybdate
yielding phosphomolybdic acid, the latter is then extracted by butanol/benzene. Reduction
of molybdenum in the phosphomolybdate compound results in a blue colour which is
measured spectrophotometrically at 730 nm.
Samples and standards (Na2HP04; 0.5 mg/ml in water) were prepared in triplicate
in glass tubes and the volume was brought to 200 |il with water. To each tube, 300 }il
sulphuric acid (2.5 M) and 2 ml isobutanol/benzene (1:1, v/v) were added, followed by the
addition of 0.2 ml ammonium molybdate (10%, w/v in water). After vortex mixing, the
reaction mixtures were centrifuged (500 g for 15 min; 4 ^C). The organic upper phase (1
ml) was transferred to clean tubes to which solution 2.5 ml of ethanol (87%, w/v)
containing sulphuric acid (0.3 M) and stannous chloride (0.006%, w/v) was added,
thoroughly mixed, followed by the addition of 2 0 p.1 stannous chloride ( 1 0 %, w/v in
water). After vigorous shaking, the blue coloured product was read in a Pye Unicam
spectrophotometer against a reagent blank at 730 nm. The standard curve constructed was
linear between 10 and 250 |ig inorganic phosphate (Figure 11).

Figure 11 : Inorganic phosphate (Pi) standard curve.
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2.3

Enzyme Activity Measurement

2.3.1 5'-Monodeiodinases (5'-DI and 5'-DTT) Assays
5'-Monodeiodinases (I & II) are responsible for conversion of T4 to T3 and generate iodide
on incubation of radioiodine labelled T4 with a variety of tissue preparations. In this
experiment, two sets of reactions were run; one in the absence of PTU, the other with
PTU. The former gives the total activity (5'-DI and 5'-DII), whereas the latter only gives
the 5'-DII activity since 5-D I activity is inhibited by PTU. Therefore, by subtraction of 5'D n activity from the total activity, the activity of 5 -DI can be achieved.
Frozen tissue homogenates (10%, w/v) prepared in reaction buffer (Tris-HCl; 50
mM, pH 7.4) were thawed on ice, then centrifuged (800 g for 10 min; 4 ^C). Supernatant
(1 mg protein) was incubated with radioiodine labelled T4 ( [ 3 ' , 5 I ] T 4 ; 4 |iCi) and 1
ml of BSA (2 mg/ml in reaction buffer) and the volume was made up to 2 ml with the
reaction buffer containing DTT (20 mM). Tubes were incubated at 37 °C for 60 min, and
the reaction was terminated by the addition of 2 ml of TCA (20%, w/v). The samples were
then precipitated (4 °C) overnight, centrifuged (2500 g, 15 min). The radioactivity in
supernatant (1 ml) was determined using a gamma counter. The specific activity was
expressed as fmol T4 converted to T3/mg protein/min.
The activity of 5 -DII was estimated in the same manner as described above except
that

PTU (1 mM) was used in the reaction buffer containing DTT (20 mM). The activity

obtained was subtracted from the total activity obtained (5 -DI and 5 -DII) to achieve the
specific activity for 5'-DII and the remaining accounted for 5 -DI activity. The specific
activity of each was then expressed as fmol T4 converted to T3/ mg protein/min.

Al Standardisation experiments
A number of preliminary experiments were performed to optimise the assay conditions.
Various protein concentrations (0.1 to 2 mg), substrate concentrations (radioiodine labelled
T4; 1 to 5 |iCi; 2 to 10 ng), DTT (10 to 100 mM) were used and the optimal concentration
was determined to be at 1 mg protein /8 ng radioiodine labelled T4/20 mM DTT per tube.
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The optimal incubation time was found to be at 1 hr. Ranges of PTU concentration (10 to
4000 nM) were also used to determine the optimal PTU concentration at which total activity
of 5 -DI is inhibited.

2.3.2 Acid/Alkaline Hydrolases Assays
Following acid/alkaline hydrolases were assayed in this study.

1) Acid phosphatase (EC 3.13.2)
2) Alkaline phosphatase (EC 3.1.3.1)
3) Arylsulphatase A (EC 1.1.6)
4) Arylsulphatase B (EC 1.1.7)
5) p-D-Galactosidase (EC 3.2.1.23)
6 ) N-Acetyl~

p-D-Galactosaminidase (EC 3.2.1.53)

7) p-D-Glucosidase (EC 3.2.1.21)
8 ) N-Acetyl-

p-D-Glucosaminidase (EC 3.2.1.30)

Measurement of acid/alkaline hydrolases activities was conducted using 4methylumbelliferone(4-MU)-linked substrates (Sinha & Rose, 1972). The released 4-MU
fluoresces under alkaline conditions (pH 10.4) with an excitation maximum of 363 nm and
emission maximum of 444 nm.
For all assays, samples were measured in duplicate, with a third tube acting as the
reagent blank (homogenate added after the stopping solution). Fluorescence was measured
in a Perkin-Elmer fluorimeter at 360 nm excitation and 444 nm emission wavelengths, and
after the subtraction of the reagent blank, fluorescence units were converted to nmol 4-MU
released using a standard curve prepared with different amounts of 4-MU ranging from (1
nM to 4 pM) (Figure 12).
For all acid/alkaline hydrolases assays, preliminary experiments were conducted to
determine optimal pH, activity-time course relationship, activity-protein concentration
relationship. Sample volume was adjusted to ascertain that the protein content fell within
the linear section of the activity-protein concentration profile.
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To 1 ml of tissue homogenate (10%, w/v; 25-100 jig) in sucrose (0.32 M), 1 ml of
citrate buffer (100 mM; pH 4.5) containing substrate was added. After incubation at 37
for 30 min, reactions were stopped by the addition of 3 ml stopping solution
(glycine/NaOH; 500 mM, pH 10.4). After cooling, liberated 4-MU was determined
fluorimetric ally (360 nm excitation and 444 nm emission). For all enzymes, activity was
expressed as nmol product released/mg protein/hr.
p-D-Galactosidase, p-D-galactosaminidase, N-acetyl-p-D-glucosidase and N-acetyl-p-Dglucosaminidase assays employed the following substrates: 4-methylumbelliferyl p-Dgalactoside, 4-methylumbelliferyl P-D-galactosaminide, 4-methylumbelHfeiyl p-glucoside
and 4-methylumbelliferyl p-glucosaminide, respectively, all at final concentrations of 0.5
M. For arylsulphatase A and B activities, the substrate was 4-methylumbelliferyl sulphate
(0.122 M) and the amount of tissue protein was 50 |Xg. For arylsulphatase B, the buffer
pH was increased to 7.1. Phosphatase activities were assayed using 4-methylumbelliferyl
phosphate (0.012 M). For acid phosphatase, the amount of protein was 25 |ig and the
incubation time was shortened to 15 min, whereas for alkaline phosphatase, the only
difference from the standard procedure was that the citrate buffer was replaced with
carbonate-bicarbonate buffer (100 mM, pH 9.0).
Figure 12 : 4-Methylumbelliferone (4-MU) standard curve.
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Intra and inter assay variation was 5% and 8% (for all doses), respectively.
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2.3.3 Neurotransmitter Associated Enzymes
2.3.3.1 Acetvcholinestrase fAChE') Activity Assav fEC 3.1.1.7^
AChE activity was assayed by the procedure of Ellman et al. (1961). This enzyme
hydrolyses the substrate acetylthiocholine to acetate and thiocholine in the presence of
dithionitrobenzoic acid (DTNB). The colour produced is measured at 412 nm. Inhibitor
(eserine) is used to block specific activity of AChE as a control. Assays (3.16 ml final vol.)
contained: 100 p.1 DTNB (100 mM), 20 (il acetylthiocholine iodide (75 mM), 10 |il tissue
homogenate (10%, w/v; 100-150 p.g protein) in sucrose (0.32 M)) in 3 ml sodium
phosphate buffer (100 mM; pH 8.0). Control reactions contained eserine (1 mM). After 5
min at 37 °C, the absorbance at 412 nm was read. AChE activity was expressed as pmol
product (thiocholine) released/mg protein/min.
Preliminary experiments were performed to establish the acceptable protein
concentration range and the optimal duration of experiment (data not shown).
2.3.3.2 Monoamine Oxidase (MAPI Activitv Assav (EC 1 .4.3.4)
MAO activity was assayed by the fl uorimetric procedure of Krajl (1965). Kynuramine
through oxidative deamination by MAO yields an intermediate aldehyde which undergoes
spontaneous cyclisation to form a 4-hydroxyquinoline (4-HOQ). The appearance of the 4HOQ can be measured fluorimetrically. Assays (3 ml) contained: 0.5 ml kynuramine (600
P-M) and 20 pi homogenate (200-250 pg protein) in 0.5 ml sodium phosphate buffer (1 M,
pH 7.4)) After 30 min at 37 °C, reactions were terminated by the addition of 2 ml TCA
(10%, w/v), and recentrifuged (2500 g for 15 min; 4 °C). Supernatant (1 ml) was mixed
with 2 ml of NaOH (1 M) and the fluorescence read at 315 nm excitation and 380 nm
emission. A standard curve was constructed using varying amounts of 4- HOQ (Figure
13). The specific activity was expressed as pmol product (4-HOQ) released/mg protein/hr.
Preliminary experiments were performed to construct optimal protein concentration
and incubation duration of the experiment (data not shown).
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Figure 13 : MAO standard cu rve.
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Intra and inter assay variation was 3% and 4.5% (for all doses), respectively.

Z.3.3.3 Aspartate Aminotransferase (AAT) Activity Assay ÆC 2.6.1.11
AAT assay was carried out according to the method of Wenthold (1980). Assays (1 ml)
contained: 700 pi potassium phosphate buffer (0.18 M, pH 7.4), 250 pi aspartic acid (IM,
pH 7.0), 100 pi 2-ketoglutarate (0.25 M, in water), 50 pi NADH (5 mM, in water), 50 pi
Triton X-100 (4.8%, v/v), 50 pi malate dehydrogenase (200 U/ml) and 5 pi tissue
homogenate (10%, w/v) in sucrose (0.32 M) in duplicate and a blank containing 5 pi
aspartate (1 M) in sucrose (0.32 M) instead of tissue homogenate was used. Tubes were
mixed thoroughly and NADH oxidation was measured spectrophotometrically at 340 nm.
Specific activity was expressed as nmol NADH oxidised/mg protein/min.
Sample volumes were adjusted in such a way that linear response was obtained
(data not shown).

2.3.3.4 GAB A Transaminase tGABA-T") Activity Assay (EC 2.6.1.19)
The assay used was based on the method described by Maitre et al. (1975). Assays (1 ml)
contained: 500 pi reaction buffer (Tris-HCl; 0.3 M, pH 8.5 in water), 100 pi GAB A (0.5
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M, pH 8.5 in reaction buffer), 100 |il 2-oxoketoglutarate (0.1 M, pH 8.5 in reaction
buffer), 100 |il 2-aminoethyl-isothiouronium bromide hydrobromide (AET; 1 mM in
reaction buffer), 100 pi pyridoxal-5'-phosphate (0.1 mg/ml in reaction buffer), 50 pi
Triton X-100 (2.4%, w/v in reaction buffer), 50 pi tissue homogenate (10%, w/v; 50-75
pg protein) in sucrose (0.32 M) and a third tube was used as a control containing water
instead of GABA and 2-oxoketoglutarate solutions. The tubes were incubated at 37 °C for
20 min and reactions terminated by the addition of 500 pi HCl. DAB A (1.5 ml; 0.25 M)
containing succinic semialdehyde (SSA; 0.1 mM) was added and heated at 60 °C for 1 hr.
Tubes were centrifuged (2500 g for 15 min), and production of SSA was fluorimetrically
measured at 395 nm excitation and 505 nm emission. The standard curve was linear using
SSA amounts upto 0.4 pmol/tube (figure 14). The specific activity was expressed as nmol
SSA produced/mg protein/min.

2.3.3.5 Glutamine Synthetase (OS) Activity Assav (EC 6.3.1.2)
GS assay was based on the methodology of Ward and Bradford (1979). Assays (0.6 ml
final volume) contained following solutions accordingly: 160 pi imidazole (0.375 M, pH
7.2 in water), 20 pi magnesium chloride (0.375 M in water), 20 pi 2-mercaptoethanol (0.6
M in water), 20 pi Na-ATP (0.3 M in imidazole), 120 pi sodium glutamate (0.25 M in
water), 60 pi ouabain (10 mM in water), 20 pi Triton X-100 (4.8%, v/v in water), 120 pi
hydroxylamine (0.5 M, pH 7.2 in water), 20 pi phosphoenolpyruvate (0.39 M in
imidazole), 20 pi pyruvate kinase (500 U/ml in water) and 20 pi tissue homogenate (10%,
w/v; 200-250 pg protein) in sucrose (0.32 M) in duplicate, and a third tube (control)
containing distilled water instead of sodium glutamate was used. After 30 min at 37 ®C,
reactions were terminated by the addition of 1.2 ml of colour reagent containing: FeClg (50
mM), HCIO4 (400 mM), HCl (400mM), stood on ice, centrifuged (2500 g for 20 min; 4
°C) to remove protein, and then read in a Pye Unicam spectrophotometer at the wavelength
of 500 nm. The standard curve was linear containing y-glutamy Ihydroxamate amounts upto
2 pmol/tube (Figure 15). Specific activity was expressed as nmol y-glutamy Ihy droxamate
produced/mg protein/min.
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Figure 14 : GABA-T standard curve.
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Intra and inter assay variation was less than 6 % and 1% (for all doses), respectively.

Figure 15 : GS sta n d a rd curve.
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Intra and inter assay variation was less than 5% and 7% (for all doses), respectively.
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2.3.3.6 Glutamate Dehydrogenase fGDH") Activity Assav ÆC 1.4.1.2)
The procedure of Chee et al. (1979) was used. Assays (1.27 ml) in duplicate contained: 1
ml potassium arsenate/EDTA (30/0.125 mM, pH 7.8 in water), 50 |il a-ketoglutarate (0.05
M in water), 100 p.1 ammonium chloride (0.625 M, pH 7.8 in water), 50 |il NADH (2.5
mM), 50 jil Triton X-100 (5%, v/v), 20 |il tissue homogenate (10%, w/v; 200-250 pg
protein) in sucrose (0.32 M). Control tubes contained potassium arsenate/EDTA instead of
a-ketoglutarate. Tubes were then mixed thoroughly and NADH was measured
spctrophotometrically at a wavelength of 340 nm in a Pye Unicam spectrophotometer.
Specific activity was expressed as nmol NADH oxidised/mg protein/min.
2.3.3.7 Protein Kinase C (TKC) Activitv Assav
PKC activity was determined using a commercially available kit provided by Promega
(Madison, Wisconsin, USA)
Phosphorylation by PKC of its specific substrate alters the charge of the peptide
from a net charge of +1 to -1. This change in the net charge of the substrate allows the
phosphorylated and unphosphorylated version of the substrate to be quickly separated on
an agarose gel at a neutral pH. Tissue homogenates (10%, w/v) were prepared in Tris-HCl
(50 mM, pH 8.0) and centrifuged at (780 g for 10 min) prior to use. Samples were either
used fresh or stored at -70 °C. In a 0.5 ml Eppendorf tube, assays (25 |il) contained: 5 |il
reaction buffer [N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]); HEPES; 0.1 M,
pH 7.4), CaCl2 (6.5 mM), DTT (5 mM), MgCl% (50 mM), ATP (5 mM)], 5 |il sonicated
activator solution (phosphatidyl serine; 1 mg/ml in water), 5 |il Pep Tag C l peptide
(synthetic peptide; P-L-S-R-T-L-S-V-A-A-K; 0.4 mg/ml in water), 7-10 |ll tissue
homogenate (170-190 |ig protein) and the volume was made up to 25 p.1 with distilled
water. Standards (purified PKC, 30 p-g/ml; provided by the supplier) were diluted to yield
amounts between 5 and 30 ng per tube. All tubes were incubated at 29 °C for 40 min. The
reaction was then terminated by placing the tubes at 95 °C for 10 min. The contents were
either used quickly or stored at -20 °C.
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Al Electrophoretic separation of phosphorvlated and unphosphorylated Pep Tag peptides.
Agarose gels (1%, w/v) were made in Tris-HCl (50 mM, pH 8.0). Glycerol (1 jil; 80%,
v/v in water) was added to each sample before applying it to the gel. Samples were loaded
onto the slots, and the current of 100 V was applied for 20-30 min or until the
phosphorylated and non-phosphorylated peptides separated clearly. The gel was visualised
on a UV transluminator.
B1 Spectrophotometric quantitation
Using a razor blade, the phosphorylated bands were excised in equal squares and placed
into a microcentrifuge tube. The volume was approximately 175 |xl, boiled until melted,
125 jj.1 of gel solublizing solution (provided by the supplier) and 200 [il of glacial acetic
acid (17.4 M) were added. The Pye-Unicam spectrophotometer was zeroed with liquified
agarose, and the pink colour was read at 570 nm. Standard curve constructed was linear
between the concentrations applied (Figure 16). The specific activity was expressed in
arbitrary units as optical density/mg protein.
2.3.3 .8 cAMP-Dependent Protein Kinase A (PKA) Activitv Assav
PKA activity was determined using a commercially available kit provided by Promega
(Madison, Wisconsin, USA)
The activity of PKA was estimated in the same manner as PKC with the difference
that the protein concentration was reduced to 90-100 |ig and different reaction buffer (TrisHCl (100 mM, pH 7.4), MgCl% (50 mM), ATP (5 mM)), activator solution (cAMP; 5 pM in
water). Pep Tag C l synthetic peptide (L-R-R-A-S-L-G; 0.4 mg/ml) and purified PKA (25
pg/ml) were used. The standard curve constructed was linear between PKA amounts of 5
and 35 ng (Figure 17). The specific activity was expressed in arbitrary units as optical
density/mg protein.
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Figure 16 : PKC standard curve.
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F igure 17 : PKA sta n d a rd curve.
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2.3.4 Enzymes of Energy Metabolism

2.3.4.1 Lactate Dehydrogenase (T.DH) Activitv Assav (EC 1.1.1.27)
The assay was based on the method described by Bergmeyer et al. (1963). Under
anaerobic conditions LDH catalyses the reversible reduction of pyruvate to lactate with
NADH used as a coenzyme. The reduced NADH absorbs strongly at 340 nm while the
oxidised form does not. Assays (0.4 ml) contained: 200 |il ml sodium pyruvate (100 mM),
2.6 ml potassium phosphate buffer (100 mM, pH 7.0), 0.1 ml NADH (4 mM in potassium
phosphate buffer) and 0.1 ml tissue homogenate (10%, w/v) in sucrose (0.32 M). The tube
contents were mixed quickly by inversion and the rate of decrease in the absorption of
NADH was read in a Pye-Unicam spectrophotometer at 340 nm. The LDH specific activity
was expressed as nmol NADH converted to NAD/mg protein/hr.
Preliminary experiments were carried out to determine pH profile, concentration
profile, and time course (data not shown)

2.3.4.2 Na+/KtAdenosinetriphosphatase Assav fNa+/K+-ATPasel (EC 3.6.1.31
The assay was based on the method described by Baron and Khan (1985). NA+/K+ATPase is an enzyme that is found in cell membrane. It hydrolyses ATP to ADP and
inorganic phosphate with the release of energy used to pump Na+ outside the cell and K+
inside the cell. The activity was assayed by measuring the release of inorganic phosphate
from ATP. Assays (1 ml) contained: tissue homogenate (10%, w/v; 500 jig protein) in
sucrose (0.32 M) diluted up to 1 ml with reaction buffer containing: NaCl (0.1 M), KCl
(0.02 M), MgCl2 (0.1 M), Tris/EDTA (1 mM, pH 7.4), and in another set in duplicate, the
same amount of homogenate was diluted up to 1 ml with the reaction buffer containing
ouabain (3 mM). A reagent blank was used at the same concentration by boiling for 2
minutes. Tris -ATP (1 ml; 0.03 M) was added to each tube and incubated at 37

for 15

min. The reactions were terminated by the addition of 0.2 ml of ice cold TCA (30%, w/v).
The liberated inorganic phosphate was assayed as before (section 2.2.4) after blank
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subtraction (second series). The ATPase activity was expressed as the [imol inorganic
phosphate liberated/mg protein/hr.
All the necessary experiments were performed to optimise the conditions (pH
profile, time course and concentration profile (data not shown).
2. 4.

In Vitro

M etabolic Studies

2.4.1 Glucose Metabolism
A) Sample preparation
Freshly dissected cerebral cortex (CC), cerebellum (CB) and brainstem (BS) were washed
thoroughly in cold (4 °C) Krebs ringer phosphate (KRP solution; pH 7.4) containing:
NaCl (118 mM), KCl (4.74 mM), M gS04 (1.185 mM), KH 2 PO 4 (1.185 mM), CaCl2 (1
mM in water), sodium phosphate buffer (16.2 mM, pH 7.4) and kept on ice for
processing. A sharp Stadie-Riggs blade was used to prepare 4 longitudinal slices of
cerebral cortex. In contrast, the cerebellum and brainstem were chopped and minced
because of difficulty in slicing.
B1 Sample processing
Each slice and a quarter portion of minced tissue was transferred to a precooled glass
scintillation vial containing 2 ml incubation solution [glucose (10 mM; 1 jiCi/ml)] in KRP
solution. Eppendorf tubes containing 0.2 ml KOH (30%, w/v) and a filter paper wick were
suspended in each flask to absorb liberated CO 2 . Flasks were gassed with oxygen for 20
seconds, tightly capped (Subacaps) and then incubated at 37 °C (3 vials) or 4 °C (control; 1
vial) for 1 hr. The vials were then cooled on ice to terminate the reactions, the eppendorf
tubes were removed and tissue plus incubation mixture were centrifuged (2500 g for 1 min;
4 °C) to collect the tissue. Washing solution (2 ml) containing glucose (10 mM) in KRP,
was added to the tissue pellet, mixed and recentrifuged (repeated once). Water (1 ml) was
added to the washed tissue pellet, and the tissue was homogenised by 30
upwards/downwards strokes (4 °C) in a hand-held homogeniser.
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The filter paper wicks and KOH were then transferred to scintillation micro vials,
the tubes were washed out with 2 x 0.2 ml water, followed by the addition of 4 ml
scintillant (Ecoscint A, National Diagnostic, Aylesbury, Bucks, UK) and 1 ml acetic acid
(10.69 M). The microvials were capped and counted (carbon dioxide fraction). A
portion of homogenate (100 |il) was kept for protein determination (method of Lowry et al.
1951). To 25 |il of homogenate, 200 |il tissue solubiliser (NCS; Amersham International
PLC, Amersham, Bucks, UK), 4 ml scintillant and 100 |il acetic acid (1.18 M) were
added, capped and counted (total tissue radioactivity). To 100 |xl homogenate, 900 |il
water was added and lipid was extracted with 2 ml solvent (chloroformimethanol; 2:1).
After centrifugation (25(X) g, 5 min), the solvent layer was transferred to a scintillation vial,
the aqueous phase was re-extracted with 1 ml solvent and the combined solvent fraction
was evaporated to dryness (air stream). Scintillation fluid (4 ml) was added, capped and
counted (lipid fraction). Homogenate (0.5 ml) was precipitated with equal volume of
perchloric acid (PCA; 1 M) in glass tubes (4 ®C, 15 min), the PCA precipitate was
collected by centrifugation (2500 g, 15 min; 4 ^C), and the supernatant was kept for
separation of amino acids. The PCA insoluble pellet was washed twice with TCA (10%,
w/v) (by resuspension/centrifugation as above), then boiled with 0.5 ml TCA (5%, w/v)
for 20 min. After cooling and centrifugation (2500 g, 15 min; 4 °C), the pellet was re
extracted with 0.25 ml TCA (5%, w/v). The supernatants were combined and 4 ml
scintillant was added and radioactivity determined. The protein precipitate was reconstituted
with 50 |il water, solubilised in 0.2 ml NCS (heated to 60 °C to dissolve) and transferred
to a scintillation vial by the addition of 2 x 2 ml scintillant. Acetic acid (100 pi; 1.18 M)
was added, mixed well and radioactivity determined (protein fraction). Percentage
efficiency of counting was determined for each fraction separately, by determining the
radioactivity in 10 pi of incubation solution (0.5 pCi/ml) under identical conditions to
samples. Results were expressed as dpm/mg protein, after correction for control (4 °C).
The assay was based on the procedure described by Pickard et a/.(1990)
Preliminary experiments revealed the reactions to be linear over the period of 10 to
90 min.
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2.4.2 Glutamate Metabolism
The procedure was carried out exactly in the same manner as glucose metabolism except
that in this case the incubation solution was replaced with

glutamate (0.5 |iCi/ml)

containing glucose (0.1 mM), and the PCA-soluble fraction was subjected to ion-exchange
chromatography.
A column of Dowex-50W (H+ form; 100 mesh; Sigma Chemical Co LTD, Poole,
Dorset, UK) was prepared by repeated washing with 5 vol. HCl (1 M), followed by water
then 5 vol. ammonia (1 M) and water again. The content was neutralised with water and
poured into 2 ml columns. The PCA soluble material was neutralised by the addition of
diluted KOH (30%, w/v). All the neutralised extracts were applied to the columns and the
eluates were collected (water elution) until a total eluate volume of 24 ml was obtained
(glucose/TCA interm ediates). The columns were further eluted with 24 ml ammonia
(1 M) and collected (amino acid fraction). To 1 ml of each fraction, 4 ml scintillant fluid
was added and the radioactivity determined. Results were expressed as dpm/mg protein,
after correction for control (4 ®C).
2.4.3 Acetate Metabolism
Acetate metabolism was assayed in the same manner as glutamate metabolism except the
incubation solution which contained: 10 mM [U-^^C]acetate containing glucose (0.1 mM).
2.5 In Vivo

M etabolic Studies

2. 1 Incorporation of Lvsine into Cvtosolic and Particulate Proteins
Hypothyroid (Tx) and euthyroid adult rats were injected with 1 ml of [U-^^C]Lysine (10
|iCi/ml) in saline (0.9 %, w/v) and were killed after 1 hour. Brains were received and
dissected into: cerebral cortex (CC), cerebellum (CB) and brainstem (BS) and homogenised
(10%, w/v) in sucrose (0.32 M). A portion (5 ml) was centrifuged (104,000 g for 1 hr; 4
°C). The cytosolic supernatant was collected, and the particulate fraction was made up to
the original volume with sucrose (0.32 M). An aliquot (100 p-l) was saved for the
determination of total radioactivity and protein content. To each fraction an equal vol. of
TCA (20%, w/v) was added, and after precipitation (20 min at 4 °C), samples were
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centrifuged (2500 g for 15 min; 4 °C). TCA (10%, w/v) was added to the pellets, and
samples were recentrifuged as above. The pellets were solubilised in 0.4 ml NCS by
heating at 60 °C for 50 min. Scintillant (4 ml) was added to each fraction and the
radioactivity determined. Results were expressed as dpm radioactivity/mg protein.
2.6

Molecular Biological Studies

2.6.1 Isolation of Total RNA
All solutions were prepared in diethylpyrocarbonate (DEPC)-treated water where
necessary.
Total RNA was isolated according to the method of Chomchynski and Sacchi
(1987) using fresh tissue. Tissues were homogenised (10%, w/v) in the denaturing
solution containing: guanidium thiocyanate (4 M), sodium citrate (25 mM, pH 7.0),
sarccosyl (0.5%, w/v), p-mercaptoethanol (0.1 M) in a hand-held homogeniser at room
temperature. Homogenates were transferred to 15-ml Cor ex tubes, and the following
solutions were then added sequentially: 0.1 vol. sodium citrate (2 M), 1 vol. phenol
saturated with water and 0.2 vol. chloroform:isoamyl alcohol (49:1). After thorough
mixing, the samples were kept on ice for 15 min then centrifuged (10,000 g for 20 min; 4
°C). The upper aqueous phase was carefully transferred to a fresh Corex tube and an equal
vol. of ice-cold isopropanol was added. After precipitation at -20 °C for at least 1 hr,
samples were recentrifuged as above. The pellets were washed with ethanol (80%, v/v),
dried, dissolved in the denaturing solution then reprecipitaed in ice-cold isopropanol. RNA
was either kept in ethanol (80 %, w/v) and stored at -20 °C or dissolved in an appropriate
volume of the denaturing solution and stored at -70 °C prior to use. The RNA
concentration was determined from measuring the absorbance reading at 260 nm of suitably
diluted sample. The purity of total RNA was estimated from the ratio between the
absorbances at 260 nm and 280 nm. RNAs with ratios ranging from 1.7 to 2.0 were used
in this study. The integrity of the purified RNA was determined by denaturing agarose gel
electrophoresis (see Figure 18). The two ribosomal RNAs, 28S and 18S, usually exhibited
a near 2:1 ratio which indicates no gross degradation of RNA.
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2.6.2 Sample Preparation for Gel Electrophoresis
Total RNA (10-30 |J.g) was added to a microfuge tube and the volume was adjusted to 4.5
|il with DEPC-treated water. Formaldehyde (3.5 |il; 37%, v/v) and 10 |il of formamide
(deionised) were added and the sample was heated at 55

for 15 min. Then 2 jil sample

loading buffer containing: EDTA (1 mM), formamide (50%, v/v), bromophenol blue
(0.25%, w/v) , xylene cyanol (0.25%, w/v) and 1 |il ethidium bromide (10 mg/ml)
solutions were added to each sample and mixed thoroughly.
2.6.3 Gel Preparation and Electrophoresis
Agarose gels (1-1.5%) were prepared by mixing agarose (1-1.5 g), 10 ml 1OX MAE buffer
[sodium acetate (50 mM), EDTA (10 mM) in 3-(N-morpholino) propanefulfonic acid
(MOPS; 0.2 M, pH 7.0)] and 87 ml DEPC-treated water. The mixture was dissolved by
boiling. After cooling to 50 °C, 5.1 ml formaldehyde (37%, v/v) was added and the gel
was allowed to set for 1 hr before placing it in the electrophoresis tank. Samples were
added to contained IX MAE (running buffer) slots and the gel was run at 100 V (constant
voltage) for 2-3 hr at room temperature.
2.6.4 Northern and Slot Blot Hvbridisation of Total RNA
For the Northern blots, gels were washed for three 20-min periods after gel
electrophoresis; first in water then two 20-min periods in a solution containing NaOH (50
mM) and NaCl (10 mM). The gel was neutralised in Tris-HCl (0.1 M, pH 7.5) for 45 min,
followed by washing in 20X saline-sodium phosphate-EDTA [20X SSPE; NaCl (3.6 M),
sodium phosphate (0.2 M), EDTA (0.02 M, pH 7.7)] or 20X saline-sodium citrate [20X
SSC; NaCl (3 M), Na] citrate (0,3 M)] at room temperature with gentle shaking. The nylon
membrane (Hybond N+; Amersham, Bucks, UK) was pre-wetted in water for 5 min,
followed by a 5 min soak in 20X SSPE (or 20X SSC). RNA was transferred to the
membrane by capillary action (overnight) as described elsewhere (Sambrook et al., 1989).
For the slot blots, total RNA (10 p.g) was treated with DNase and blotted on the nylon

86

using a filtration manifold slot blotter (Milliblots; Millipore, Watford, Herts). Membranes
for both reactions were air dried and baked for 2 hr at 80 °C.
Prehybridisation was carried out in the prehybridisation buffer containing: 5X
SSPE, 5X Denhardt's solution [BSA (0.1%, v/v), polyvinylpyrolidone (0.1%, w/v),
Ficoll 400 (0.1%, w/v)], deionised formamide (50%, v/v), denatured salmon sperm (0.5
mg) and SDS (0.5%, w/v) for longer than 8 hr at 42 °C (or at 65 °C in a buffer without
formamide). Radiolabelled probe (as prepared in section 2.6.5) was added to the
prehybridisation reaction and hybridisation was carried out in a hybridisation oven
(Hybaid; Teddington, Middlesex) overnight. The membrane was washed with 2X SSPE
(or 2X SSC)/SDS (0.1%, w/v) at 58 ®C for 15 min, subsequently washed with IX SSPE
(or IX SSC)/SDS (0.1%, w/v) at 58 °C for 15 min and with 0.2X SSPE (or 0.2X SSC) at
58 °C for 15 min. Radioactivities were monitored on the membrane and washing solutions
with a hand-held monitor after each washing. The membrane was air dried and exposed to
X-ray film (Kodak X-OMAI) at -70 °C for the autoradiography.
2.6.5 Labelling of cDNA Probes
DNA labelling was carried out according to the method of Feinberg and Vogelstain (1983)
using a commercially available kit (Random Primers DNA Labelling System; Life
Technologies Inc., Paislay, Scotland). Probes used were EcoRI fragments of recombinant
plasmids harbouring rat c-erbAa-1 and a 2 (Lazar et al., 1988) and EcoRI/PstI fragments
of a plasmid, rat c-erbA (31 (Murray et at., 1988). cDNA for rat c-erbAp-2 was also
included in this study (Weinberger et at., 1986). DNA produced by PGR was used for the
detection of c-erbAa-2 and c-erbAp-2 mRNAs (see below). Labelling reaction was carried
out using denatured DNA in a solution containing: HEPES (0.2 M, pH 6 .6 ), Tris-HCl (50
mM, pH 8.0), MgCl2 (5 mM), P-mercaptoethanol (1 mM), 0.4 mM each dATP, dGTP
and dTTP, hexamer oligonucleotides (0.2 mg/ml) and [a-^^P]dCTP (50 jJ-Ci) at 25 °C for
1 hr. Unincorporated nucleotides were removed by selective precipitation with ammonium
acetate (2 M, pH 4.5), and ethanol at -70 °C. Specific activity of the probe was usually
greater than 1 x 1 0 ^ cpm/pg.
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2.6.6 Normalisation of RNA
To ensure that equal amount of RNA was applied on each lane, the total RNA was stained
with ethidium bromide, then sensitivities of 28s and IBs ribosomal RNA (rRNA) in all
samples were compared for the Northern blots. For the slot blots, the total RNA on each
lane was stained with methylene blue and the sensitivities of all samples were compared.
2.6.7 Polvmerase Chain Reaction ('PCR')
The thyroid hormone receptors are encoded by two distinct genes; a and p. The c-erbA a2 and c-erbA p-2 transcripts exhibit a high degree of homology to c-erbAa—1 and P~l,
respectively. This could lead to problems when it is necessary to distinguish one from the
other by nucleic acid hybridisation using full-length cDNAs for labelling. Thus,
polymerase chain reaction (PCR) was performed to produce c-erbA a-2 and p -2 specific
probes

using

tw o

sets

of

iso fo rm -specific

prim ers

(c -e rb A a —2; 5'-

GAGAGAAGTGCAGAGTTGGA-3' and 5 -GAGAGAAGTGCAGAGTTGGA-3', cerbA P-2; 5-TTTGTGTGAGTGCGGAGGCG-3' and 5 -CTAAAGCGAACTAGGCT
GCT-3'). Each cycle consisted of dénaturation at 94 °C for I min, annealing at 56 °C for
1.5 min and extension at 74 °C for 1 min, and this was repeated 30 times in a PCR buffer
containing: Tris-HCl (10 mM, pH 8.3), KCl (50 mM), MgCl% (1.5 mM), gelatin (0.001%,
w/v), primers (2pM), each dNTPs (2 pM) and AmpliTaq DNA polymerase (2.5 units;
Perkin Elmer Cetus, Norwalk, CT, USA) using a programmable thermal cycler (Hybaid).
cDNAs for these two isoforms and rat genomic DNA (100 ng) were used as templates for
the amplification and resulted in products of 414 bp (for c-erbA a-2) and 495 bp (for cerbAp-2) from the both templates (Figure 19). Hybridisation was carried out as described
previously.
2 .7

E xpression of D ata (Statistical Analysis)

Differences between the two normal and hypothyroid groups were assessed by unpaired
Student's t -test, and were considered to be significant if probability value {P ) was less
than 0.05 (P < 0.05).

F igure 18 : Gei electrophoresis of total RNA isolated from b rain regions of
ad u lt rats.

2
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5

28s

18s

Total RNA was isolated as described in M aterials and Methods. This photograph is a
typical electrophoretic analysis of total RNA isolated from various brain regions of adult
rats: lane 1) cerebral cortex, lane 2) subcortex, lane 3) midbrain, lane 4) cerebellumand lane
5) medulla.
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F igure 19 : A m plification of c -e rb A a -2 (A) and c -e rb A p -2 (B) cDNAs by
PCR.
1

4

bp

lOlK

A)

517
5()6
414

3(X )

t
495

B)

PCR was performed to generate rat c-erbAa-2 and c-erbAp-2 specific DNA fragments.
A): lane 1) negative control containing no DNA template, lane 2) DNA size marker (I kb
DNA ladder; Life Technologies) and lanes 3 and 4) rat c-erbAa-2 at 414 bp.
B): lane I) DNA size marker, lane 2) negative control containing no DNA template and
lanes 3 and 4) c-erbAp-2 at 495 bp.
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Chapter 3 : Results
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3 .1

Introduction

The role of thyroid hormone in mammalian brain development has been extensively studied
and is well established (Timiras, 1988), whilst the importance with respect to the adult
brain remains contentious. Neonatal hypothyroidism results in adverse effects on brain
weight, the content of DNA, protein and the activities of a wide range of enzymes (see
Chapter 1). Therefore, it was decided to examine whether similar effects exist in animals
which have been deprived of thyroid hormones at adulthood. The use of rats made
hypothyroid at adulthood, has proved to be a useful model for studying the effects of
hypothyroidism on the adult brain.
In order to assess the spectrum of effects which may result as a function of adult
hypothyroidism, the investigation began with gross biochemistry of different brain regions
and the activities of various functional enzymes. We then examined metabolism of several
major metabolic substrates and the expression of thyroid hormone nuclear receptor
isoforms. Results were compared with euthyroid (control) adult rats kept under identical
conditions (see Chapter 2).
3.2.

The Animal Model

The experimental (Tx) animals were severely hypothyroid at the time of experimentation as
evidenced by undetectable circulating total T4 and total T3 levels (Table 2). Although mean
body weight appeared slightly higher in the Tx group relative to control, this difference was
not statistically significant. Brain weights of the Tx animals were also unchanged (Table 3).
3 .3

Effect of Thyroid Hormones on Brain Biochemistry of Adult Rats

3.3.1 Total Protein. DNA. RNA and Inorganic Phosphate Concentrations
The possibility that TH may have potential effects on the protein contents of brain regions,
in initial experiments, the influence of adult-onset hypothyroidism on the protein
concentration of various brain regions was investigated. Total protein concentration of each
region was measured. Both fractionated and unfractionated (crude) homogenates were
studied. In the former case, cytosolic and particulate fractions were prepared by differential
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centrifugation and, in addition, synaptosomal, mitochondrial and myelin fractions were
prepared by sucrose density gradient centrifugation (see Materials and Methods) .The total
protein concentration in crude homogenates and subcellular fractions separated by a
gradient ultracentrifugation was not affected as consequences of adult hypothyroidism
(Figure 20 and Table 4). However, it is feasible that particular protein species may be
adversely affected and in order to gain information regarding this point, the particulate,
cytosolic and synaptosomal fractions were resolved by SDS-PAGE. The protein profiles of
the three different fractions (particulate, cytosol and synaptosomes) separated by SDSPAGE, showed no observable change in the intensity of protein bands. Since visual
inspection of the resulted gels (Figures 21, 22 and 23) revealed no obvious differences
between N and Tx animals, densitometric analysis of the gels was not performed. Thus, it
appears that adult-onset hypothyroidism is without effect on the expression of major
protein species in the different brain regions.
The measurement of DNA and RNA in the brain regions provide a broad indication
of cell number and transcriptional activity, respectively. The concentration of DNA and
RNA were normal in all brain regions of the experimental (Tx) group (Figures 24 and 25),
as well as the protein/RNA, Protein/DNA and DNA/RNA ratios (Table 5).
Measurement of inorganic phosphate gives an understanding of its pool since it is
involved in variety of major metabolic processes, synthesis of high energy phosphates and
phosphorylation of substrates. There was no significant change in the total inorganic
phosphate concentration in any brain region of the Tx animals (Figure 26).
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Table 2 ; Thyroid hormone levels in plasma from euthyroid (N) and
hypothyroid

(T

x / p t u /m m i )

adult rats.

Total T4

Total T3

__________ (nM)____________________ (nM)
N

52.0 ± 6 .0

1.35 ± 0.2

Tx

< 3.2*

< 0.29*

< 0.005, n = 10; Tx versus N. Values are means ± SEM

Table 3 : Effect of adult hypothyroidism on brain and body weights of
adult rats

Animal

Body weight (g)

Brain weight (g)

N

250 ± 27

2.1 ±0.25

Tx

265 ±21

2 .2

Values are means ± SEM; n = 10

94

±0.31

Figure 20 : Total protein concentration (A) and content (B) in brain regions
o f euthyroid (N) and hypothyroid (T x /p tu ) adult rats.
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Brains from euthyroid (N) and hypothyroid (Tx) were dissected into: cerebral cortex (CC),
subcortex (SC), cerebellum (CB), midbrain (MB) and medulla (MD).Values are the means
± SEM of at least five animals.
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Figure 21 : SDS-PAGE analysis o f particulate proteins in brain regions of
euthyroid (N) and hypothyroid (T x/p ti') adult rats.

M

200
97.4

69
46

30

21.5
14.3

Separation of different protein bands on SDS-polyacrylamide slab gel. Identical amount of
particulate proteins {10-15 //g) from three different regions of euthyroid (N) animals;
cerebral cortex, cerebellum and brainstem (lanes, 1, 3 & 5) and hypothyroid (Tx) animals:
cerebral cortex, cerebellum and brainstem (lanes, 2, 4 and 6) was loaded on the gel and
was run as described in Materials and Methods. Lanes M show the Rainbow
protein
marker. Bach gel is a representative of at least 3 animals in five experiments.

96

Figure 22 : SDS-PAGE analysis o f cytosolic proteins in brain regions of
euthyroid ( N ) and hypothyroid ( T x / p t u ) adult rats.
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Separation of different protein bands on SDS-polyacrylamide slab gel. Identical amount of
cytosolic proteins (10-15 /<g) from three different regions of euthyroid (N) animals:
cerebral cortex, cerebellum and brainstem (lanes, 1, 3 & 5) and hypothyroid (Tx) animals:
cerebral cortex, cerebellum and brainstem (lanes, 2, 4 and 6) was loaded on the gel and
was run as described in Materials and Methods. Lane M shows the Rainbow
protein
marker. Each gel is a representative of at least 5 animals in five experiments.
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Figure 23 : SDS-PAGE analysis of synaptosomal proteins in brain regions
o f euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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Separation of different protein bands on SDS-polyacrylamide slab gel. Identical amount of
synaptosomal protein (75 //g) from three different regions of euthyroid (N) animals:
cerebral cortex, cerebellum and brainstem (lanes. I, 3 & 5) and hypothyroid (Tx) animals:
cerebral cortex, cerebellum and brainstem (lanes, 2, 4 and 6) were loaded on the gel and
was run as described in Materials and Methods. Lane M shows the Rainbow TM protein
marker.The gel is a representative of at least five experiments from five animals.
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Table 4: Protein concentration of subcellular fractions in brain regions
o f euthyroid (N) and hypothyroid (T x /p tu ) adult rats.

Protein concentration Cmg/g tissue")
Fraction

N

Tx

P articu la te
Cerebral cortex .

65.2 ± 9.5

69.5 ± 11.2

Cerebellum

65.4 ± 10.2

65.5 ± 9.6

Brainstem

58.9 ± 7.6

61.6 ±8.5

Cerebral cortex

45.4 ± 7.4

44.4 ± 8.8

Cerebellum

41.3 ± 6.3

39.6 ± 5.6

Brainstem

44.6 ± 6 .6

45.2 ± 7.8

CytosQl

S v n an to so m e
Cerebral cortex

8.0

± 1.2

9.2 ± 1.3

Cerebellum

7.1 ± 1.9

7.7 ± 0.9

Brainstem

6.5 ±0.8

6.2 ±0.7

Cerebral cortex

5.2 ± 0.6

5.6 ±0.8

Cerebellum

6.5 ±0.8

6 .6

Brainstem

8.2

M velin

± 1.0

± 1.1

8.5 ± 1.6

Cerebral cortex

11.2 ±2.3

10.6 ± 1.9

Cerebellum

12.2

± 2 .2

12.6 ±2.3

Brainstem

10.5 ± 1.9

11.2 ± 1.3

M ito ch o n d ria

The particulate and cytosolic fractions were separated by differential centrifugation,
whereas the synaptosomal, myelin and mitochondrial were prepared by sucrose density
gradient centrifugation. The protein content of each fraction was estimated as described in
Materials and Methods. Values are the means ± SEM of 5-6 animals.
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F ig u r e 24 : DNA co n cen tra tio n (A) and co n ten t (B) in brain region s o f
eu th y ro id (N) and h ypothyroid (T x /p tu ) adult rats.
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Brains from euthyroid (N) and hypothyroid (Tx) were dissected into: cerebral cortex (CC),
subcortex (SC), cerebellum (CB), midbrain (MB) and medulla (MD).Values are the means
± SEM of at least five animals.
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Figure 25 : RNA concentration (A) and content (B) in brain regions of
euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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Brains from euthyroid (N) and hypothyroid (Tx) were dissected into: cerebral cortex (CC),
subcortex (SC), cerebellum (CB), midbrain (MB) and medulla (MD).Values are the means
± SEM of at least five animals.
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Table 5 : Protein/DNA, protein/RNA, and RNA/DNA ratios in brain regions
of euthyroid (N) and hypothyroid ( T x / p t u ) adult rat.

N

Tx

P rotein: DNA
90 ± 6

94 ± 7

Subcortex

134 ± 9

128± 12

Midbrain

110± 9

107 ± 6

40 ± 5

43 ± 4

128 ± 5

128 ± 8

Cerebral cortex

Cerebellum
Medulla
P rotein : RN A
Cerebral cortex

3.37 ± 0.38

3.35 ± 0.33

Subcortex

5.21 ± 0.35

4.80 ± 0.42

Midbrain

3.55 ± 0.29

3.47 ± 0.33

Cerebellum

3.87 ± 0.21

4.10 ± 0.41

Medulla

3.28 ± 0.31

3.38 ± 0.28

Cerebral cortex

26.9 ± 2.1

28.4 ± 2.2

Subcortex

25.6 ± 3.3

26.3 ± 2.9

Midbrain

25.0 ± 2.9

30.3 ± 2.2

Cerebellum

10.2 ±

11.1 ±

Medulla

39.8 ± 3.1

RVA: DNA

1.3

Values are the means ± SEM of 5 animals.
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1.9

38.9 ± 3.4

Figure 26 : Inorganic phosphate (Pi) concentration in brain regions of
euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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Brains from euthyroid (N) and hypothyroid (Tx) were dissected into: cerebral cortex (CC),
subcortex (SC), cerebellum (CB), midbrain (MB) and medulla (MD).Values are the means
± SEM of at least five animals.
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3 .4

Effect of Adult Hypothyroidism on Various Functional Enzymes in

the Brain
Although the total concentration and SDS-PAGE profile of proteins were not affected as a
consequence of adult hypothyroidism, it is argued that since groups of proteins with similar
molecular weights have similar Rfs, it may be rightly that small changes in the expression
of a specific protein may be obscured. Therefore, several functional enzymes were
investigated
Enzymes are biological catalysts that enhance the rate of biochemical reactions.
They all share functional features, irrespective of the reaction catalysed. Each enzyme is
highly specific, and it is the high degree of its specificity that permits the coordinated
network of chemical reactions that occur in living cells, the sum of which constitutes
metabolism.
3.4.1 5'-Monodeiodinases (5'-DI & 5'-Dill activities
To explore the control of thyroid hormone metabolism in the brain at adulthood, 5'monodeiodinases (5'-DI and 5 -DII) activities were estimated in homogenates of brain
regions. These enzymes, in particular 5'-DII, are known to play a critical role in regulating
the levels of T3 in the brain. 5 -DII was significantly elevated in the cerebral cortex (by
52%, P < 0.005) and the cerebellum (by 96%, P < 0.005) of the experimental animals,
while 5'-DI activity was found to be normal in all brain regions (Figure 27).
3.4.2 Acid/Alkaline Hvdrolases
Much attention has been paid to the effect of the TH on anabolic enzymes while rather less
work has been concerned with catabolic enzymes which play a critical role in the structural
and functional homeostasis of the brain.
Changes in the activities of phosphatases may interfere with the degradation of
phosphate-containing macromolecules, resulting in an imbalanced maintainance of total
phosphate pool in the brain. Acid phosphatase is one of the lysosomal enzymes that is
involved in intracellular dephosphorylation and possesses the highest phosphatase activity
in the brain (Sinha & Rose, 1972), whereas the role of alkaline phosphatase (a hydrolase
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enzyme) activity in the brain is not yet clear. Both acid and alkaline phosphatases activities
were affected in Tx animals. Lysosomal acid phosphatase activity was reduced in the
cerebellum (by 34%, P < 0.05) and the medulla (by 38%, P < 0.005), whereas the activity
of the non-lysosomal enzyme, alkaline phosphatase, was decreased in the midbrain (by
37%, P < 0.05) and the subcortex (by 49%, P < 0.05) (Figure 28).
Arylsulphatase is a lysosomal enzyme with different isoforms (A, B and C) that
hydrolyses sulphatide (a major constituent of myelin) to galactosylceramide and sulphate.
Arysulphatase A prefers an acidic pH, whereas arylsulphatase B is active at a rather neutral
pH (Kolodny, 1989). Therefore, Arylsulphatase A and B activities were investigated to
obtain an understanding of myelin metabolism.
Arylsulphatase A activity was altered in only one brain region, the cerebellum,
where it was reduced (by 56%, P < 0.005), whereas arylsulphatase B activity was not
affected in any brain region (Figure 29).
Adult brain is thought to be resistant to morphological changes irrespective of TH
status. However, there are reports indicating that some particular brain cells may be
susceptible to TH status (Ruiz-Marcos et al., 1980; Madeira et al., 1992). Since brain
consists of a number of different cell types (e.g. neurons and glia), we investigated the
activities of a range of cell marker enzymes in the adult brain. A -A cety l-p -D glucosaminidase, (3-D-glucosidase, and in particular, P-D-galactosidase, are neuronal cell
markers (Sinha & Rose, 1972), whereas iV -acetyl-p-D -galactosam inidase

is

predominantly, but not exclusively, localised within the glia (Sinha & Rose, 1973). The
specific activities of these four cell markers (lysosomal glycosidases) were unaffected as a
consequence of adult hypothyroidism and remained normal in all brain regions studied
(Table 6 ).
3.4.3 Neurotransmitter Associated Enzvmes
During development, thyroid hormones have been shown to exert profound effects on the
development of transmitter system (see Chapter 1 ). Since adult hypothyroidism is
associated with a range of mental and behavioural disorders, therefore it is of importance to
measure the activities of enzymes associated with neurotransmitter system.
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3.4.3.1 Neurotransmitter Catabolic Enzvmes
Acetylcholine esterase (AChE) is an enzyme of the cholinergic system which hydrolyses
acetylcholine to acetate and choline. In the hypothyroid animals, the activity of AChE was
reduced in the subcortex (by 45%, P < 0.01), the cerebellum (by 45%, P < 0.05) and only
less severely affected (34% decrease, P < 0.05) in the medulla (Figure 30).
Monoamine oxidase (MAO) is responsible for catabolising catecholamines which
are aminergic neurotransmitters. The activity of MAO was increased (by 61%, P < 0.005)
in the cerebellum of the Tx animals; other regions remaining within the normal range
(Figure 31).
3.4.3.2 Glutamate Metabolising Enzvmes
Glutamate is a major excitatory neurotransmitter and is found at high concentrations in the
whole brain. It is also considered to be a major respiratory and metabolic substrate in the
brain as well. It is synthesised and converted to other metabolic substrates in the brain by
the actions of several metabolic enzymes. Activities of several enzymes associated with
glutamate metabolism were therefore measured.
Aspartate aminotransferase (AAT) is a synaptosomal enzyme that converts a ketoglutarate to glutamate in the presence of aspartate through a reversible reaction, while
glutamine synthetase (GS) catalyses the conversion of glutamate to glutamine in the
presence of ATP and ammonia. By the action of y-aminobutyric acid transaminase (GAB AT), GAB A (an inhibitory neurotransmitter) is deaminated to a-ketoglutarate with the
formation of succinic semialdehyde which is oxidised to succinate and enters the
tricarboxylic acid cycle. Glutamate is also converted to GAB A by glutamate decarboxylase
which is localised in cytoplasm and is mostly found in neurons. Glutamate dehydrogenase
(GDH) catalyses the reaction of a-ketoglutarate to glutamate in the presence of ammonia. It
is mainly found in the glial compartment
As Figures 32 and 33 show, both AAT and GABA-T activities were affected in the
experimental animals. AAT activity was reduced in the cerebral cortex (by 25%, P < 0.05)
and the cerebellum (by 41%, P < 0.005), whereas GABA-T activity was decreased in all
brain regions in the hypothyroid animals; in the cerebral cortex (by 27%, P < 0.01), the
106

subcortex (by 45%, P < 0.005), the midbrain (by 38%, P < 0.005), the cerebellum (by
22%, F < 0.05) and the medulla (by 52%, F < 0.005). On the other hand, the activities of
glutamate dehydrogenase and glutamine synthetase were normal in all brain regions of
hypothyroid animals as compared with the control group (Figures 34 and 35, respectively).
3.4.3.3 Protein Kinases
Many proteins, including enzymes and metabolic substrates are thought to be functionally
regulated by phosphorylation and it has been suggested that phosphorylation of a particular
protein may be linked to specific functional modifications in subcellular fractions &
alterations in phosphorylation will affect a variety of cellular processes (Kikkawa and
Nishizuka, 1986). Therefore, we felt it necessary to investigate the correlation of TH with
two protein kinases; protein kinase C (PKC) and cAMP-dependent protein kinase A (PKA)
in three different brain regions (cerebral cortex, cerebellum and brainstem) of adult
hypothyroid (TX) and euthyroid (N) rats.
PKC and PKA play a crucial role in signal transduction for the activation of many
cellular functions (Berridge, 1984, Borner et al 1984). Both protein kinases C and A share
the same phosphate acceptor proteins and even the same seryl and threonyl residues in a
single protein molecule for phosphorylation (Kishimoto et al., 1985). PKA possesses
almost the same biological and cellular characteristics as PKC.
PKC is widely distributed in tissues, with brain having the highest activity
(Minakuchi et al., 1981). PKC activation starts with signal-induced breakdown of inositol
phospholipids (e.g. diacylglycerol) and Ca^+ mobilisation and may end with alterations of
a variety of biological processes, such as cell growth and differentiation. Tumourpromoting phorbolesters (TPA) have a similar molecular structure with diacylglycerol (a
PKC activator) and sometimes activate PKC (Yamanishi etal., 1983).
PKA is made up of two regulatory (R) and two catalytic (C) subunits. Major
portion of PKA activity is limited to cytoplasm, however, membrane fractions, in
particular, the plasma membrane contain significant amounts of PKA which is activated by
a rise in cAMP in response to hormones (Martin, 1987).
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As Table 7 and Figure 36 show, in hypothyroid rats, PKC activity was increased in
the cerebral cortex (by 20%, P < 0.02), but remained normal in the other two regions
(cerebellum and brainstem). PKA activity however was elevated in all brain regions in
hypothyroid animals; in the cerebral cortex (by 15%, F < 0.02), the cerebellum (by 15%, P
< 0.02), and to a higher degree in the brainstem (by 20%, P < 0.01) (Table 8 and Figure
37).
3.4.4 Enzvmes of energv metabolism
Brain energy substrates are essential for maintaining normal brain functions. However,
they are mostly produced and converted to other metabolic substrates and metabolites by
the action of various metabolic enzymes. Any compromise in the activities of these
enzymes may impose restrictions on the important substrates in brain energy metabolism.
Lactate dehydrogenase (LDH) is found in most tissues (abundant in the CNS). It
catalyses reversible reduction of pyruvate to lactate with NADH as a coenzyme.
Another group of important energy metabolic enzymes are the ATPases, which are
localised in the cell membrane and the synaptic membrane. They are also involved in
various biochemical control systems including the sodium/potassium pump. For this
reason, these two enzymes were investigated in both groups of animals.
The activities of both LDH and Na+/K+-ATPase were normal in all brain regions
studied (Tables 9 and 10, respectively).
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F igure 27 : Specific activities of 5'-m onodeiodinase type II ( 5 -DII) (A)
and 5'-m onodeiodinase type I (5'-DI) (B) in brain regions of euthyroid (N)
and hypothyroid ( T x / m m i ) adult rats
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The activities of 5'-DII and 5'-DI were measured in homogenates from cerebral cortex
(CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla of euthyroid (N) and
hypothyroid (Tx) adult rats, as described in Materials and Methods. Values are the means ±
SEM of at least five animals.
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F igure 28 : S p ecific activities o f acid p h osp hatase (A) and alkaline
p h o sp h ata se (B) in brain regions o f euth yroid (N) and h yp othyroid
( T x / p t u ) adult rats.
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The activities of acid phosphatase and alkaline phosphatase were measured in homogenates
from cerebral cortex (CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla
of euthyroid (N) and hypothyroid (Tx) adult rats, as described in M aterials and Methods.
Values are the means ± SEM of at least five animals.
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Table
rats.

6

: Glycosidases activities in brain regions from euthyroid (N) and hypothyroid

( T x/ p t u )

adult

Specific activity (nmol/mg protein/hr)
Brain region

Enzyme
CC

SC

MB

CB

MD

N

45 ± 8

35 ± 4

35 ± 3

30±4

47 ± 8

Tx

46 ± 6

33±5

31±5

27 ± 4

45 ± 9

N

36 ± 4

43 ± 8

40±8

52 ±13

48 ± 7

Tx

38 ± 6

40±11

41 ± 1 2

54±5

45 ± 12

N

252 ± 39

230 ± 25

140 ± 28

239 ± 23

245 ±31

Tx

240 ±51

219 + 21

126 ± 1 6

228 ±21

240 ± 25

N

40±4

36±3

42 ± 5

41 ± 3

46 ± 5

Tx

38 ± 3

36 ± 6

39 ± 8

39 ± 5

45 ± 5

b-D-Glucosidase

b-D-Gal actosi dase

N-Acetvl-b-D-glucosaminidase

A/^-Acetvl-b-D-galactosaminidase

The activities of glycosidses were measured as described in Materials and Methods.Values are means ± SEM of at least
five animals.

Figure 29 : Specific activities of arylsulphatase A (A) and arylsulphatase B
(B) in brain regions of euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activities of arylsulphatase A and arylsulphatase B were measured in homogenates
from cerebral cortex (CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla
of euthyroid (N) and hypothyroid (Tx) adult rats, as described in Materials and Methods.
Values are the means ± SEM of at least five animals.
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F igure 30 : S p ecific activity o f acety lch o lin esterase (A C hE ) in
regions o f euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activity o f acetylcholinesterase was measured in homogenates from cerebral cortex
(CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla o f euthyroid (N) and
hypothyroid (Tx) adult rats, as described in Materials and Methods. Values are the means ±
SEM of at least five animals.
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Figure 31 : Specific activity of monoamine oxidase (MAO) in brain regions
from euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activity o f monoamine oxidase was measured in cerebral cortex (CC), subcortex,
midbrain (MB), cerebellum (CB) and medulla of euthyroid (N) and hypothyroid (Tx) adult
rats, as described in Materials and Methods. Values are the means ± SEM of at least five
animals.
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Figure 32 : Specific activity of aspartate am inotransferase (AAT) in brain
regions of euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activity of aspartate aminotransferase was measured in homogenates from cerebral
cortex (CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla of euthyroid
(N) and hypothyroid (Tx) adult rats, as described in Materials and Methods. Values are the
means ± SEM of at least five animals.
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Figure 33 : Specific activity of y-aminobutyric acid transam inase (GABA-T)
in brain regions of euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activity of GABA-T was measured in homogenates from cerebral cortex (CC),
subcortex (SC), midbrain (MB), cerebellum (CB) and medulla of euthyroid (N) and
hypothyroid (Tx) adult rats, as described in Materials and Methods. Values are the means ±
SEM of at least five animals.
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Figure 34 : Specific activity of glutamine synthetase (GS) in brain regions
of euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activity of glutamine synthetase was measured in homogenates from cerebral cortex
(CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla of euthyroid (N) and
hypothyroid (Tx) adult rats, as described in Materials and Methods. Values are the means ±
SEM of at least five animals.
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Figure 35 : Specific activity of glutamate dehydrogenase (GDH) in brain
regions from euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.
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The activity of glutamate dehydrogenase was measured in homogenates from cerebral
cortex (CC), subcortex (SC), midbrain (MB), cerebellum (CB) and medulla of euthyroid
(N) and hypothyroid (Tx) adult rats, as described in Materials and Methods. Values are the
means ± SEM of at least five animals.
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Table 7 : Specific activity o f protein kinase C (PKC) in brain regions of
euthyroid (N) and hypothyroid ( T x / m m i ) adult rats.

Arbitrant units (ootical den si tv/ms protein)
Brain region

N

Tx

Cerebral cortex

0.309 ± 0.008

0.360 ± 0 .0 1 5 '"

Cerebellum

0.245 ± 0.013

0.251 ± 0 .0 0 9

Brainstem

0.234 ± 0.006

0.241 ± 0 .0 0 9

* P < 0.02, n=5; Tx versus N. Values are the mean specific activity ± SEM of 5 animals.
The photograph below is a representative of five experiments.

F igure 36 : Gel electrophoresis of PK C in the brain.
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A ) Non-phosphorylated
B) Phospliorylated.
One microgram of peptide was incubated with various amounts of purified enzyme (0-30
ng), lanes 1-5, respectively, and homogenates from different brain regions: lane 6) cerebral
cortex (N), lane 7) cerebral cortex (Tx), lane 8) cerebellum (N), lane 9) cerebellum (Tx),
lane 10) brainstem (N), lane 11) brainstem (Tx). The samples were loaded on a 1% agarose
gel and the reaction was carried out as described in Materials and Methods.
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Table 8 : Specific activity o f cAMP-dependent protein kinase A (PKA) in
brain regions o f euthyroid ( N ) and hypothyroid ( T x / m m i ) adult rats.

Arbitrary units (optical den si tv/mg orotein)
Brain region

N

Tx

Cerebral cortex

0.638 ± 0.01 6

0.715 ±0.013*

Cerebellum

0.552 ±0.011

0.629 ± 0.017*

Brainstem

0.492 ± 0.01 0

0.589 ± 0.009**

* P < 0.02; **P , 0.0 f, n=5; Tx versus N. Values are the mean specific activity ± SEM of
5 animals. The photograph below is a representative of five experiments.

F igure 37 : Gel electrophoresis of PKA in the brain.
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A) Non-phosphorylated
B) Phosphorylated
One microgram of peptide was incubated with various amounts of purified enzyme (0-35
ng), lanes 1-6, respectively, and homogenates from different brain regions: lane 7) cerebral
cortex (N), lane 8) cerebral cortex (Tx), lane 9) cerebellum (N), lane 10) cerebellum (Tx),
lane 11 ) brainstem (N), lane 12) brainstem (Tx). The samples were loaded on a 1% agarose
gel and the reaction was carried out as described in Materials and Methods.
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Table 9 : Specific activity of lactate dehydrogenase (LDH) in brain regions
of euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.

N

Tx

Cerebral cortex

0.922 ± 0.021

0.899 ± 0.041

Subcortex

0.690 ± 0.027

0.712 ± 0.025

Midbrain

0.531 ±0.017

0.502 ± 0.021

Cerebellum

0.833 ± 0.035

0.812 ±0.026

Medulla

0.612 ± 0.019

0.589 ± 0.018

Brain region

The activity of LDH was measured as described in Materials and Methods.
Values are die means ± SEM of at least five animals.

Table 10 ; Specific activity of Na+/K+-ATPase in brain regions of euthyroid
(N) and hypothyroid ( T x / p t u ) adult rats.

Brain region

N

Tx

Cerebral cortex

4.21 ± 1.2

4.35 ± 1.56

Subcortex

5.62 ±2.11

5.44 ± 2.00

Midbrain

3.53 ± 1.11

3.65 ± 1.23

Cerebellum

4.89 ± 1.66

5.01 ± 1.89

Medulla

3.69 ± 1.28

4.12 ± 1.74

The activity of Na+/K+-ATPase was measured as described in Materials and Methods.
Values are the means ± SEM of at least five animals.
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3 .5

M etabolic Studies {in vitro & in vivo)

One of the best ways to study the metabolism of the CNS, is to obtain an understanding of
the homeostasis of the brain with respect to the substrates used for energy. Use of essential
substrates required for energy metabolism, as well as reliable estimation of their utilisation
and production in in vitro and in vivo systems could provide a useful tool in determination
of metabolic efficiency. However, alterations in the normal metabolism of these substrates
or products occur in varying functional demands of the nervous system or pathological
conditions. The functional efficiency of the CNS will therefore be crucially dependent upon
normal metabolic output; any exogenous agent that may impinge upon such metabolic
pattern, will disrupt normal CNS function. In order to test whether the neural metabolic
dysfunction occurs as a function of hypothyroidism, a series of in vivo and in vitro
experiments were performed, namely glucose metabolism, glutamate metabolism, acetate
metabolism and protein synthesis (lysine incorporation into protein).
The brain depends almost exclusively upon glucose for energy, and this sugar
serves as the major carbon source for a wide variety of simple and complex molecules.
Glucose is taken up by neurons and glial cells and other components and phosphorylated
by hexokinase to glucose- 6 -phosphate, then metabolised in the cytosol through the
glycolytic chain to pyruvate. Pyruvate then enters the mitochondrion and undergoes
oxidative metabolism by the Krebs cycle, which through oxidative chain yields high energy
phosphates. This energy is made available for the ongoing metabolism and for the
immediate demands related to CNS function.
Glutamate is a non-essential amino acid and it is synthesised from glucose and other
precursors via several biochemical routes within the brain. Glutamate is thought to be a
major respiratory and metabolic substrate, and in particular, a major excitatory
neurotransmitter (McGeer et al., 1983). In the brain, glutamate is incorporated into proteins
and peptides, is involved in fatty acids synthesis, contributes (along with glutamine) to the
regulation of ammonia fixation and the control of osmotic and anionic balance, serves as a
precursor for GAB A and various Krebs cycle intermediates and is a constituent of at least
two cofactors (glutathione and folic acid). It is not surprising that glutamate is the most
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plentiful amino acid and plays major roles in regulating functional metabolism of the CNS.
Therefore, changes in the metabolism of glutamate may result in severe brain disorders.
This was the rationale for investigation of glutamate metabolism.
Acetate, a monocarboxylic fatty acid, has a less significant entry rate into brain
compared to glucose, but it is an important metabolic substrate during starvation. Acetate
can enter the Krebs cycle directly, and is a normal intermediate in brain intermediary
metabolism. It can be aminated to form essential amino acids in the brain, or conjugated to
fatty acids or formation of major brain ketones such as acetoacetate or p-hydroxybutyrate.
Lysine is an essential diamino acid that does not participate in the transamination
reactions of the general amino acid pool. During normal protein synthesis, lysine is taken
up by active cells, almost totally utilised in protein synthesis. Therefore, the rate of lysine
uptake and incorporation into proteins (m vivo) is a useful determinant of protein
synthesis. Lysine incorporation was therefore chosen as a protein synthesis marker.
3.5.1 Glucose Metabolism in Tissue Slices and Minces
Glucose metabolism in adult hypothyroid rats was evaluated by incubation of cerebral
cortical slices and cerebellar and brainstem minces with [U^^Cjglucose as detailed in the
Materials and Methods. No obvious changes were observed between the experimental
animals and the normal group with respect to the labelling of the total glucose/amino
acids/TCA intermediates, the CO 2 fraction, the protein fraction, the lipid fraction, and the
nucleic acid fraction in the experimental animals (Table 11).
3.5.2 Glutamate Metabolism in Tissue Slices and Minces
A significant reduction was observed in the labelling of CO 2 in the cerebral cortical slices
from Tx rats (by 25%, P < 0.05). Cerebellar labelling of CO 2 was also decreased in the
experimental animals (by 45%, f < 0.005), whereas its incorporation into protein fraction
in the cerebral cortical slices was increased (by 73%, P < 0.005) in the experimental
animals. Other fractions (lipid, nucleic acids, total amino acid pool, and glucose/TCA
intermediates ) were not affected in the experimental animals (Figures 38a and 38b).
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3.5.3 Acetate Metabolism in Tissue Slices and Minces
Acetate metabolism in vitro was studied in the same manner as the other two metabolic
substrates (glucose and glutamate). No obvious differences were observed between the
control group and the hypothyroid animals with respect to the labelling of all fraction (Table
12).

3.5.4 Lvsine Incorporation into Proteins in Particulate and Cvtosolic Fractions
Lysine incorporation {in vivo) was studied by incorporation of radiolabelled [U-^^CJlysine
into proteins in cytosolic and particulate fractions (see Materials and Methods section for
details). No significant changes were detected in lysine incorporation into protein between
the normal and experimental groups with respect to the radioactivity incorporated into
protein (Figure 39).
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T able 11 : Glucose m etabolism in brain regions o f euthyroid (N) and
hypothyroid ( T x / m m i ) adult rats.

Incorporation Idpm/mg protein!
N

Tx

5321 ± 670

4850 ± 650

22560 ±2113

21500 ± 1980

C ereb ral cortex
CO 2
Glucose/TCA
intermediates/amino acids
Protein

478 ± 62

460 ± 53

Lipid

212 ±54

190 ± 3 4

Nucleic acid

111±23

122 ± 23

3260 ±470

3212 ± 640

16780 ± 1245

16900 ±865

C erebellum
CO2
Glucose/TCA
intermediates/amino acids
Protein
Lipid
Nucleic acid

380 ± 5 3

365 ±41

178 ±51

180 ± 4 3

78 ±21

79 ± 1 6

B rain stem
CO2

1850 ±221

1500 ± 386

Glucose/TCA
intermediates/amino acids
Protein

8800 ±987

8650 ± 6 7 0

242 ± 3 4

253 ± 33

Lipid

160 ±43

166 ± 4 3

Nucleic acid

62 ± 1 7

65 ± 1 4

Slices of cerebral cortex and minces of cerebellum and brainstem were incubated for 1 hr at
37
in KRP solution containing [U^'^C] glucose (10 mM; 1 pCi/ml) and a well containing
KOH to trap CO 2 . Fractions were processed as described in Materials and Methods.
Results (mean ± SEM of 4 animals) represent radioactivity (dpm/mg protein) in the
specified fractions after correction for control (4 °C) values.
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Figure 38a : Glutamate metabolism in brain regions o f euthyroid (N) and
hypothyroid ( T x / m m i ) adult rats.
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Slices o f cerebral cortex and minces of cerebellum and brainstem were incubated for 1 hr at
37 °C in KRP containing 10 mM [U-^^CJglutamate (0.5 |iCi/ml), glucose (0.1 mM) and a
well containing KOH to trap CO 2 . Fractions were processed as described in Materials and
Methods. Results (mean ± SEM of 4 animals) represent radioactivity (dpm/mg protein) in
the specified fractions after correction for control (4 °C) values.
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Figure 38b : Glutamate metabolism in brain regions of euthyroid (N) and
hypothyroid ( T x / m m i ) adult rats.
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Slices of cerebral cortex and minces of cerebellum and brainstem were incubated for 1 hr at
37 °C in KRP containing 10 mM [U-l^C]glutamate (0.5 pCi/ml), glucose (0.1 mM) and a
well containing KOH to trap CÜ2. Fractions were processed as described in Materials and
Methods. Results (mean ± SEM of 4 animals) represent radioactivity (dpm/mg protein) in
the specified fractions after correction for control (4 °C) values.
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T able 12 : A cetate m etabolism in brain regions o f euthyroid (N) and
hypothyroid ( T x / m m i ) adult rats.

Incorporation /dpm/mg protein)
N

Tx

Cerebral cortex
C0 2

16700 ± 1770

15700 ± 1654

Acetate/TCA intermediates

17700± 1570

18200± 1590

Amino acids

15700 ± 1652

16100± 1789

Protein

1120±

180

1200± 165

Lipid

2121 ± 650

2300 ± 6 2 0

Nucleic acid

1200± 140

1250± 163

C0 2

1 2 2 0 0 ± 1200

11987 ±1800

Acetate/TCA intermediates

13700 ±1100

13600 ± 987

Amino acids

11200 ±987

Cerebellum

Protein

11000

± 880

680 ± 89

710 ± 9 8

Lipid

1700 ±450

1670 ±385

Nucleic acid

1110±65

1050± 180

Brainstem
C0 2

10110

±880

9800 ± 770

Acetate/TCA intermediates

11587 ±998

12100 ± 870

9600 ±651

9100 ± 587

540 ± 65

520 ± 5 6

1800 ±443

1700 ± 440

970 ± 65

1000 ± 78

Amino acids
Protein
Lipid
Nucleic acid

Slices of cerebral cortex and minces of cerebellum and brainstem were incubated for 1 hr at
37
in KRP solution containing [U-^^C]acetate (10 mM; 0.5 jiCi/ml), 0.1 mM
monosodium acetate and a well containing KOH to trap CÜ2. Fractions were processed as
described in Materials and Methods. Results (mean ± SEM of 4 animals) represent
radioactivity (dpm/mg protein) in the specific fractions after correction for control (4 °C)
values.
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Figure 39 : Incorporation of lysine into cytosolic (A) and particulate (B)
proteins in brain regions of euthyroid (N) and hypothyroid ( T x / m m i ) adult
rats.
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Animals were injected with [U -l^C]lysine (1 ml; 10 jaCi) in NaCl (0.9%, w/v) and killed
after 1 hr. Brains were taken out, dissected and processed as described in M aterials and
Methods. Data (mean ± SEM of 4 animals) are (dpm/mg protein).
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3 .6

Effect of Adult Hypothyroidism on THNR Isoforms in the Brain

Over the past decade, there has been considerable progress in understanding the molecular
mechanism of thyroid hormone. It is now well known that most of the physiological effects
of thyroid hormone are initiated by interacting with its nuclear receptors. Therefore, we
decided to investigate the expression of different thyroid hormone nuclear receptor
isoforms in the adult brain to gain a better understanding of their role at adulthood.
Transcriptional regulation of the thyroid hormone receptors was investigated using
Northern and slot blot hybridisation. As shown in Figures 40a and 40b, the functional
receptor a l was affected by hypothyroidism. The deficiency of thyroid hormone resulted
in an increase in c-erbAa-1 mRNA in certain brain regions including the cerebellum, the
midbrain, and in particular, the subcortex. Slight up-regulation of the a -1 expression was
also observed in hypothyroid liver. The most striking effect was shown in the subcortex.
Distinguishable effects were observed in the cerebral cortex and the medulla . Figure 40b
(showing results from the Northern hybridisation of total RNA from the normal and
hypothyroid rat cerebella) demonstrates the effect of thyroid hormone deficiency, indicates
that adult hypothyroidism results in up-regulation of c-erbAa-1 expression in rat brain.
The up-regulation of rat c-erbAp-1 in hypothyroid brain is also apparent as shown
in Figures 41a and 41b. Most changes occurred in the subcortex and the midbrain of the
hypothyroid rat while no distinct effects of the hypothyroidism were observed in other
regions of the brain or the liver. Although the Northern hybridisation was used to
determine the effects of the hypothyroidism, the results as shown in Figure 41b do not
clearly distinguish region-specific expression of the c-erbAp-1 mRNA between the two
groups.
The c-erb A a-2 which is a non-functional receptor variant due to its lack of T3
binding ability was also studied, using slot hybridisation. Figure 42 shows that adult
hypothyroidism did not exhibit any effects on c-erbA a-2 mRNA transcription in brain
regions studied. However, that this receptor variant remained constant under the
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hypothyroid condition in the rat brain, suggesting that the c-erbA a-2 appears to be
regulated in a ligand-independent manner in the brain.
The fourth subtype of the thyroid hormone receptor, c-erbAp-2, was also included
in this study to see whether it is expressed exclusively in the pituitary gland not in any other
tissues. It is possible that it may also be present in discrete CNS regions since no detailed
studies of localisation within this region have been carried out. However, the results
obtained from the Northern hybridisation, not surprisingly, revealed the absence of mRNA
for this subtype (data not shown).
In a series of experiments, total RNAs were treated with either DNase or RNase
prior to blotting on slots. That the DNase-treated samples showed signals, whereas the
RNase-treated samples did not, confirmed that results obtained from the slot hybridisation
were true and specific.
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Figure 40a : Expression of c -e r b A a -1 mRNA in brain regions of euthyroid
(N) and hypothyroid ( T x / p t u ) adult rats.

B

Slot blot analysis of rat c -e rb A a -l mRNA from hypothyroid (A) and euthyroid (B) rat
brain. Total RNA was isolated from various brain regions including cerebral cortex (1),
subcortex (2), midbrain (3), medulla (4) and cerebellum (5) as well as liver (6). Each slot
contains 10 //g of total RNA which had been treated with DNase before use for the
analvsis.
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Figure 40b : Expression o f c - e r b A a - 1 mRNA
euthyroid (N) and hypothyroid ( T x / p t u ) adult rats.

in the cerebellum

of

Northern blot analysis of rat c-erbA a-1 mRNA from the cerebellum of the hypothyroid
(lane 1) and euthyroid (lane 2) adult rat brain. Each lane contains 30 pig of total RNA.
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Figure 41a : Expression of c-erb A p -1 mRNA in brain regions of euthyroid
(N) and hypothyroid ( T x / p t u ) adult rats.

A
B

Slot blot analysis of rat c-erb A ^-l mRNA from hypothyroid (A) and euthyroid (B) rat
brain. Total RNA was isolated from various brain regions including cerebral cortex (1),
subcortex (2), midbrain (3), medulla (4) and cerebellum (5) as well as liver (6). Each slot
contains 10 //g of total RNA which had been treated with DNase before use for the
analvsis.
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Figure 41b : Expression of c - e r b A p - 1 mRNA in brain regions of euthyroid
(N) and hypothyroid ( T x / p t u ) adult rats.

1

2
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5

6

Northern blot analysis of rat c-erbAp-1 mRNA. Total RNA was isolated from the cerebral
cortex (1), subcortex (3) and cerebellum (5) of euthyroid (N) and cerebral cortex (2),
subcortex (4) and cerebellum (6) of hypothyroid (Tx) adult rat bain. Each lane contains 30
fig of total RNA.
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Figure 42 : Expression o f c -e r b A a - 2 mRNA in brain regions of euthyroid
(N) and hypothyroid ( T x / p t u ) adult rats.

B

Slot blot analysis of rat c-e rb A a-2 mRNA from hypothyroid (A) and euthyroid (B) rat
brain. Total RNA was isolated from various brain regions including cerebral cortex (I),
subcortex (2), midbrain (3), medulla (4) and cerebellum (5) as well as liver (6). Each slot
contains 10 /<g of total RNA which had been treated with DNase before use for the
analvsis.
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Chapter 4 : Discussion
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4 .1

Introduction

Thyroid hormones play an essential role in brain development. A limited availability of
thyroid hormones during critical period of development leads to brain abnormalities
(Timiras, 1989). This is evidenced from disorders which are encountered in severe iodine
deficiency areas. These include deaf-mutism, spastic diplegia, mental retardation and gait
defects. Several studies have been undertaken to investigate the effects of TH on the
developing brain. The majority of the studies, to evaluate the effect of TH on the maturing
brain have been conducted by thyroidectomy of the postnatal progeny. However, it has
been reported that maternal thyroxine status in early pregnancy correlates closely with the
extent of neurological cretinism and other irreversible neurobehavioural deficits in children
(Man et al., 1971; Conolly et at., 1986; Pharoah et at., 1984). Divergent studies show that
thyroid hormones cross the placenta in adequate quantities (Sinha et at., 1983; Ekins et al.,
1983) and are available to the fetal CNS in early pregnancy in significant amounts (Woods
et al., 1984).
On the other hand, the adult central nervous system is thought to be unresponsive to
thyroid hormones based on apparent differences between developing and developed brain
with respect to the thyroid hormone responsiveness of oxygen consumption (Sokoloff,
1971). However, there are many clinical manifestations suggesting that adult onset
hypothyroid state exerts profound changes on brain function. For example,
hypothyroidism is associated with psychotic behaviour, delusions, hallucinations,
confusion, restlessness, frequent mood change, hyperreflexia, memory impairment,
cerebellar ataxia, loss of the a-rhythm of BEG and many others (along with several
biochemical and morphological observations), whereas hyperthyroidism is accompanied by
an increased frequency of the a-rhythm, nervousness, irritability and, in extreme cases,
stupor and coma (see Chapter 1).
In order to investigate the effects of TH on the adult brain, we employed
thyroidectom ised adult rats. Thyroidectomy was perform ed either chemically
(adm inistration of MMI in drinking water;
surgical/chemical procedures

( T x / p t u ).

T x/ m

m i)

or by a combination of

They were parathyroid-spared to ensure that any
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metabolic effects occurring during hypothyroidism were not due to lack of parathyroid
hormones. In addition, it was necessary to administer a low dose of PTU (0,005%, w/v) in
drinking water to ensure a hypothyroid state. The minimal concentration of PTU was
sufficient to ensure hypothyroidism without being metabolically toxic. The dose of MMI
(0.1%, w/v in drinking water) used, was not also metabolically toxic. Toxic doses of PTU
and MMI will impinge upon many biochemical parameters, in particular, macromolecules
(protein, DNA, RNA), which did not occur in our study.
It was observed that both plasma total T4 and total T3 in the experimental models
were below the detection limit (Table 2), indicating that the Tx animals were completely
hypothyroid. The proper way to ascertain hypothyroidism in the brain, is to measure
plasma TSH and brain T4 and T3 levels. Nevertheless, 5'-DII also showed expected
change in the brain, indicative of brain hypothyroidism (Figure 27).
Body weights of the experimental animals (Tx) were slightly higher than the
euthyroids (N), but this was not statistically significant. No changes were found in brain
weights of Tx and N adult rats brain. However, Sandrini (1991) has indicated that PTUinduced hypothyroidism in adult rats increases their body weights significantly after 5
weeks of PTU treatment, while Orford et a/. (1991, 1992) have demonstrated that MMIinduced hypothyroidism in adult rats does not have any effect on their body weights. In the
case o f developing brain, studies with fetuses and neonatal progeny from
hypothyroxinémie dams, reduction in brain and body weights of the progeny has been
shown (Hubank, 1990; Pickard et al., 1991). However, such effects were not observed in
the body and brain weights in our experimental animals. Lack of an increase in the body
weights of these animals, may have been due to the fact that our experimental models were
acute hypothyroid, whereas chronic state of hypothyroidism may cause some gain in total
body weight.
4 .2

A dult H ypothyroidism and B rain Biochem istry

4.2.1 Macromolecules (Protein. DNA and RNA)
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In this study, induction of hypothyroidism in the adult was without any effect on the total
protein concentration in any brain region, although it has been demonstrated that brain
proteins are responsive to thyroid hormone levels in various hypothyroid conditions during
(e.g. thyroidectomy, hypothyroid mutants or hypothyroidism) and will result in changes in
the expression of brain proteins (Shanker et al., 1987; Silva & Rudas, 1990; Davis &
Pieringer, 1987). Nevertheless, this finding does not preclude the possibility of the
alterations in specific protein synthesis since a decrease in the level of a particular protein
in any region, may coincide with an increase in the level of

another protein in the same

region. Therefore, the overall effect will be no change.
In order to investigate if steady state levels of quantitatively important proteins were
altered as a consequence of adult-onset hypothyroidism, brain proteins were subjected to
SDS gel electrophoresis. In SDS-gel analysis of different brain regions (cerebral cortex,
cerebellum and brainstem), no changes were observed in any of the three fractions analysed
(total cytosolic, total particulate and synaptosomal). However, other studies have
demonstrated alterations in at least

one CNS G-protein. This was from a study of

displacement from synaptosomal membranes of the A i, adenosine receptor antagonist [^H]
diethylphenylxanthine (DPX) by the agonist [^H] phenylisopropyladenosine (PIA)
(Mazurkiewicz & Saggerson, 1989) and direct measurements of G-protein a-subunits by
quantitative immunoblotting showed that Gia, G i2a and Goa were increased in abundance
in synaptosomal membranes from various regions of the brain in adult hypothyroid rats
(Orford et at., 1991). One possible explanation is that on SDS-PAGE, individual proteins
are not specifically detected since a single band could be a representative of a group of
proteins. Therefore, the changes demonstrated (Orford et al., 1991) may have been very
small and therefore obscured in our gel system.
In the experimental animals, a number of gross biochemical parameters such as
DNA, RNA, protein/RNA, protein/DNA, RNA/DNA were unaffected as a result of
induced hypothyroidism. In particular, the normality of DNA content, DNA concentration
and protein/DNA ratio indicates no change in either total cell number, cell density or cell
size, respectively, although effects on particular neuronal or glial cell types/subtypes cannot
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be excluded. The lack of effect on cell number is not surprising in view of the fact that in
neonatal hypothyroidism this parameter is only affected in those brain regions which are
undergoing active cell division (Timiras, 1988). The apparent normality of cell size in adult
brain in the face of severe hypothyroidism is in stark contrast to the hypoplastic neuropil
seen in neonatally hypothyroid rats. Once fully mature, it is likely that the gross
morphology of the brain is resistant to changes in thyroid status, although fine structural
features, such as the dendritic spines, may be more succeptible (Ruiz-Marcos et aL, 1980).
Other workers (Madeira et al., 1992) have shown that adult hypothyroidism results in a
reduction in the volume of the pyramidal cell layer of the hippocampal CA 3 region, and a
decrease in the total number of pyramidal cells in the hippocampal CA i region. It may be
that in adult hypothyroidism a specific cell phenotype is changing, whilst the gross cell
histology is resistant to changes. The normality of RNA measurement indicates that
ribosomal number is unchanged and is consistent with the lack of effect on DNA and
protein. These results may be contrasted with the biochemical observations (Tata &
WidneU, 1966) indicating increased expression of RNA polymerase system as a function of
exposure to TH in rat liver. Hypothyroidism therefore, may be expected to result in
reduced numbers of mRNA copies leading to reduced protein synthesis in the brain. This
does not happen to be the case in the brain of adult Tx rats since RNA, DNA and protein
values in our animal model remained constant. It is possible that protein synthesis in the
adult brain is somewhat resistant to hormonal imbalance, whereas the liver may be a more
susceptible organ.
4 .3

Effect of Adult Hypothyroidism on the Activities of Functional

Enzym es
4.3.1 5'-Monodeiodinases (Tvpes I & ID
In the mammalian CNS, the intracellular deiodination of the thyroid hormone regulates the
level of bioactive hormone. There are at least two enzymes (possibly three) which
participate in these metabolic pathways. One of these enzymes designated; 5'monodeiodinase (type II) converts T4 to T3, while 5’-DI catalyses both inner and outer
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ring deiodination of T4. 5'-DI is most abundant in liver and kidney with lower activity in
other organs, whereas 5'-DII has a more limited distribution with a higher activity in the
CNS (see Introduction), In the present study, the metabolic state of thyroid hormone in
different brain regions from adult euthyroid and hypothyroid rats was investigated by
estimating 5 '-monodeiodinases (types I & II) activities. Most to date studies carried out on
these enzymes, have

concentrated on the cerebrocortical activities, while there are no

reports on these enzymes in the other brain regions.
Our results show that 5'-DII activity is increased significantly in the cerebral cortex
and the cerebellum (by 52% and 96%, respectively) as a consequence of hypothyroidism,
while its activity remains normal in the brainstem., whereas 5 -DI activity was not affected
in any region in adult hypothyroid rats. This is in good agreement with the observations of
others who demonstrated that 5’-DII activity increases in both adult and neonatal cerebral
cortex in hypothyroidism (Kaplan, 1980; Kaplan & Yakoski, 1981; Leonard et al., 1981).
The increase in 5 -DII activity has also been shown in cultured brain cells in thyroid
hormone free medium which can be reversed when the medium is supplemented with
increasing amounts of T3 (Leonard & Larsen, 1985). The lack of change in brain 5 -DI
activity is not surprising in the least, since almost 70% of T3 in the rat cerebral cortex is
derived from T4 by the action of PTU-insensitive 5’-DII enzyme (Silva et a i, 1982; Crantz
et a i, 1982).
A possible reason for the lack of effect on 5'-DII activity in the brainstem may be
the fact that this region has much lower concentration of neurons than the cerebral cortex
and the cerebellum (the grey matter), and since the activity of 5'-DII is mostly associated
with neuronal cells (Leonard & Larsen, 1985), any change may have been obscured.
Our results suggest that in adults when TH availability is limited, brain 5'-DII
activity increases significantly to maintain an adequate T3 concentration for various cellular
brain functions. Therefore, a general conclusion can be drawn about the rebound effect in
hypothyroidism, where 5'-DII activity increases in CNS (Leonard et a i, 1981) and results
l\<x TR[f

increased TSH level in the pituitary (Franklyn & Sheppard, 1988), which in turn will
stimulate the thyroid gland to produce increased amount of T4.
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4 .3.2 Acid/Alkaline Hydrolases
Although brain total protein concentrations in brain regions were unaltered as a
consequence of hypothyroidism, a number of lysosomal enzymes were affected in a region
specific manner, as judged by their specific activities. The activities of the two
phosphatases (acid and alkaline) were differentially affected as a consequence of adult
hypothyroidism; acid phosphatase being reduced in the cerebellum and the medulla and
alkaline phosphatase being decreased in the subcortex and the midbrain. In so far as the this
group o f enzymes are involved in the degradation of macromolecules, such as
phosphoproteins and phospholipids, the turnover of brain membranes and other structural
components may be adversely affected in the cerebellum and medulla. Inorganic phosphate
in the brain has a crucial and important role in a variety of metabolic processes including the
synthesis of high energy phosphate, phosphorylation of substrates and in the metabolism
of several cofactors. Although cellular levels of total inorganic phosphate remained within
the normal range in all brain regions, deficit in the phosphatase activity however may
impinge upon the turnover o f this pool, restricting "phosphate" availability for
phosphorylation-dependent events, and thereby compromising the overall metabolic
efficiency of the brain. Deficiency of acid phosphatase results in a rare lysosomal storage
decrease in which the brain shows neuronal degeneration with clinical symptoms of
hypotonia and lethargy (Wenger, 1987). In the view of the clinical symptoms of acid
phosphatase deficiency, changes in this enzyme in the adult hypothyroid rat, may result in
the behavioural and cognitive compromise observed in hypothyroidism. There are similar
observations by Al-Mazidi (1989), indicating a reduction in the activity of acid phosphatase
in hypothyroidism during fetal life in a region-specific manner. The observed deficiency in
the acid phosphatase activity may also be due to reduced number of cells or a reduction in
the number of lysosomal particles containing these enzymes.
Arylsulphatase A activity was found to be compromised in only one region, the
cerebellum, whereas arylsulphatase B activity was normal throughout the brain. Others
have shown changes in arylsulphatase A activity in hypothyroidism during fetal life in a
regional pattern and severity of effect (Al-Mazidi, 1989 ), but the enzyme is still resistant to
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TH at adulthood albeit the sensitivity is attenuated, at least in the cerebellum.
Arylsulphatase A catalyses the degradation of cerebroside sulphate (sulphatide) which is a
major constituent of the myelin sheath. Genetic deficiency of this enzyme in man is known
to result in metachromatic leukodystrophy, which in the adult onset form is associated with
a range of intellectual and emotional disturbances and impaired motor function (reviewed in
Kolodny, 1989). Whether the change observed in the adult hypothyroid rat is sufficient to
disturb brain function is unclear. An important consideration is that the deficiency albeit
severe is by no means so complete or so pervasive as in the genetic disorder. Indeed,
studies in man have shown a normal turnover of sulphatide despite more marked reduction
in arylsulphatase A (Kolodny, 1989). On the other hand, the cerebellum is a highly
heterogeneous structure; certain cell nuclei or cell-types may be more severely affected than
others resulting in highly localised damage. Further work is needed to clarify this issue.
It is of interest therefore that acid phosphatase and arylsulphatase A, are
preferentially localised within the neuronal cell population (Sinha & Rose, 1972). It is
unlikely, however, that thyroidectomy results in general neuronal loss or compromise,
since other lysosomal acid hydrolases with preferential neuronal localisation such as Nacetyl-p-D-glucosaminidase, (3-D-glucosidase and in particular, p-D-galactosidase (Sinha
& Rose, 1972) were normal. Similarly, the lack of effect on N -a c e ty l-p -D galactosaminidase activity would tend to rule out any overt glial cell loss or compromise.
These observations of neuronal and glial markers are in agreement with the studies of
Hubank (1990) and Hadjzadeh (1991) who have demonstrated that these glycosidases
activities are unaltered in brain regions of hypothyroid rats during fetal life, whereas AlMazidi (1989) has demonstrated that p-D-galactosidase activity was severely affected in
many brain regions due to hypothyroidism in fetal life. It is possible that this enzyme is
sensitive to TH at least in early development, but sensitivity is lost at adulthood.
4.3.3 Neurotransmitter Enzvmes
The functional maturity of the CNS is reflected in the development of
neurotransmitter systems. Several neurotransmitters in the developing rat brain are
influenced by thyroid hormone levels (Timiras, 1988). Thyroid hormones have been
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shown to a have profound effects on the development of the cholinergic system in primate
brain (Holt et al., 1975).
4.3.3.1 Neurotransmitter Catabolic Enzvmes

Acetylcholinesterase (AChE), cholineacetyl transferase and noradrenalines have been found
to be decreased in the hypothyroid state induced early in the neonatal period or at mid
gestation (Ladinsky et at., 1972; Smith et al., 1986). Consistent with these findings, we
have demonstrated that the activity of AChE was significantly reduced in the cerebellum (by
45%), subcortex (by 45% ) and the medulla (by 34% ). These changes may reflect a
reduced number of cholinergic synapses in the affected regions, since the enzyme is
preferentially (but not exclusively) localised within these structures. Alternatively, the
observed effects may simply be due to changes in the turnover of the enzyme protein.
Indeed, evidence from tissue culture experiments indicates that AChE is under direct
thyroid hormone control (Honegger & Lenoir, 1980; Akuzawa & Wakabayashi, 1985).
With respect to brain function, the reduced activity of AChE may have
physiologically significant effects on synaptic transmission. Initially, excessive receptor
stimulation may result (assuming an increase in the acetylcholine pool) closely followed by
an increased latency, resulting in a delayed response time. It is argued therefore, that the
region-specific alteration of AChE activity as a consequence of adult hypothyroidism may
contribute to the behavioural disorders characteristic of this condition.
Total MAO activity on the other hand was affected in only one region, the
cerebellum, where it was significantly increased (by 61%). This change although
unexpected, is not altogether surprising, since several other proteins (e.g. 5'monodeiodinase type II and G-protein-a-subunits) are known to be upregulated in adult
hypothyroidism (Leonard et a i, 1981; Orford et al., 1991). Furthermore, the activity of
the isoenzyme MAO-A (but not MAO-B) has been found to be upregulated in neonatal
hypothyroidism (Vaccari et al., 1983). A slight increase in MAO activity (but not
statistically significant) has been reported in a study of the role of biogenic amines in
depressed motor activity of the neonatal thyroidectomised rats, resulting in marked
suppression of behavioural arousal (Rastogi et al., 1976). Our results of MAO activity may
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indirectly confirm this observation. The mechanism of the change observed in our
experiments is unclear. Although MAO-A activity in neuroblastoma cell lines is directly
responsive to thyroid hormones, activity is regulated in a positive manner (Safei & Timiras,
1985), but once the cell lines are fully differentiated (by sodium butyrate treatment ), they
are no longer thyroid hormone responsive. A large degree of uncertainty therefore remains
to be clarified as to the effects of TH imbalance upon the catecholaminergic transmitter
systems, behavioural correlates and adult hypothyroid state.
4.3.3.2 Glutamate Metabolising Enzvmes
Glutamate is also a major excitatory neurotransmitter in the CNS (McGeer et al, 1983). The
alterations in glutamate metabolism in the experimental animals was reinforced by the
observation that some enzymes associated with glutamate metabolism are also
compromised in the brain of adult hypothyroid rats.
Aspartate aminotransferase (AAT) activity was found to be reduced in the cerebral
cortex and the cerebellum.(by 25% and 41%, respectively). However, findings in this
study are not in agreement with the results shown by Pickard et a i (1990) where the
activity of this enzyme was found to be unaffected in hypothyroidism during fetal life. The
observed reduction in our experimental animals may have been due to a reduction in the
number of synapses in these particular regions since this enzyme is associated with
synaptosomes, or to an inhibitory effect of thyroid hormone on expression of genes
encoding this enzyme, despite the fact that synaptosomal proteins were not altered as a
result of hypothyroidism (Table 4). Alteration in the enzyme activity, coupled with the fact
that AAT is an essential enzyme for glutamate synthesis in the CNS may, it is postulated,
place severe restrictions on the transmitter functions.
y-Aminobutyric acid transaminase (GABA-T) activity was found to be reduced in all
brain regions of the experimental animals (cerebral cortex by 27%, subcortex by 45%,
midbrain by 38%, cerebellum by 22% and the medulla by 52%). All these changes were
statistically significant. GABA-T converts G ABA (a major inhibitory neurotransmitter) to
succinic semialdehyde which is a TCA cycle precursor by transamination activity. Pickard
et al (1990) have demonstrated that GABA-T activity is not altered in hypothyroidism
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during fetal life. G ABA itself is produced form glutamate in an enzymatic reaction by the
action of glutamate decarboxylase (GAD). It is possible that a reduction in the glutamate
pool may result by reduced production of G ABA, leading to reduced activity of GABA-T.
However, since we have not investigated the activity of GAD, we are unable to confirm
this interpretation. Furthermore, since G ABA conversion to succinic semi aldehyde is a
reversible reaction, it may be assumed that GAB A pool is compromised as a consequence
of reduced enzyme activity, resulting in compromised inhibitory transmitter function.
Clearly, however there appears to be significant differences in the enzyme activity as a
function of hypothyroidism in a developmental state dependent manner.
On the other hand, the activities of the other two enzymes; glutamate dehydrogenase
(GDH) and glutamine synthetase (GS), associated with glutamate metabolism were not
affected in any brain region. These findings are consistent with the observation of Pickard
et al. (1990) that GDH and GS are not compromised in hypothyroidism during fetal life.
It has been reported that thyroid hormone increased the activity of GS in primary
cell cultures of rat cerebellum (Ruel et at., 1985). However, our findings suggest that in
the fully mature brain, sensitivity of glutamine synthetase to thyroid status is lost. GS is an
enzyme commonly used as a marker for astrocytes, because it is localised almost
exclusively in this cell type in the brain (Norenberg & Martinez-Hemandez, 1979).
Furthermore, It has also been shown that astrocytes are not affected by thyroid hormones
once they have fully matured (Timiras, 1988). Our results tend to confirm that observation
since the paradigm was adult onset hypothyroidism.
Femandez-Pastor et al. (1986) have demonstrated that GDH activity is altered in
different brain regions of neonatally hypothyroid rats. GDH is a mitochondrial enzyme,
and our results may indicate that mitochondrial function in the adult CNS regions is not
affected. This is in agreement with the findings that mitochondrial a-glycerophosphate
dehydrogenase (a mitochondrial marker) remains unchanged in dysthyroid state (Schapiro
& Percin, 1966) and partially supported by our findings that mitochondrial protein
concentration was not altered in the experimental animals.(Table 4).
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4.3.3.4 Protein Kinases
Protein kinase are responsible for phosphorylation of proteins required for metabolic
processes and of course, synaptic functions. Any changes in their activity will affect a wide
variety of cellular processes and transmitter functions (Nishizuka, 1988; Kikkawa &
Nishizuka, 1986). Because of alterations in a number of cellular events including
transmitter function and T3 receptors in our study, we investigated PKC and PKA activities
in different brain regions.
Protein kinase C activity was found to be elevated in the cerebral cortex (by 20%) in
the experimental animals, while other regions (cerebellum and brainstem) showed no
difference compared with the normal group. PKC is defined as Ca+^-dependent protein
kinase with a key role in intracellular signal transduction (Nishizuka, 1988; Kikkawa &
Nishizuka, 1986). Many studies have been carried out to correlate thyroid hormone levels
with PKC in thyroidal cells and liver. Activation of PKA and PKC in thyroid cells in vitro
results in decreased synthesis but increased secretion of thyroid hormones. Retinoid
treatment also results in elevated PKC activity and a subsequent increase in the affinity of
the T3-nuclear receptor protein (Eggo et al., 1992). It has also been demonstrated that in
experimentally induced goitres in rat, the thyroidal PKC activity was significantly
stimulated and the phosphorylation of their substrates increases (Omri & Palvolic-Houmac,
1985), where PKC activity was much greater than that of cAMP-dependent protein kinase
(PKA) (Feliers et al., 1991). Administration of T3 to rats induced an increase in
phosphorylation of the liver nuclear receptors (Coleoni & DeGroot, 1980), and the
phosphorylation of the c-erbA endocoded thyroid hormone nuclear receptor is increased by
activation of PKC (Goldberg et al., 1988). It is assumed that only the affected region (the
cerebral cortex) and its functions will be compromised in terms of synaptic function,
phosphorylation, Ca+^ mediated and inositide phosphate related functions. Our
observation of the perturbation of PKC is however in confirmity with brain region specific
parameter selective functional dysgenesis as a function of hypothyroid state. It is assumed
that PKC is a major protein kinase to phosphorylate various important proteins in the brain,
including receptors. Therefore, this upregulation of PKC during thyroid hormone
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deficiency may have an effect on the functional occupancy of the receptors (i.e. resistant of
more receptors from non-phosphorylated to phosphorylated state), resulting in the loss of
the plasticity in the glutamate system. Furthermore, the elevated activity of PKC may lead
to increased phosphorylation of the postsynaptic sites, occupying the sites at the junction,
thus, limiting their functions. It is also interesting to note that hypothyroidism has also been
shown to increase the expression of G protein a subunits which are involved in
transmembrane signal induction process like PKC (Orford et al., 1991) and decreases in
hyperthyroidism (Orford et a i, 1992). As to what is the exact significance of the increased
PKC activity in the CNS, in hypothyroidism still remains rather obscure.
Adult hypothyroidism caused increased activity of PKA in all brain regions
(cerebral cortex by 15%, cerebellum by 15% and brainstem by 20%) as compared to the
normal group. PKA, as well as protein kinase C, is involved in many cellular and
metabolic processes. Studies have demonstrated that PKA activity was found to be elevated
in thyroid cells of hypothyroid rats (Feliers et at., 1991). However, this increase in PKA
activity may have only metabolic effect but not a bulk phase physiological one. In order for
the physiological effect to occur, the second messenger (cAMP) must as well be affected.
Assuming that the second messenger (cAMP) is also altered, this will impose restrictions
upon inositide phosphate metabolism, impinging upon the activation of calcium/calmodulin
system which in turn will compromise a range of neurotransmitter functions. PKA and
PKC are two major intracellular signalling systems for acetylcholine, catecholamines
including norepinephrine and neuropeptide Y (Baugmold & Fishman, 1988; Petitti &
Etgen, 1989). Any change in the activity of these protein kinases may subsequently result
in abnormalities which are associated with these endogenous ligands leading to adverse
consequences as observed in hypothyroidism. It may also be possible that increased protein
kinase activity, especially PKA activity, may also directly influence specific mRNA
transcription (Takahashi, 1993). The increase in PKA activity in Tx animals may have
several explanations; including increased synthesis of enzyme proteins, activation of the
enzyme molecule, reduced degradation (stabilisation) or increased availability of activation
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factors such as cAMP and G proteins. The exact mechanism however, remains unresolved
and requires elucidation in detail.
Whether such a significant compromise in cellular function involving a cascade of
metabolic events are confined to any particular brain compartment such as neurons, glial
cells or synaptosomes, cannot be ascertained yet, but in view of the fact that a very large
component of the protein kinases activities are localised in synaptic compartment, it might
be argued that changes in PKC and PKA activities due to hypothyroidism, will impinge
upon synaptic transmission. Coupled with alterations in acetylcholinestrase and monoamine
oxidase activities in our study, these may result in behavioural and perhaps cognitive
compromise commonly seen in hypothyroid humans. It is also suggested that the
observations should be interpreted with a degree of caution since the protein kinases
activities were measured in vitro with artificial substrate and superfluity of cofactors under
ideal in vitro conditions. The increase in the activity therefore may have been artifactual and
may not pertain to the in vivo situation.
4.3.4 Enzvmes Involved in Energv Metabolism
In the brains of adult progeny of hypothyroid rats several enzymes involved in energy
metabolism are affected. Lactate dehydrogenase (LDH) and Na+/K+-ATPase are reduced
in a number of brain regions while no changes have been observed in the activity of
succinic dehydrogenase and Mg++-ATPase (Al-Mazidi, 1989). However, it has been
demonstrated that lactate dehydrogenase activity is unaffected as a result of hypothyroidism
in neonatal hypothyroidism (Ford & Cramer, 1977). In the studies of two enzymes of
energy metabolism; lactate dehydrogenase and Na+/K+-ATPase, we found that adult
hypothyroidism was without affect on the activities of these two enzymes in the brain.
LDH catalyses the reversible reduction of pyruvate to lactate with NADH used as a
coenzyme. Adult hypothyroidism may not therefore place seveœlimitations on metabolic
efficiency or impose restrictions on the utilisation of lactate/pyruvate, both of which are
important substrates in brain energy metabolism. This is supported by the findings that
mitochondrial a-glycerophosphate dehydrogenase and cytosolic malic enzyme are not
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affected in response to dysthyroid states irrespective of the stage of development (Schapiro
& Percin, 1966; Hemon, 1968).
The sodium pump (Na+/K+-ATPase) is a plasma membrane-bound oligomer
composed of an a-catalytic subunit and a glycoprotein subunit. The ATPase activity is
coupled to the forced exchange of Na+ (out) and K+ (in) across the membrane, thus
generating transmembrane electrochemical gradients (Cantley, 1981). The unaltered
Na+/K+-ATPase activity correlates with the observation of Lin and Akera (1978) who have
demonstrated that adult brain Na+/K+-ATPase is not thyroid responsive. This may suggest
that the genes for each form of the enzyme become thyroid resistant at adulthood once the
fuU extent of proliferation and differentiation are attained in the brain.
4.4

M etabolism

4.4.1 Glucose Metabolism
General cerebral cortical, cerebellar and brainstem metabolism of glucose in adult
hypothyroid rats were not affected as measured by the incorporation of [^^C]-glucose into
major groups of metabolites including; CO 2 , proteins, TCA cycle intermediates, nucleic
acid and lipid. This correlates well with the observations that in adult hypothyroid brain,
glucose uptake and oxygen consumption remain normal (reviewed in Oppenheimer, 1983),
although studies by Pickard et al. (1990) have demonstrated that hypothyroidism during
fetal life affects the glucose metabolism {in vitro) in tissue slices of cerebral cortex;
incorporation of the glucose carbon skeleton into total amino acids and protein being
significantly reduced, indicating perhaps a decreased rate of turnover in the brain, which is
in agreement with a reduction in the activity of lactate dehydrogenase in the cerebral cortical
homogenates in the same animal model (Ekins et at., 1989). Our results indicate that adult
hypothyroidism is without effect on glucose metabolism in the brain. Furthermore, it is
consistent with our findings that the activities of two enzymes associated with energy
metabolism, lactate dehydrogenase and Na+/K+-ATPase, remain unaffected in brain
regions of adult hypothyroid rats. A study of other metabolic enzymes associated with
glucose metabolism should help clarify this point.
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4.4.2 Glutamate Metabolism
Glutamate metabolism was affected in a region-specific manner as a consequence of adult
hypothyroidism. Incorporation of glutamate carbon skeleton into CO 2 fraction was reduced
by 25% and 45% in cerebral cortical slices and cerebellar minces, respectively. However,
incorporation into proteins was increased in tissue slices of cerebral cortex (by 73%) in the
experimented animals. Despite these changes, the large glucose/TCA intermediates pool
remained unchanged. Similar studies indicate that hypothyroidism during fetal life is
without effect on glutamate metabolism (in vitro) in the cerebral cortex (Pickard et al.,
1990). Our findings indicate that the major part of glutamate is being incorporated into
proteins, while a smaller portion is being oxidised into CO 2 This change may cause a
reduction in the amount of glutamate available in the Krebs cycle. Brain is dependent on
lipogenesis for normal CNS homeostasis, and a reduction in the glutamate pool, if any,
may lead to decreased formation of one or more of the lipid components necessary for
metabolic processes and structural turnover (e.g. myelin sheath). Furthermore, if the
glutamate system is compromised, it may also impinge upon the compromised
detoxification system (channelling of ammonia to glutamate to form glutamine). Observed
reduction in the oxidation of glutamate as a substrate, may impose restrictions on the
energy metabolic plasticity which could be lost, even though glucose may compensate for
this deficit. Direct measurement of the intracellular glutamate pool in the adult normal and
hypothyroid rats should help clarify this issue. Since glutamate is known to be a major
excitatory neurotransmitter in the CNS, these changes may cause potential abnormalities in
the CNS transmitter, and the relevancy of these alterations to the abnormal behaviours
frequently seen in adult hypothyroidism remains to be examined in further investigations
4.4.3 Acetate Metabolism
It has been demonstrated (in vivo studies) that adult onset hypothyroidism results in a
slower cerebral metabolism of acetate and a perturbation in the relative rates of the
tricarboxylic acid cycle between neurons and glia (Chapa et a i, 1992). However, our in
vitro metabolic studies on acetate metabolism in different brain regions did not show any
significant changes in terms of acetate being metabolised into its metabolic intermediates.
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This discrepancy may be due to the difference in the two methodologies used (in vivo as
opposed to in vitro) to evaluate acetate metabolism in the adult CNS, or that in our system
(in vitro ) a flooding amount of acetate (10 mM) was applied, which may have normalised
the total pool, thus, any changes may have been obscured.
4.4.4 Incorporation of Lvsine into Proteins

In order to obtain a clearer picture of the metabolic changes in the adult onset
hypothyroidism, we designed an experiment to investigate protein synthesis (turnover ) in
the experimental animals and the normal group by investigating lysine incorporation into
proteins (in vivo) in different brain regions from cytosolic and particulate fractions. It was
observed that lysine uptake and incorporation into proteins in cytosolic and particulate
fractions were not affected in any region as a consequence of adult hypothyroidism. This
correlates well with the observation of others (Michels etal.^ 1963) who have demonstrated
that administration of thyroxine has no effect on in vivo protein synthesis in adult rat
brain. Sokoloff (1967), working with a cell free system of immature rat cerebral tissue, has
shown that one of the prime molecular functions of L-thyroxine is to stimulate protein
synthesis. If adult cerebral tissue is substituted, there is no enhancement of protein
synthesis. Therefore, it is tempting to postulate that in the infant rat brain, thyroid
hormones enhance the synthesis of protein, but once mature, brain protein synthesis is
unresponsive of thyroid hormones.
In neonatal hypothyroidism, the uptake of glutamic acid and lysine into acid soluble
fraction is not significantly affected but their incorporation into proteins is increased
(Vojcana & Eberhardt, 1977). In contrast, the uptake of another amino acid, leucine, is
increased as its incorporation into proteins in neurons. This may be explained by the fact
that only one compartment of brain is being affected (neurons) while other compartments
which constitute a much higher proportion (e.g. glia) remain unaffected. Therefore, the
change is so small that it is obscured in the whole brain regions. It may also be the that
uptake and incorporation of a particular amino acid (e.g. leucine) is affected, while others
remain unchanged (e.g. lysine).
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The major portion of lysine incorporates into histone, a nuclear protein located in
chromosomes. It is likely therefore, that thyroid hormones at adulthood may not have any
influence on cellular turnover. Furthermore, this observation is indirectly confirmed by our
findings that DNA, RNA, protein, and their ratios do not change in any region in the
experimental animals. Therefore, it is assumed that TH only influence these amino acids
(their incorporation into proteins) in the developing brain while adult brain is somewhat
resistant to these changes.

4.5

Effect of Adult Hypothyroidism on the Expression of THNR mRNA

Isoforms

The various effects of thyroid hormone on vertebrate tissues are mediated through its
binding to a nuclear receptor protein, thereby activating the expression of gene networks.
Either positive or negative effects on gene transcription can be generated by hormone
/receptor/ DNA complex depending on the identity of the gene and the target tissue (Hodin
et al., 1989; Miyamota et al., 1993). In the adult, it has been shown that the brain contains
both high levels of nuclear thyroid hormone binding capacity (Gullo et al., 1987b) and
significant amounts of T4 and T3 (Heninger & Albright 1975; Obregon et al., 1987).
Furthermore the presence of a single class of T3 binding sites has been demonstrated in the
rat brain (Ruel et al., 1985), although more recent evidence has demonstrated the
expression of multiple c-erbA genes in various rat tissues including the brain (Lazar et al.,
1988).
In normal adult rats, cerebral cortex has been reported to be rich in nuclear T3
receptors and the cerebellum appears to have the lowest concentration (Gullo et al., 1987a).
Our results however show that the cerebral cortex has relatively low concentrations of a -1
and (3-1 mRNAs. One explanation for this discrepancy may be regional differences in the
translation of the transcripts. This explanation presupposes either shorter half-life of these
mRNA isoforms in different brain regions and/or relative paucity of translational and post
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translational cofactors (Yaiota et a l, 1990). That assumption remains to be experimentally
confirmed.
In the hypothyroid cerebral cortex, nuclear T3 receptor mRNA isoforms do not
change significantly, although the a - 1 mRNA appears to be slightly up-regulated. This
observation is in agreement with the report thatccr€brocortical T3 nuclear binding capacity
(MBC) does not change under hypothyroid conditions (Strait et a/., 1990). Although there
is no or little correlation between a -1 mRNA levels and nuclear T3 binding activity, a -1
mRNA is up-regulated in all other brain regions and a massive increase in p-1 subtype,
particularly in the subcortex, is observed. In the liver, one of the most thyroid hormone
responsive organs, a -1 mRNA remains unchanged, whereas a significant down-regulation
in P-1 is observed. This is contrary to the observation that T3 nuclear binding MBC
increases in hypothyroid condition along with 5'-monodeiodinase activity in the cerebral
cortex (Leonard et al., 1981) and TSH in the pituitary (Franklyn & Sheppard, 1988).
On the other hand, a - 2 mRNA remains constant in all brain regions in hypothyroid
animals, as well as the liver message. The proposition that the relative synthesis of a - 2
(non-binding receptor) is responsible for 'functional receptor’ homeostasis (Strait et al.,
1990) is in some doubt, according to our results.
On the other hand, the p -2 form, which has been reported to be exclusively
localised in the pituitary (Hodin et al., 1989), was not expressed in any brain region that
has been examined by us.
Whether any of the above receptor mRNA isoforms are translated into functional
proteins or indeed if there is any temporal relationship between the levels of mRNA and the
levels of 'functional receptor' proteins in the nuclei, remains an open question. Similarly
whether the observed up-regulation and down-regulation of receptor mRNAs are cellspecific within the affected regions remains to be investigated. Assuming that the neurons
have higher concentrations of receptors in comparison to the astrocytes and
oligodendroglial cells (Dussault & Ruel, 1987 ; Gullo et al., 1987a, 1987b; Hubank etal.,
1990), it is likely that the massive changes observed in hypothyroidism may largely be
specific to neuronal cells.
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The region-specific increase in receptor subtype mRNAs in the hypothyroid brain
cannot yet be explained mechanistically with any degree of certainty. However, it is
possible that in hypothyroid conditions, transcriptional cofactors and coregulators such as
R X R a-1 and RXRp synthesis may be responsible for this phenomenon (Bugge et al.,
1992). On a broader perspective, thyroid hormones have been shown to stimulate DNAdependent RNA polymerase activity and enhance incorporation of radiolabelled orotic acid
into RNA in mammalian liver (Tata & Widnell, 1966; Widnell & Tata, 1967). Increased
transcription of T3 nuclear receptor mRNAs in the hypothyroid brain, therefore, is at
variance with these observations. One of the explanations for our observations may be that
thyroid hormones binding to the receptor(s) may subsequently have an attenuating effect on
transcription, either through preventing the binding of enhancers, because of higher
affinity, and/or thyroid hormone binding to the response element(s) may partially neutralise
the response element(s). However, whether these "free" receptors in a hypothyroid
condition actually participate in autoregulation of their gene expression is not clear.
Absence of thyroid hormone in hypothyroidism however may remove competition between
coregulators resulting in enhanced transcription of a -1 and ^-1 receptor mRNA subtypes.
Although several T3 nuclear receptor mRNA isoforms are transcribed in a tissue-specific
manner (Weinberger et at., 1986) and their translational products can apparently be
identified by a immunohistochemical method (Childs et al., 1991; Dussault et al., 1991),
whether all the isoforms are "functional" or not remains in doubt Most studies on nuclear
T3 binding indicate similar dissociation constants (Kd) for the hormone and homologous
displacement characteristics, indicating that the functional receptors are a single class of
proteins (with only a few exceptions) as in development (Hubank et al., 1990) irrespective
of tissue origin. Although c-erbA proteins are products of two distinct genes (3 and 17),
structures of functional ligand- and DNA-binding domains may be highly conserved,
displaying similar hormone-binding affinity (Murray et al., 1988).
No satisfactory explanation is forthcoming as yet as to why so many isoforms
should be necessary. One possible explanation is redundancy of this system against
dysfunction in any one receptor type, the others acting as fall back systems which will be

156

activated only under certain circumstances. So many isoforms, however, go beyond the
concept of redundancy and verge on profligacy in terms of overall energy efficiency and
conservation. Thyroid hormone receptors have developed over at least several hundred
million years, since thyroid hormone receptors have been demonstrated in early chordates
(Galton, 1986; Weirich et al., 1987). The normal natural selection process will
therefore be expected to have eliminated "non-functional or inefficient" isoforms. Thus,
conservation of these in evolutionary time scale may indicate tissue/region specific
requirement of these genes albeit in a state/function dependent manner such as in
development (Hubank et al., 1990; Mellstrom et al., 1991). Indeed, such functions of cerbA and v-erbA have already been postulated. Sharif and Privalsky (1992) have shown
that translational product of c-erbA could interact with those of c-jun and c-fos genes to
yield an enhanced activity greater than that of either factor individually, whereas the v-erbA
protein represses the c-jun response. These functions have no relationship with thyroid
hormone nuclear binding effects and are independent This interpretation is supported albeit
marginally by the observation that induced hypothyroidism, coincident with up-regulated
T3 nuclear receptors^ arrests and regresses hepatic tumour and reticulosarcoma growth
(Kumar et al., 1979; Gillman et al., 1955). Similarly, mammary tumour cells have been
shown to have higher levels of nuclear T3 receptors than normal, although why so high a
premium will have to be paid in terms of overall energy homeostasis and what possible
evolutionary, metabolic and homeostatic advantages a multiple receptor system will confer
on the organism remains obscure. Nevertheless, the absence of alternative splicing of the cerbA a gene transcripts in amphibia and birds (Yaiota et al., 1990) may indicate a degree
of evolutionary selection of a - 2 and p -2 and retinoic acid receptor mRNA fairly late in
evolution coincident perhaps with homeothermicity, vivipary and placentation since
alternative splicing is not evident in either amphibia or birds (Forrest et al., 1990; Forrest
et al., 1991). It also appears that c-erbA were in stasis for a long time only mutating at the
point of placentation in response to as yet unidentified evolutionary selection pressure.
Relatively high levels of expression of a - 2 mRNA in several brain regions also
remains an enigma, although it has been suggested that this non-binding receptor
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occupying the nuclear membrane sites may modulate the numbers of binding receptors on
the nuclear surface (Strait et al., 1991). If this hypothesis is correct, these receptors will
increase in down-regulation and decrease in up-regulation of nuclear T3 receptors. No
evidence of this is available as yet. On the contrary, in up-regulated hypothyroid condition,
total binding capacity tends to increase as do the a - 1 , (3-1 and a - 2 receptor isoforms.
However, it is possible that the a - 2 receptor may have entirely as yet unknown function or
that at least a 2 may compete with other auxiliary nuclear proteins such as the RXR proteins
(Bugge et al., 1992, Marks et al., 1992), resulting in repressed expression of target genes
including c-erbA genes. It is known that the v-erbA protein which does not bind hormone,
is a dominant negative regulator of c-erbA expression (Graupner et al., 1989; Sap et al.,
1989). Thus, it is also conceivable that c-erbA a-2 may act as a repressor with a silencing
ability similar to the v-erbA oncogene products as shown in the kindred S receptor
(hTRD332) (Banihamad et al., 1992). Single transcription locus for both a - 1 and a - 2
may therefore confers a degree of local homeostatic control on gene expression. Co
expression of all receptor subtypes in the same tissue, indeed same cell type lends qualified
credence to such a hypothesis (Puymirat et al., 1991; Dussault et al., 1991). On a
cautionary note, the observed brain region specific distribution pattern for thyroid hormone
receptor mRNA isoforms may be due to the effects of administered PTU and may be
unrelated to hypothyroid state, although unlikely. Experiments using other anti-thyroid
drugs are however in progress in our laboratory may help clarify this. Much detailed work,
however, is also necessary to assign function to particular thyroid hormone receptor
isoforms and their role in receptor homeostasis.
4 .6

Summary

In this study, a rat model of adult hypothyroidism was used to investigate the possibility
that the adult brain may be sensitive to thyroid hormone, despite the suggestions that once
fully mature, the brain is no longer responsive to thyroid hormone. The clinical
manifestations and findings by others were encouraging to investigate the possibility that
thyroid hormone may play a role in the adult brain. People living in iodine deficient
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regions, suffer more or less from some degree of clinical consequences, mainly impaired
brain functions as a result of hypothyroidism. These clinical symptoms are mostly
associated with psychotic behaviour, delusions, myxoedematous madness, confusion,
memory impairment, slow motor coordination and cerebellar ataxia.
In initial studies, we investigated the effect of adult hypothyroidism on regional
levels of macromolecules and the activities of various functional enzymes. We also
performed general metabolic studies and examined the expression of thyroid hormone
nuclear receptor isoforms in different brain regions.
We have observed that adult hypothyroidism results in brain region-specific
changes in the activities of a number crucial and functional enzymes (acid and alkaline
phosphatases, arylsulphatase A, MAO, AChE, AAT, GABA-T, PKC, PKA, 5'-Dll),
general metabolism (glutamate metabolism), and the expression of thyroid hormone nuclear
receptor isoforms. Although no consistent pattern of regional damage was observed, the
cerebellum appeared to be the most vulnerable region. The findings with respect to the
cerebellum are of interest since they are consistent with the prominent clinical signs of
cerebellar dysfunction in hypothyroid man (Adams & Rosman, 1971a). However, some
parameters are known to be compromised in the cerebrum as a consequence of adult onset
hypothyroidism (Rastogi & Singhal, 1976; Ruiz-Marcos et al , 1980; Gross et al , 1980;
Gross & Schumann, 1981; Dembri et al., 1983; de Nayer & Maloteaux, 1991; Orford et
al., 19991). Although the findings support the view that adult brain function is dependent
upon the maintenance of the euthyroid state, it is not possible to draw firm conclusions
regarding the thyroid hormone-responsiveness of the adult brain. For example, the
likelihood that the effects may occur secondary to metabolic changes in other tissues (in
particular the liver) cannot be ruled out. Elucidation of the time of onset of such changes
and their reversibility in response to thyroid hormone replacement therapy, coupled with
further investigations of thyroid hormone-responsiveness of the affected parameters in
tissue culture system, may help clarify this issue.
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4.7

Future Work

The results presented in this thesis clearly indicate that hypothyroidism disrupts a range of
biochemical, enzymic, metabolic and molecular biological functions in the adult CNS in a
brain region specific and parameter selective manner. These observations not only
unambiguously prove that thyroid hormones influence adult brain functions, but are also
crucial amongst critical determinants.
These results, although

indicative o ^ a u s e and effect relationship, do not shed

any light upon any mechanism through which the effects are modulated. It is interesting
however that some of the parameters investigated eg PKC/PKA systems, monoamine
oxidase system and associated Ca^+ homeostasis are closely associated with gene
expression (Takahashi, 1993). It will be of critical importance therefore to investigate each
and every step e.g. inositide cascades, Ca^+, calcinurin/calmodulin system, norepinephrine
system, cyclic AMP levels in hypothyroidism and relate these to the upregulation of 5-DII,
MAO, and c-erbA gene expression (transcription).
It is also essential to investigate whether thyroid hormone replacement and at what
dose will correct the abnormalities observed in hypothyroidism and also to delineate
whether our exposure to thyroid hormones (hyperthyroidism) also has disruptive effects on
brain metabolism and functions. These aspects will be investigated in the future
Any and all brain functions or dysfunctions have of course to be explained by
neuronal/glial and synaptic functions. Therefore, another very important extension of this
project will be to investigate the effects of hypothyroidism and hyperthyroidism in
neuronal/astroglial and oligodendrial cells in culture. This kind of investigation will yield
specificity of action and answers related to dose dependent functions of thyroid hormones
in the CNS. Use of molecular biological techniques will obviously clarify the control
systems involved in the expression of pre-mRNA-mRNA transcripts, DNA-hormone,
DNA-protein and receptor-hormone interactions in a cell specific manner in development
(non confluent cultures) and at adulthood (confluent cultures).
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ABSTRACT
The influence o f hypothyroidism in the adult rat on
brain biochem istry was investigated. Hypothyroidism
was induced in 6-m onth-old male rats by partial
thyroidectom y coupled w ith the administration o f
6-n-propyl-2-thiouracil (0-005%, w/v) in the drinking
water. Age-m atched euthyroid m ales served as the
controls.
H ypothyroidism resulted in brain region-specific
changes in certain catabolic enzym e activities. Acid
phosphatase activity was reduced in the cerebellum
(by 34%) and the medulla (by 38%), whereas alkaline
phosphatase activity was decreased in the mid
brain (by 37%) and the subcortex (by 49%). A differ
ential response was also observed in the case o f
aryl sulphatase activity; aryl sulphatase A (myelindegradative activity) was dim inished in the cerebellum

(by 56%), whereas aryl sulphatase B remained un
changed in all regions. A cetylcholine esterase activity
was reduced in the cerebellum (by 45%), the m edulla
(by 34%) and the subcortex (by 45%), whereas
m onoam ine oxidase activity w as affected in only one
region, the cerebellum, where it was increased by
(61%).
The com prom ise o f m yelin and neurotransmitter
degradative enzym e activities m ay place severe restric
tions on norm al brain function. The vulnerability o f
the adult rat cerebellum to the effects o f thyroid
ectom y is com m ensurate w ith the known clinical signs
o f cerebellar dysfunction in adult hypothyroid man.
These findings raise the possibihty o f an im portant
role for the thyroid horm ones in the mature brain.
Journal o f Endocrinology (1993) 138, 299-305

INTRODUCTION

(T 4) and 3,5,3'-tri-iodothyronine (T 3) (Heninger &
Albright, 1975; O bregon et al. 1978). Furthermore,
intracellular T 3 is closely regulated (Kaplan &
Y askoski, 1980; D ratm an et al. 1983); the activity o f
cerebrocortical iodothyronine 5'-deiodinase type II
responding very rapidly (within 4 h ) to changes in
circulating thyroid horm one levels (Leonard et al.
1981). Taken together, these observations raise the
possibihty that the adult brain is a thyroid hormonesensitive tissue. Indeed, both m orphological and
biochem ical evidence from studies in the rat is
accumulating to support this view.
The number and distribution o f spines along the
apical shaft o f pyram idal cells o f the adult visual
cortex are altered as a consequence o f thyroidectomy
(Ruiz-M arcos et al. 1980). A recent study further
indicates that cerebral cortical and striatal levels o f
RC3 m R N A (which encodes a neuronal dendritic
protein) are dependent upon the thyroid status o f the
adult (Iniguez et al. 1992), although the function o f

A lthough the importance o f the thyroid horm ones in
m am m alian brain developm ent is well established
(Timiras, 1988), their role in the adult brain remains a
contentious and relatively neglected area o f research.
N evertheless, the clinical sym ptom s o f adult onset
dysthyroid states suggest profound changes in brain
function. For example, hypothyroidism is associated
with psychotic behaviour, delusions, hallucinations,
confusion, m em ory impairment, cerebellar ataxia and
loss o f the a-rhythm on E E G (Adam s & Rosm an,
1971a), whereas hyperthyroidism is accom panied by
an increased frequency o f the a-rhythm, nervousness,
irritability, tremulousness and, in extreme cases,
delirium, stupour and com a (Adam s & R osm an,
19716). Studies in the rat have shown that the adult
brain contains both high levels o f nuclear thyroid
horm one-binding capacity, at least in neurones (Gullo
et al. 1987), and significant am ounts o f thyroxine
Journal o f Endocrinology (1993) 138, 299-305
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this particular protein remains to be determined. At
the biochem ical level, thyroidectom y also results in
perturbation o f brain acetate metabolism (Chapa
et al. 1992), and a rapid (within 5 days) reduction in
brain nuclear R N A polymerase I activity (Dembri
et al. 1983), whereas brain m itochondrial respiratory
enzymes remain unaffected until 60 days after
thyroidectomy (Dem bri et al. 1983). Apart from
general m etabolic effects, the thyroid status o f the
adult rat has been shown to influence a range o f
parameters associated with neurotransmitter function
including the catecholam ine and indoleamine content
o f brain (R astogi & Singhal, 1976), the concentration
o f a number o f receptor systems (dopamine D 2
receptors, aj-,
and |3-adrenergic receptors and
opiate receptors) (Gross et al. 1980; Gross &
Schumann, 1981; Crocker et al. 1986; de Nayer &
M aloteaux, 1991) and the abundance o f G-protein
a-subunits (Orford et al. 1991). M any o f these effects
are reversed by correction o f the dysthyroid state
(Ruiz-M arcos et al. 1980; Dem bri et al. 1983; Chapa
et al. 1992), as are the clinical sym ptom s o f adult
onset hypo- and hyperthyroidism.
In this com m unication w e have examined the
effects o f thyroidectom y in the adult rat on gross
biochemical parameters and the activities o f a number
o f lysosom al and neurotransmitter enzymes in differ
ent brain regions. A preliminary report o f this work
has appeared elsewhere (Ahm ed et al. 1992).

MATERIALS A N D M ETHO DS
Materials
The follow ing chem icals were obtained from Sigma
Chemical C om pany Ltd (Poole, Dorset, U.K .):
6-n-propyl-2-thiouracil (PT U ), 3,5-diam inobenzoic
acid dihydrochloride (D A B A ), 5,5'-dithio-bis(2nitrobenzoic acid) (D T N B ), acetylthiochohne iodide,
kynuramine dihydrobrom ide and the various
4-methylumbelliferyl-conjugated substrates. Kits for
the determination o f total T 4 and total T 3 were
purchased from N orth East Tham es R egion Immu
noassay U nit (N E T R IA , L ondon, U .K .). A ll other
chemicals were from Merck Ltd (Poole, D orset,
U .K .).

Animal model
M ale Sprague-D aw ley rats, partially thyroidectomized (parathyroid-spared; Tx) at adulthood (approxi
mately 6 m onths o f age; 250-300 g body weight), and
their age-m atched euthyroid controls were supplied
by Charles River U K Ltd (M argate, Kent, U .K .). All
animals were m aintained at 22 “C, on a schedule o f
Journal o f Endocrinology (1993) 138, 299-305

14 h light : 10 h darkness, with free access to food
(standard small animal laboratory diet) and water.
Immediately upon receipt, the drinking water o f the
Tx group was supplemented with P T U (0 005%, w/v)
to ensure hypothyroidism. B lood samples were
collected from the taü vein at weekly intervals (for
thyroid horm one determination) and all animals were
killed once serum total T 3 levels in the T x group were
no longer detectable (within 3 weeks o f initiation o f
P T U treatment).

Sample preparation
The animals were stunned and killed by cervical
dislocation. Brains were removed to a Petri dish on
ice, cleansed o f meninges and blood vessels, and
dissected into cerebellum, medulla, midbrain, sub
cortex and cerebral cortex. Brain regions were
chopped and hom ogenized w ith sucrose (0 32 mol/1)
by 20 upward/downward strokes in a hand-held
homogenizer (at 4 °C) to yield a 10% (w/v) homogenate. The hom ogenate was aliquoted and used
either fresh or stored at — 20 “C.

Analytical procedures

Thyroid hormone determination
Blood was allowed to clot and the serum was
obtained by centrifugation (2500 g for 10 min; 4 *C).
Serum levels o f total T 4 and T 3 were determined
using commercial kits. The sensitivities o f these
assays are 3 19 nmol/1 for total T 4 and 0 29 nmol/1 for
total T 3.

Protein determination
Protein was assayed by the m ethod o f Lowry et al.
(1951).

Nucleic acid determination
A liquots o f tissue hom ogenate were precipitated with
an equal volum e o f trichloroacetic acid ( 20%, w/v) on
ice for 20 min, then centrifuged (2500 for 15 min;
4 *C). The pellet was washed three times with 5 vol.
trichloroacetic acid ( 10%, w /v) by resuspension and
centrifugation. The final pellet was suspended in 5 vol.
trichloroacetic acid (5%, w/v) and nucleic acid was
extracted by boihng for 15 m in. A fter centrifugation
(2500 ^ for 15 min; 4 *C), the pellet w as re-extracted,
the supernatants were com bined and then stored at
— 20 *C before assay.
D N A was determined fluorimetrically after reac
tion with D A B A (Setaro & M orley, 1976) and R N A
was assayed by the orcinol procedure (Schneider,
1945).

A dult hypothyroidism and the brain

Inorganic phosphate determination
Inorganic phosphate was assayed using the am mo
nium molybdate reaction, as described in detail
elsewhere (Hadjzadeh et al. 1990).

Acid and alkaline hydrolase activities
The activities o f a range o f acid and alkaline hydro
lases were determined with 4-methylumbelliferylconjugated substrates (Sinha & R ose, 1972), using
the following basic procedure. Assays (2 ml final
volume, in triplicate) contained substrate and tissue
homogenate (100 pg protein) in sodium citrate buffer
(50 mmol/1; pH 4*5). After incubation at 37 *C for 30
min, reactions were terminated by the addition o f
3 ml glycine buffer (0 5 mmol/1; pH 10 4). In assay
blank tubes, homogenate was added after the glycine
buffer. Liberated 4-methylumbelliferone was deter
mined fluorimetrically (360 nm excitation and 444 nm
emission wavelengths). For all enzymes, activity was
expressed as nmol product released/mg protein per h.
P-D-Glucosidase, p-D-galactosidase, N-acetyl-P-ogalactosaminidase and N-acetyl-P-o-glucosaminidase
assays employed the following substrates: 4-methylumbelliferyl
P-D-glucoside,
4-methylumbelliferyl
P-D-galactoside, 4-methylumbelliferyl N-acetyl-P-ogalactosaminide
and
4-methylumbelhferyl
Nacetyl-P-D-glucosaminide respectively, all at final
concentrations o f 0 5 mmol/1. For aryl sulphatase A
and B activities, the substrate was 4-methylumbelhferyl sulphate (0122 m m ol/1) and the amount
o f tissue protein was reduced to 50 pg. For aryl
sulphatase B, the buffer pH was increased to 7 1.
Phosphatase
activities
were
assayed
using
4-methylumbelliferyl phosphate (0 012 mmol/1). For
acid phosphatase, the am ount o f protein was reduced
to 25 pg and the incubation time was shortened to 15
min whereas, for alkaline phosphatase, the only
difference from the standard procedure was that the
citrate buffer was replaced with carbonatebicarbonate buffer (50 mmol/1; pH 9 0).

Acetylcholine esterase (AChE) activity
A colorimetric procedure (Ellman et al. 1961) was
used to assay A C hE activity. Assays (3T6 ml final
volume) contained D T N B (0 33 mmol/1), acetylthiocholine iodide (0 75 mmol/1) and tissue homogenate
(OT mg protein) in sodium phosphate buffer
(100 mmol/1; pH 8 0). Control incubations contained
eserine (10 pmol/1). After 5 min at 37 ”C, the
absorbance at 412 nm was read. AChE activity was
expressed as pm ol product (thiocholine) released/mg
protein per h.

Monoamine oxidase (M A O ) activity
The fluorimetric procedure o f Krajl (1965) was used.
Assays (3 ml) contained kynuramine (100 pmol/1) and
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homogenate (0 25 mg protein) in sodium phosphate
buffer (O'167 mol/1; pH 7 4). After 30 min at 37 ’C,
reactions were terminated by the addition o f 2 ml
trichloroacetic acid ( 10%, w/w), and centrifuged
(2500 ^ for 15 min; 4 ’C). Supernatant (1 ml) was
mixed with 2 ml N aO H (1 mol/1) and the fluorescence
read at 315 nm excitation and 380 nm emission wave
lengths. In control incubations, homogenate was
added after the trichloroacetic acid. M AO activity
was expressed as pmol product (4-hydroxyquinoline)
released/mg protein per h.
Statistical analysis
Statistical significance o f the results was determined
using the unpaired Student’s t-test. All data are
reported as means ± s.e.m .

RESULTS
Thyroid status
The Tx animals were hypothyroid at the time o f
experimentation as shown by undetectable circulating
total T 4 (< 3 2 nmol/1 versus 5 2 0 ± 6 0 nmol/1 for
controls; « = 1 0 ) and T 3 (<0*29 nmol/1 versus
1 3 5 ± 0 20 nmol/1 for controls; « = 1 0 ) levels. H ow 
ever, both body weight (265 ± 2 1 g for the Tx group
versus 250 ± 2 7 g for the control group; « = 5 ) and
brain weight (2 2 ± 0 31 g for the Tx group versus
2 1 ± 0 25 g for the control group; « = 5) were normal.
Despite the absence o f body growth stasis (possibly
due to residual circulating T 3), the activity o f
5'-deiodinase type II activity was found to be upregulated in the cerebellum and cerebral cortex o f the
Tx group (M . T, Ahmed, A . K. Sinha, M. R. Pickard,
K. D . Kim & R. P. Ekins; unpublished observations),
indicative o f brain hypothyroidism.
Protein, nucleic acid and inorganic phosphate content
The content and concentration o f protein, D N A and
R N A were normal in the five brain regions o f the
experimental group (data not shown). Protein : D N A
and R N A : D N A ratios were also unchanged (data
not shown). The total inorganic phosphate content
was also normal (data not shown).
Acid and alkaline hydrolase activities
Both acid and alkaline phosphatase activities were
affected as a consequence o f thyroidectomy in a brain
region-specific manner. Lysosom al acid phosphatase
activity was reduced in the cerebellum (by 34%)
and the medulla (by 38%), whereas non-lysosomal
Journal o f Endocrinology (1993) 138, 299-305
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A ctivity o f (a) acid phosphatase and (b)
alkaline phosphatase in brain regions from euthyroid
(open bars) and hypothyroid (solid bars) adult rats.
V alues are m eans ± s .e .m . (n = 5 anim als). * f < 0 05,
* * f < 0 005 com pared with euthyroid rats (Student’s
/-test).

alkaline phosphatase activity was decreased in the
midbrain (by 37%) and the subcortex (by 49%) (Fig.
1). A differential effect o f hypothyroidism was also
observed on the two com ponents o f aryl sulphatase
activity. Aryl sulphatase A activity was altered in only
one brain region, the cerebellum, where it was
reduced by 56%, whereas aryl sulphatase B activity
was unaffected (Fig. 2). Likewise, the activities of
four lysosom al glycosidases (P-D-glucosidase, P -d galactosidase, N -acetyl-P-o-galactosam inidase and
N-acetyl-P-D-glucosam inidase) were normal through
out the brain (data not shown).
Neurotransmitter catabolic enzyme activities
In the hypothyroid animals, the activity o f the
acetylcholine degradative enzyme, AChE, was re
duced by 45% in the subcortex and the cerebellum,
and less severely affected (34% decrease) in the
m edulla (Fig. 3). On the other hand, the activity o f the
Journal o f Endocrinology (1993) 138, 299-305
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catecholamine catabolic enzyme, M AO, was actually
increased (by 61%) in the cerebellum (Fig. 3).

D ISC U SSIO N
A primary requirement o f the animal m odel was the
induction o f hypothyroidism without the impairment
o f parathyroid function, therefore only partial surgi
cal thyroidectomy was performed. Furthermore, it
was essential for the ensuing hypothyroidism to be
both severe (to ensure brain hypothyroidism) and
rapid in onset (to minimize central nervous system
effects secondary to m etabolic changes in other
tissues); these objectives being met by drug (PTU)
administration.
A number o f gross biochemical parameters (D N A ,
R N A and protein) were all normal in the brain
from hypothyroid animals. In particular, the findings
with respect to D N A content, D N A concentration
and protein : D N A ratio indicate normal cell number.
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cell density and cell size, although effects on
specific neuronal or glial cell types/subtypes cannot
be excluded. The lack o f effect on cell number is
not surprising in view o f the fact that in neonatal
hypothyroidism this parameter is only altered in
those brain regions which are undergoing active cell
division (see Timiras, 1988). The apparent normality
o f cell size in the adult brain in the face o f severe
hypothyroidism is in stark contrast to the hypoplastic
neuropil seen in neonatally hypothyroid rats. Once
fully mature, it is likely that the gross m orphology o f
the brain is resistant to changes in thyroid status,
although fine structural features, such as the dendritic
spines, m ay be more susceptible (Ruiz-M arcos et al.
1980).
A lthough brain total protein was unaltered as
a consequence o f hypothyroidism , a number o f
enzymes were affected in a region-specific manner, as
judged by their specific activities. It is o f interest that,
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am ongst the affected activities, both aryl sulphatase
A and acid phosphatase activities are preferentially
localized within the neuronal cell population (Sinha
& Rose, 1972). It is unlikely, however, that thy
roidectomy results in general neuronal loss or com 
promise, since other lysosom al acid hydrolases with
preferential neuronal localization (N-acetyl-(3-Dglucosam inidase, P-D-glucosidase and, in particular,
P-D-galactosidase) (Sinha & R ose, 1972) were normal.
Similarly the lack o f effect on N-acetyl-P-ogalactosam inidase activity w ould tend to rule out any
gross glial cell loss or com prom ise (Sinha & Rose,
1973). Indeed, other workers have shown that the
expression o f m R N A s encoding neurone-specific
enolase and myelin proteolipid protein (an oligodendroglial marker) to be normal in the striatum and
cerebral cortex o f the thyroidectom ized rat (Iniguez
et al. 1992).
The two phosphatase activities were differentially
affected as a consequence o f adult hypothyroidism;
acid phosphatase being reduced in the cerebellum
and the medulla, and alkaline phosphatase being
decreased in the subcortex and the midbrain. In so
far as the former group o f enzymes involved in the
degradation o f m acrom olecules, such as phosphoproteins and phospholipids, then the turnover o f
brain membranes and other structural com ponents
may be adversely affected in the cerebellum and the
medulla. A lthough cellular levels o f total inorganic
phosphate remained within the normal range, deficits
in phosphatase activity m ay impinge upon the turn
over o f this pool, restricting phosphate availability
for phosphorylation-dependent events, and thereby
com prom ising the overall m etabolic efficiency o f the
brain.
Aryl sulphatase A activity was found to be com 
promised in only one region, the cerebellum, whereas
aryl sulphatase B activity was normal throughout the
brain. This observation em phasizes the selective
pattern o f damage incurred as a consequence o f adult
hypothyroidism. Aryl sulphatase A catalyses the deg
radation o f cerebroside sulphate (sulphatide), which is
a major constituent o f the myelin sheath. Genetic
deficiency o f the enzyme in man is known to result in
m etachromatic leukodystrophy which, in the adult
onset form, is associated with a range o f intellectual
and em otional disturbances and impaired m otor
function (reviewed in K olodny, 1989). W hether the
change observed in the adult hypothyroid rat is
sufficient to disturb brain function is unclear. An
important consideration is that the deficiency, albeit
severe, is by no means so com plete or so pervasive as
in the genetic disorder; indeed, studies in man have
shown a normal turnover o f sulphatide despite more
marked reductions in aryl sulphatase A (K olodny,
1989). On the other hand, the cerebellum is a highly
Journal o f Endocrinology (1993) 138, 299-305
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heterogeneous structure; certain nuclei or ceil types
may be more severely affected than others, resulting in
highly localized damage. Further work is needed to
clarify this issue.
The activity o f AChE was significantly reduced in
the cerebellum, the subcortex and the medulla. These
changes may reflect a reduced number o f cholinergic
synapses in the affected regions, since the enzyme is
preferentially (but not exclusively) localized within
these structures. The use o f more specific cholinergic
markers, coupled with alternative techniques (e.g.
immunocytochemistry or in-situ hybridization) is
required to investigate this possibility in more detail.
Alternatively, the observed effects may simply be due
to changes in the turnover o f the enzyme protein.
Indeed, evidence from tissue culture experiments
indicates that AChE is under direct thyroid hormone
control (Honegger & Lenoir, 1980; Akuzawa &
W akabayashi, 1985). W ith respect to brain function,
the reduced activity o f AChE may have physiologi
cally significant effects on synaptic transmission;
initially, excessive receptor stimulation may result,
closely followed by an increased latency, resulting in
a delayed response time. It is argued therefore, that
the region-specific alteration o f AChE activity as a
consequence o f chronic adult hypothyroidism may
contribute to the behavioural disorder characteristic
o f this condition.
Total M AO activity on the other hand was affected
in only one region, the cerebellum, where it was
significantly increased. This change, although unex
pected, is not altogether surprising, since several
other proteins (e.g. 5'-monodeiodinase type II and
G-protein a-subunits) are known to be up-regulated
in adult hypothyroidism (Leonard et al. 1981; Orford
et al. 1991). Furthermore, the activity o f M AO -A (but
not M AO-B) has been found to be up-regulated in
neonatal hypothyroidism (Vaccari et al. 1983). The
mechanism o f the change observed in our experiments
is unclear: although M A O -A activity in neuroblas
tom a cell lines is directly responsive to the thyroid
hormones, activity is regulated in a positive manner
(Safei & 'Timiras, 1985). Furthermore, once the cell
lines are fully differentiated (by sodium butyrate
treatment), they are no longer thyroid hormoneresponsive (Safei & Timiras, 1985).
In summary, we have observed brain regionspecific changes in a number o f degradative enzyme
activities (acid and alkaline phosphatase, aryl
sulphatase A , M AO and AChE) in rats made
hypothyroid at adulthood. Although no consistent
pattern o f damage was observed, the cerebellum
appeared to be the m ost vulnerable region, whereas
the cerebral cortex was totally unaffected. However,
other parameters are known to be compromised in the
cerebrum as a consequence o f adult onset hypothy
Journal o f Endocrinology (1993) 138, 299-305

roidism (Rastogi & Singhal, 1976; Gross et al. 1980;
Ruiz-Marcos et al. 1980; Gross & Schumann, 1981;
Dembri et al. 1983; de N ayer & Maloteaux, 1991;
Orford et al. 1991; Iniguez et al. 1992). The findings
with respect to the cerebellum are o f interest since
they are consistent with the prominent clinical signs o f
cerebellar dysfunction in hypothyroid man (Adams &
Rosman, 1971a). A lthough the findings support the
view that adult brain function is dependent upon the
maintenance o f a euthyroid state, it is not possible to
draw firm conclusions regarding the thyroid hormone
responsiveness o f the adult brain. For example, the
likelihood that the effects may occur secondary to
metabolic changes in other tissues (in particular the
liver) cannot be ruled out. Similarly, it may be argued
that the effects are mediated by PTU per se. However,
the normality o f macromolecule (D N A , R N A and
total protein) levels, glucose catabolism (M. T.
Ahmed, A. K. Sinha, M . R . Pickard, K. D . Kim &
R. P. Ekins; manuscript in preparation) and lyso
somal glycosidase activities would tend to rule out
general metabolic com prom ise. Elucidation o f the
time o f onset o f the observed changes and their
reversibility in response to thyroid hormone replace
ment therapy, coupled with further investigation o f
the thyroid hormone responsiveness o f the affected
parameters in in-vitro systems, may help clarify these
issues. M olecular biological approaches may greatly
assist in this matter.
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HYPOTHYROIDISM IN THE ADULT RAT CAUSES REGION-SPECIFIC BIOCHEMICAL CHANGES IN THE BRAIN
M. Ahmed. A. Sinha. M. Pickard. K. Kim. R. Ekins - Department of Molecular Endocrinology, University College and
Middlesex School of Medicine, Mortimer Street, London W1N 8AA, United Kingdom.
It is often stated that the thyroid hormones (TH) play no role in the metalx)lic homeostasis of the adult brain. However,.
adult hyperthyroidism is associated with a range of behavioural anomolies Including; hyperactivity, tremor, anxiety state
and, in extreme cases, psychotic episodes. Conversely, adult hypothyroidism results In, for example, slow reaction
time, restlessness and depression. Since these clinical findings support a role for the TH in the maintenance of CNS
function, we have investigated the brain biochemistry of adult hypothyroid rats.
Male Sprague-Dawley rats (300 g body weight) were made hypothyroid by thyroidectomy and the addition of 0.1%
(w/v) propylthiouracil to drinking water; Euthyroid control and experimental animals (n « 5) were maintained under
normal animal house conditions with food and water ad libitum. Brain regions (cerefc>ellum-CB, medulla-MO, midbrainMB. cerebral cortex-CC and subcortex-SC) were obtained and homogenised In 0.32 M sucrose for biochemical
analysis. Results are expressed as mean ± SEM and statistical analysis was performed using Student's Ftest.
The experimental animals were severely hypothyroid: both serum T4 and T3 being undetectable (<3 nM vs 52 ± 6 nM
for controls, and <0.3 nM vs 1.4 ± 0.2 nM for controls, respectively). Although the total protein concentration was
normal In all regions, a number of enzyme activities were altered In the hypothyroid group. Acid phosphatase was
reduced In CB (by 34%, P < 0.05) and MD (by 38%, P < 0.005), and alkaline phosphatase was diminished in MB (by
37%, P < 0.05) and SC (by 49%, P < 0.05). Arylsulphatase A was decreased In the CB (by 56%, P < 0.005),
whereas the activities of arylsulphatase B and. a range of lysosomal glycosidases were normal In all regions. The
activities of the neurotransmitter degradative enzymes, acetylcholine esterase (AChE) and monoamine oxidase
(MAO), were affected in the hypothyroid group - the former was decreased in CB (by 45%, P < 0.05), MD (by 34%, P
< 0.05) and SC (by 45%, P < 0.02), whereas the latter was Increased In CB (by 61 %, P < 0.005).
These findings Indicate that, contrary to conventional wisdom, the thyroid hormones may play a role In adult brain
homeostasis. In particular, changes in neurotransmitter metabolic activity may be expected to contribute to the
behavioural dysfunction observed under hypothyroid conditions.

93

I

im m i

mmm^

/ _______________________
J. Endocrinol. Invest. 16 (Suppl. 2 to no. 6): 1993

1 0 8 ADULT HYPOTHYROIDISM MODULATES GLUTAMATE METABOUC ENZYMES IN RAT BRAIN
M Ahmed, A. Sinha, K. Kim, M. Pickard and R. Ekins - Department o f Molecular Endocrinology, University
College and Middlesex School o f Medicine, Mortimer Street, London W IN 8AA.
The role o f thyroid hormone in the adult brain is poorly understood, despite significant tissue concentrations and
high levels o f nuclear binding capaci^. Current evidence suggests perturbation o f neurite structure, coupled
with changes in neurotransmitter turnover/function and general metabolism, as a consequence o f adult-onset
dysthyroid states. In this communication we present evidence indicating thyroid hormone modulation of en^m e
systems associated with glutamate metabolism in adult CNS regions.
Male Sprague-Dawley rats, partially thyroidectomized (parathyroid-spared; Tx) at adulthood (6 months of age)
and their age-matched euthyroid controls (N) were studied. The Tx group was supplied with drinking water
containing 0.005 % (w/v) PTU to ensure hypothyroidism. Brains were removed and dissected into cerebral
cortex (CC), cerebellum (CB) and brain stem (BS). Tissues were either homogenized for enzyme assay or sliced
for metabolic studies.
Adult hypothyroidism resulted in the alteration of enzyme activities associated with glutamate metabolism. The
specific acitivity of G ABA transaminase was decreased in all brain regions (CC by 27%, CB by 43% and BS by
48%, p<0.005), whereas that o f aspartate aminotransferase was selectively reduced in CC (by 25%, p<0.05) and
CB (by 40%, p<0.01). In contrast glutamate dehydrogenase and glutamine synthetase specific activities were
normal in all regions. The in vitro metabolism o f [U-i^C]glutamate was also compromised insofar as
incorporation o f radiolabel into the CO2 fraction was diminished in CC (by 22%, p<0.05) and CB (by 29%,
p<0.05). N o significant change was found, however, in the labelling of odier fractions (protein, nucleic acid and
lipid). [U-i4C]Glucose metabolism was normal in all brain regions.
In conclusion, contrary to accepted notions, our results suggest a region-specific regulatory role of thyroid
hormone in glutamate homeostasis in the adult CNS.
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ADULT HYPOTHYROIDISM MODULATES 5'-MONODEIODINASE ACTIVITY AND EXPRESSION OF
THYROID HORMONE RECEPTOR GENES IN RAT BRAIN
K.D. Kim, A.K. Sinha, M.T. Ahmed, M.R. Pickard and R.P. Ekins; Department of Molecular Endocrinology,
University College and Middlesex School of Medicine, Mortimer Street, London WIN 8AA.
Although a critial role for the thyroid hormones in mammalian brain development is well documented, their
importance with respect to the adult brain remains contentious. We have previously demonstrated that
hypothyroidism in the adult rat causes region-specific biochemical dysfunction (eg; acetylcholine esterase,
arylsulfatase and monoamine oxidase activities). The aim of this study was to examine the consequences of adult
hypothyroidism for thyroid hormone homeostasis in brain regions.
'
Male Sprague-Dawley rats, partially thyroidectomized (parathyroid-spared; Tx) at adulthood (6 months of age)
and their age-matched euthyroid controls (N) were used in this study. The Tx group was supplied with drinking
water containing 0.005 % (w/v) PTU to ensure hypothyroidism. Upon confirmation of hypothyroidism, brains
were removed and dissected into cerebral cortex (CC), cerebellum (CB) and brain stem (BS). 5’Monodeiodinase (5’D-I and 5 ’D-II) activities were examined in homogenates by determination of 125I-T3 _
formation from ,125I-T4. Total RNA was isolated from the tissues and analysed by Northern and slot
hybridisations using 32p-iabelled isoform-specific cDNA probes for the thyroid hormone receptors (TRs).
No change was observed in either protein or nucleic acid concentration. Although adult hypothyroidism resulted
in marked increases in the specific activity of 5’D-II in CC, CB and BS (by 53%, 96% and 9% respectively,
p<0.001), no significant change was found in 5’D-I. The expression of the TRs was also affected by '
hypothyroidism: the TRa-1 and p-1 mRNA levels were slightly increased in CB and BS but remained unchanged
m CC. The non-ligand binding variant, c-erbAà-2, appeared to be unaffected.
' " %'
Our results suggest that selective alteration in the expression of the 5’D-II activity and the TR mRNAs as a
consequence of adult hypothyroidism. These findings illustrate a region-specific pattern of adaptive up-regulation
of 5’D-II and nuclear TRs perhaps in an attempt to maintain thyroid hormone homeostasis in the rat brain.
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