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ABSTRACT

Thyroid hormones (TH) play an important role in early neurogenesis in 

utero. However, the biochemical and metabolic mechanisms underlying this 

role has only been scantily investigated, although some reports exist pointing 

to metabolic dysfunctions in the brain of rat progeny born to 

hypothyroxinémie dams. In order to further investigate this role we have 

studied the nature of thyroid hormones influence on amino acid uptake and 

incorporation into protein as well as [3R]-2-deoxy-D-glucose (2DG) uptake 

into neural cell culture. Uptake into synaptosomal fractions, prepared from 

Euthyroid & Hypothyroid adult rats, was also studied.

The results show that 2DG uptake into synaptosomes, prepared from 

euthyroid rats, was not influenced by T3 concentrations between lO'lb-lO"^

M» while those prepared from hypothyroid rats were responsive and uptake 

was significantly stimulated by 1-100 nM T3 (by 20-70%,). 2DG uptake was 

inhibited by 1 pM T3 (by 25-70%, P< 0.(X)1) which was abolished by adding 

5 mM ATP. However, 2DG uptake into astrocytic culture was totally non 

responsive to the presence of TH. [^H]-Lysine uptake and incorporation into 

protein in astrocytic culture was significantly inhibited by the presence of 

TH. In neuronal culture, uptake and incorporation into acid soluble material 

was enhanced by 10 nM T3 . The uptake was dependent upon protein

synthesis, indicating that T3 mediated uptake of [^H]-Lysine in neurons is 

dependent upon the binding of T3 to the nuclear receptors followed by 

protein synthesis.

Results presented here, together with similar observations made by other 

researchers, provide evidence that TH in early neurogenesis may have a 

crucial influence on the metabolic homeostasis of the CNS. In addition, the 

following postulates will be considered :



1) TH are selective in their influence on different brain cells and metabolic 

parameters.

2) TH may directly affect the brain, independent of nuclear T3 receptors 

mediation.

3) TH seems to modulate the optimisation of metabolic homeostatic 

efficiency rather than drastically altering basic biochemical functions.
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1-1 The Thyroid Gland

Although there are many claims about the description of goitre in the 

literature, the Chinese of the second millennium B.C. as well as the 

Egyptians of the 1st millennium, described the gland fully. In 1564, Vesalius 

gave a full description of the thyroid gland (390). However, the modern 

description of the gland was first given by Wharton in 1656 (477), who also 

gave the gland its name, derived from the Greek word "Thyrus" meaning 

"shield-like", while Cooper (1827) described the thyroid gland in both man 

and animals (85).

In spite of the fact that the thyroid was fairly well defined anatomically, its 

function was far from understood. Many interesting speculations about the 

role of the thyroid gland were suggested in early stages, included to 

humidify the pharynx and trachea or to beautify the neck by filling the 

vacant space around the larynx particularly in women (477). Vercelloni 

(1711) and Hester (1717) even considered it to be a receptacle for worms 

whose eggs, and occasionally the worms themselves, crossed into the 

oesphagus for digestive purposes (300). Parry (1825) suggested that it 

cushioned the brain against a sudden increase in blood flow (306). Von 

Haller (in the 18th century) gave the thyroid gland a fairly correct 

classification as a ductless gland secreting a special fluid into the blood 

stream (493). King, in 1836, stated that the thyroid has an internal secretory 

function (243). In 1912, Gudernatsch, experimenting on tadpoles, 

demonstrated that the thyroid hormones have an important role in the 

development and differentiation of the body (187).

1-1-1 Ontogenesis

In the human embryo, thyroid development commences at day 24 as a 

midline thickening and then an epithelial prohferation of the endodermal
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floor of the pharyngeal cavity between the tuberculum impar and the copula 

(317, 488). The thyroid primodium penetrates the underlying mesoderm and 

descends in front of the pharynx forming a sac-hke diverticulum (317). This 

enlarges progressively and by the 7th week of gestation acquires a clearly 

bilobed shape, by differential mitosis of the epitheleal cells (136). At this 

stage of development, the gland has already descended to its definitive 

location, in the lower neck in front of the trachea, but it remains attached to 

its point of origin by a narrow canal, the thyroglossal duct (488). The two 

lobes of the thyroid rudiment, joined by a narrow isthmus, rest on either side 

and slightly behind the trachea, while the isthmus at the midhne runs across 

the front of the trachea just below the larynx, in the human and most 

mammals . Normally, the thyroglossal duct ruptures and the cells atrophy or 

are reabsorbed by the second month of gestation (317). However, the lower 

portion of the duct may contribute to an upward finger-like extension of the 

thyroid gland at the isthmus, the pyramidal lobe .

During the early stages of development (40-50 days of gestation), the 

endodermal cells are broken up by an ingrowth of connective tissue of 

mesenchymal origin carrying blood vessels, and the endodermal masses 

become arranged in follicles. At about the 11th week, a central lumen 

appears in the centre of each follicle surrounded by a single layer of cells . 

At about the 14th week the gland is capable of trapping iodide, synthesizing 

and releasing T4, yet it does not respond to thyrotropin (TSH) secretion until 

the 22nd week (143, 145). In rats, however, thyroid gland embryogenesis 

extends throughout the gestational period (2 2  days), while the pituitary 

hnked response does not occur until approximately 5 days after birth. As in 

the human, the thyroglobulin hormone synthetic capacity correlates with the 

period of follicular organization (317).
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Defective embryogenesis may result in complete or partial absence of the 

thyroid gland, and therefore an impaired production of thyroid hormones. 

Moreover, a deficiency in any of the enzymes involved in thyroxine 

synthesis cause the same problem which may produce a goitre in the fetus 

(488).

1-1-2 Anatomy and Histology

A- Anatomy

In mammals, the thyroid gland is separated into two lobes which are 

connected across the trachea with a narrow isthmus,just ventral to the

thyroid cartlidge (Fig. 1).

Parotid gland

Sternohyoid muscle 

Submaxillary gland— Thyroid gland

Trachea

Figure 1. The anatomy of the rat thyroid gland.

B- Histology

The basic histological units of the thyroid gland are spherical or ovoidal 

epithelial follicles, each follicle is enclosed by a thin layer of loose 

connective and then covered by a capillary plexus. Each folhcle consists of a 

single layer of follicular epithelial cells which encompasses a follicular
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lumen containing a mass of coagulable fluid called "colloid". The follicular 

epithelial cells are equipped with well-developed rough endoplasmic 

reticulum; they produce the colloid and secrete it into the lumen. A main 

component of the colloid is thyroglobulin, a large globular glycoprotein, 

which contains thyroid hormones as part of its molecule.

In mammals, parafollicular cells (C cells) are present in the interfolhcular 

spaces; they secrete calcitonin. Under the influence of enviromental stress, 

such as texposure to cold or to iodine-deficiency, the histologic appearance 

of the gland changes in a characteristic manner (41, 317, 502); generally, the 

quantity of colloid and the follicular cells height are inversely related (Fig.

2) (136). _____
.Epithelial cell 

- cell

Basement 
membrane

Capillary

a) Euthyroid follicle

b) Underactive follicles c) Overactive follicles

Figure 2. The thyroid follicle (Acinus)

1-2 Thyroid Hormones (TH)

In the mid 1890's, Baumann noted a high concentration of iodine in the 

thyroid and isolated a substance which he called "thyroiodine". Baumann's 

discoveries were confirmed by Oswald (1899) who isolated thyroglobulin
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(263, 5(X)) and Marine and Feiss (1915) who demonstrated the abihty of the 

thyroid gland to absorb iodide (199). Following the unsuccessful trial of 

Oswald in 1910 to concentrate thyroxine, using concentrated barium 

hydroxide (199), Kendall in 1914, obtained thyroxine in a crystalline form 

by alkaline hydrolysis of thyroid tissue and also gave it its name (239). The 

isolation method was then improved by Harrington in 1926 (198 199) and, a 

year later, Harrington and Barger elucidated the chemical structure and 

synthesized thyroxine (T4) (200). Due to the low concentration of 

triiodothyronine (T3) as well as its functional similarity to thyroxine, its 

existence was not discovered until 1950 when Gross and co-workers 

identified the presence of iodinated compounds other than monoiodotyrosine 

(MIT), diiodotyrosine (DIT) and thyroxine (T4) in rat thyroid gland (180). In 

1954 Gross J, and Pitt-Rivers discovered triiodothyronine (T3) and 

suggested that this is the peripheral thyroid hormone while T4 is its 

precursor (184, 185). Beside T4 and T3, other iodothyronines exist in blood 

as a result of peripheral deiodination of both T4 and T3. These include 

3,3',5’-Triiodothyronine (rT3) and 3,3’-diiodothyronine (T2) which are of 

some biological interest. Both compounds were isolated from rat plasma a 

few years after T3 was discovered. It is thought that the chemical structure 

of these iodothyronines decides their biological activités (118).

The function and structure of the thyroid gland is mainly controlled by 

thyrotropin hormone (TSH) which is secreted by the anterior pituitary gland. 

TSH is in turn controlled by a feed-back mechanism; a process activated by 

the level of thyroid hormone in the circulation. In the subsequent sections, 

the production and regulation of thyroid hormones will be dealt with in 

detail.
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1-2-1 Structural Features of The Thyroid Hormones

There is clear evidence for the importance of the various structural features 

of the thyroid hormones with respect to the production of hormonal 

responses, particularly their involvement in the two main steps required for 

hormonal action; first the binding to a specific site on the macromolecular 

receptor followed by an interaction between some chemically reactive 

feature of the hormone and a complementary component on the receptor, 

resulting in a chemical change in the latter. Thyroid hormones are derived 

from a thyronine nucleus (Fig. 3b) by partial or complete iodination of the 

positions 3 ,5 ,3 '  and 5' (Fig. 3c). There are six important structural features 

in the thyronine nucleus labelled a-f in Fig. 3b (reviewed in 227, 228 364, 

445). Their importance for thyroid hormone activity can be summarized as 

follows :.

1) A central lipophihc core of two aromatic rings bridged together by an 

appropriate atom (0,S,C), termed the diphenyl ether nucleus (feature b, in 

Fig. 3b). The plane of the phenolic ring is kept in a perpendicular position to 

the plane of the tyrosyl ring, to create a minimal energy conformation (Fig.

4) (249).

2) Non-polar groups in positions 3 and 5, which are limited in size such as 

halogen and methyl groups, provide a hydrophobic binding interaction with 

the receptor, and the steric constraint which defines the minimal energy 

conformation of the aromatic rings. These groups impart maximal hormonal 

activity, but are not responsible for the full activity (24, 6 8 , 71).

3) Specific polar groups are required at opposite ends of the central diphenyl 

ether core; an anionic side chain in position 1, such as alanine (L-residues 

are more active than D-residues, while a zwitterionic side chain contributes 

significantly to hormonal activity) (174), and a phenolic hydroxyl or

25



functionally equivalent group, such as amino, in position 4', which is 

important for the association to the transport protein and for hormone 

receptor interaction (23, 195, 458).

HO HO

A - Precursors

3 - Monoiodotyrosine (MIT) 3 , 5 - Diiodotyrosine (DIT)

HO

B - Thyronine nucleus

f  - Phenolic b - Diphenyl nucleus a - Amino acid (alanine)
side chainhydroxyl

group

HO

e - Phenolic 
(outer) ring 

3)-------- 2'

4 ' \ w / r  
I 5 ’ 6 ’ I

O-

c - Tyrosyl 
(inner) ring 

3>------ ,2

4 \ V  y / 1  

5 6

?
C H .— C— COO

 ̂ I 
NHg+

d - The bridging atom

C - Active Hormones

O— ^ ^ - C H 2- è  -  coo HO

NH/

V
CHz-C -  COO 

NH,+

3, 5, 3', 5' - Tetraiodothyronine 
(Thyroxine - T4 )

3, 5, 3' - Triiodothyronine (T 3 ) 

Figure 3. Structural formula of the thyroid hormones.

4) A single lipophilic, non-polar substituent of limited size, such as halogen 

atom or an alkyl or aryl group, in position 3' adjacent to the phenolic ring 

and in distal position to the inner-ring, i.e. sterically constrained analogues
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(227). On the other hand, a second lipophilic substituent in 5 '-position 

reduces activity in direct relationship to its size (330).

HO

COO’

Figure 4. The minimal energy conformation of the diphenyl ether
nucleus of thyroxine.

1-2-2 Thyroid Hormone Biosynthesis and Release

Apart from being one of the largest endocrine glands in the human body, the 

thyroid gland also possesses certain unique features; it requires iodide for 

hormone synthesis, it is capable of accumulating large amount of iodide and 

possesses a high capacity for hormone storage within its structural units, the 

follicules.

A- Biosynthesis

Thyroid hormone biosynthesis in the thyroid gland involves the uptake of 

iodide from the blood stream, followed by its inunediate oxidization and 

incorporation into tyrosyl residues on the thyroglobulin molecule. The 

resulting precursor hormones are stored within the folhcular lumen. These 

processes are interdependent and occur simultaneously.
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Iodine uptake and concentration: Major sources of iodine are drinking water, 

seafood, milk and eggs. The average daily intake is about 200 \ig. Iodide is 

rapidly and efficiently absorbed from the small intestine (223); this process 

appears to be independent of serum iodide or thyroid hormone level. 

Although other tissues (intestine, placenta, salivary and mammary gland) 

can accumulate inorganic iodide, mainly for iodine conservation, the thyroid 

gland, however, attains much higher concentrations (about 6000 pg) and is 

unique in its ability to incoporate iodide into hormone (Fig. 5) (25).

Thyroidal iodide pool
= 6000 pg

Diatery intake 
= 300 pg / day

0  pg / day 75 pg / day
85 pg / day

Extrathyroidal 
organic iodide 
pool = 500 pg

Extrathyroidal >  60 pg / day
inorganic iodide I-------------

« 75 pg

285 pg / day
Urinary and faceal 

excretion

2 0  pg / day

Figure 5. A simplified scheme of iodide distribution and 

metabolism in the normal adult human.

The basement membrane of the thyroid follicular cells contains an active 

transport system for iodide trapping, the iodide pump, involving a specific 

iodide carrier (294), the process is energy dependent and linked to the
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Na+,K+-ATPase (28, 136). However, the link is not complete, since ouabain 

does not totally block iodide accumulation (75). As much as 90% of total 

body iodine is stored in the thyroid mainly in organic molecules; most of the 

circulating I ' filtered by the renal glomeruli is reabsorbed. While the major 

pathway of I excretion is through the urine, approximately 12 pg/day are 

removed in faeces, mostly in organic form; lactation is also an important 

pathway in women.

Thyroglobulin biosynthesis: Thyroglobulin (Tg) is unique to the thyroid 

gland. It is a large glycoprotein (670,0(X) daltons) containing approximately 

120 tyrosine moieties, 1% iodine by weight and 10% carbohydrat. It is 

composed of two identical subunits, each 330,000 daltons in size, heavily 

cross-linked by disulphide bridges. Thyroglobuhn mRNA is synthesised in 

the folhcular cell nucleus then translated in the polysomes of the rough 

endoplasmic reticulum producing 12S proteins which combine to give 17S 

pre-thyroglobuhn (480). Thyroglobuhn is then packed in the Golgi complex 

and released from the Golgi vesicles into the folhcular lumen by exocytosis 

where it is stored as colloid.

Thyroglobuhn iodination: As a result of thyroglobuhn folding, only 70% of 

the tyrosyl residues can be iodinated. The iodination process occurs in the 

apical portion of the cell and is catalysed by a heme-containing peroxidase, 

which is synthesised and packaged in the Golgi complex. This enzyme is 

activated at the apical cell membrane by the presence of iodide and co

factor, H2O2- generating system (NADH or NADPH) (223, 504). A number 

of reaction mechanisms have been postulated for the oxidation process 

involved in linking iodide to tyrosine (98, 468). The most likely mechanism 

involves a free radicals, starting with peroxidase oxidation in the presence of 

H2O2 which then reacts with either iodide or with tyrosine producing free 

radicals which reacts together producing iodotyrosine or I2 , while the
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enzyme returns to the unoxidized state, the end results are mostly 3- 

monoiodo- and 3,5-diiodo-derivatives. However, in iodine-deficient regions, 

relatively more monoiodytyrosyl than diiodotyrosyl and less iodothyronyl 

residues are present in the thyroglobulin. Iodination reaction is inhibited by a 

number of drugs such as thiourea, propyl thiouracil (PTU) or methyl 

mercaptoimidazole (MMI), due to inhibition of peroxidase enzyme 

activities.

lodothyronine formation (couphng reaction): Iodinated tyrosine residues 

combine to form thyroid hormones within the structure of thyroglobulin; 

DIT couples with another DIT to form thyroxine or with MIT to form 

triiodothyronine. The precise mechanism by which coupling occurs remains 

unresolved, but it is clear that thyroid peroxidase plays an important role in 

this process, as well as in intial iodotyrosine formation (294). Two 

hypotheses are in existence: the intramolecular and the intermolecular 

coupling. The former hypothesis suggests that two iodotyrosine molecules 

combine while still part of the thyroglobuhn molecule, after being oxidized 

by peroxidase to the free radical state, to form a quinol ether intermediate 

which is subsequently hydrolysed. In the interm olecular coupling 

mechanism, a DIT molecule is liberated from the thyroglobuhn and is then 

deaminated by tyrosine transaminase to its pyruvic acid analogue, 4- 

hydroxy-3,5-diiodophenyl pyruvic acid (DIHPPA). This is then converted to 

its enol form and oxidized by H2O2 and thyroid peroxidase to DIHPPA- 

hydroperoxide. This intermediate then combine non-enzymatically with DIT 

present within the thyroglobuhn molecule to yield thyroxine (136). Similar 

routes are proposed for T3 formation except that different amino acid 

sequences are involved in the couphng reaction. In iodine deficiency states, 

fewer iodotyrosine molecules are formed and MIT:DIT as well as T3: T4 

ratios are increased.
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B- Release

Thyroid stimulating hormone enhances the formation of the pseudopods 

which extends from the apical surfaces of the follicular cells into the colloid, 

encircling small quantities of thyroglobulin to form a colloid droplet inside 

the cytoplasm. Colloid droplets and lysosomes fuse together producing 

phagolysosomes. The latter continue to migrate towards the basement 

membrane of the cell, meanwhile lysosomal proteases hydrolyse the 

thyroglobulin molecule releasing free iodothyronine (mostly T4) as well as 

some iodotyrosine.

Follicular cell Lumen

Pseudopods of the 
apical membrane

/VVWW\
DITT4 MIT T3

O Lys.
Ph. Lys^  \  Coll. dr.

&DITNADH Couplm
Deiodinase

Active
transport Peroxidase

Gol Comp Tyrosine

Figure 6. A simplified scheme showing the steps of thyroid hormones 
biosynthesis and secretion.

Thyroglobulin (Tg), rough endoplasmic reticulum (RER), Golgi 
complex (Gol Comp), vesicles (V), lysosomes containing protease 
(Lys), colloid droplet (Coll dr) and phagolysosome (Ph Lys).

Thyroxine and small amounts of T3 pass from the phagolysosome through 

the plasma and basement membrane to enter the blood stream where they
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circulate almost entirely bound to protein. Iodotyrosine released from the 

phagolysosomes are deiodinated and the free iodide returned to the follicle 

for reutilization (Fig. 6 ). In normal adults, T4 and T3 are the main secretory 

products of the thyroid gland, approximately 1(X) pg are released per day in 

a ratio of 2 0 :1.

1-2-3 Thyroid Hormone Transport

1 -2-3-1 Plasma Binding Proteins (PEP)

Only about 0.03% of TT4 and 0.3% of TT3 circulate in "free" form, the 

major portion of thyroid hormones being in association with specific plasma 

binding proteins (PEP). There are three major PEP; thyroid hormone- 

binding globulin (TEG), thyroxine-binding prealbumin (TEPA) and plasma 

albumin. All are synthesised in the liver while choroid plexus and the 

pancreatic islet cell are additional sources of prealbumin.

More than 70% of TT4 in the circulation is associated with TEG, a single 

chain a-glycoprotein of = 60,000 daltons with 15-20% carbohydrate (225). 

Each TEG molecule has a single binding site for T4 or T3 but usually there 

is only 30% occupancy. The plasma concentration of TEG is approximately 

1.5-2 mg/dl with high affinity for T4 (Ka « lOlO) and rather lower affinity 

for T3 (Ka ~ 3 x 10^). TEPA, a stable tetramer of « 54,000 daltons binds T4 

and T3 with much less affinity than TEG, it is peresent in the plasma at a 

concentration of 25 mg/dl (48). TEPA is also, but independently, involved in 

vitamin A transport (449). Although plasma albumin, a single polypeptide of 

69,000 daltons, has a very low affinity for T4 and T3, it binds a substantial 

portion (10% of T4 and 30% of T3), mainly due to its presence in the plasma 

at a very high concentration (approximately 3500 mg/dl) (82).
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T4 and T3 metabolites are very loosely bound to plasma proteins and are 

rapidly metabolised and excreted in the urine. TBG is higher in children than 

in adults, while TBPA level is lower in children. During pregnancy, as well 

as when oral contraceptives are taken, the synthesis of binding proteins 

(especially TBG) is increased, while during liver disease or renal failure, 

PBP concentrations fall.

1-2-3-2 Thyroid hormone delivery to target tissues

The physiological role of the plasma binding proteins has puzzled scientists 

for decades, yet no decisive answer has been reached. The apparent lack of 

any physiological consequence of inappropriate PBP levels has led to a wide 

variety of postulate. The traditional belief is that plasma binding protein 

might serve as a hormone reservoir which buffers the fluctuation of serum 

free hormone concentration caused by secretion or peripheral demand (381, 

462). It is even more generally believed that the thyroid hormone binding 

proteins assist in the retention of thyroid hormone within the vascular 

system, by reducing the degradation of the hormone and renal loss, there by 

preventing flooding into cells and transplacental passage from mother to 

fetus (334). More recently there has been many reports claiming that these 

binding proteins serve to promote differential delivery of hormones to 

specific target tissues (125, 337, 341), while Mendel et al .1987, suggested 

that the major function of the proteins is to facilitate uniform distribution of 

TH among all cells within each tissue (300). Despite all these suggestions, 

none seems so far to offer a definitive function(s) for these proteins.

Suggestions made so far describing the role of PBP in TH dehvery could be 

classified into two main concepts or hypotheses : The free hormone and the 

bound hormone concepts (123). The former is widely accepted and it holds 

the view that free (i.e. non-protein bound) hormone concentration in blood
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controls hormone delivery to target tissue and therefore thyroid hormone 

metabohsm and action (60, 108, 122, 383). This view is strongly backed up 

by observations made on some individuals who lack TBG in normal 

concentration, though they are normal individuals, implying that TBG does 

not play a vital role in thyroid hormone action (152). Despite the general 

acceptance of this hypothesis, the molecular events are still not clear and two 

principal models are currently in use. The first suggests that the dissociation 

of bound hormone from binding proteins takes place just before the hormone 

is taken up by target tissues and is rapid enough to keep free hormone 

concentration at the equilibrium level (381). The other model is proposed by 

Tait and Burstein 1964, which is in total contradiction to the previous one, 

claiming that dissociation does not take place during the time of transition of 

blood through the target tissue, so that free hormone levels gradually fell 

during passage through the tissue, whilst the blood-flow rate becomes the 

hmiting factor (462).

On the other hand, the bound-hormone hypothesis, first postulated by Keller 

and his co-workers (1969), has less support among scientists and it was even 

completely disregarded in the early stages (238). They suggested that certain 

tissues are permeable to specific binding proteins thus to protein bound 

hormone, it has gained more ground by a simillar proposition made by 

Siiteri in 1982 (432), however it has failed to explain the rise of binding 

protein during pregnancy. Meanwhile Perdridge (1981) postulated that the 

role of PBP is for the selective delivery of the hormones to tissues, which 

varies from organ to organ (337, 338, 340). Furthermore, he has 

demonstrated that plasma protein-mediated transport is stereo specific (469). 

In recent investigation, Ekins and co-workers have concluded that TH 

binding proteins supply the feto-placental unit throughout pregnancy, with 

adequate amount of T4 (124).
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1-2-3-3 TH uptake by target tissues

Originally, thyroid hormones were believed to enter the target cells only by 

passive diffusion (155, 241), yet many scientists doubted this view because 

the size of the hormone exceeds the normal plasma membrane pore size and 

the properties of their charge would inhibit passive diffusion. Now it has 

become evident that carrier-mediated transport systems are involved in the 

uptake mechanism (206, 323). For example, a saturable, energy-dependent 

system has been demonstrated in rat hepatocytes, in vitro, for T3 (256, 378, 

379) T4 and rT3 (257, 258), and various other cell types of rat and human 

origin and of other species such as mouse fibroblasts (64, 65), Chinese 

hamster ovary cells (329) rat pituitary tumour cells (193, 219) and mouse 

neuroblastoma (149). Moreover, Oppenheimer and Schwartz, have pointed 

out that this uptake process is stereospecific (326, 329) which has also been 

demonstrated in rat erythrocytes (38) and blood brain barrier (469). The 

uptake system was shown to be Na+ independent in cultured rat astrocytes 

(151) but Na+-dependent in mice thymocytes (62). The affinity of the 

transport mechanism was found to be similar for rat hepatocytes and human 

fibroblasts (255). In studies carried out on rat hepatocytes it was concluded 

that the carrier-mediated uptake step is rate limiting with respect to both the 

access of thyroid hormones to the nuclear receptors and their intracellular 

metabolism, which underlines the potential importance of this process in the 

regulation of TH action (37, 207). It is also important to point out that age 

has been found to play a significant role in T3 accumulation by brain, 

anterior pituitary and plasma in both male and female rats (35).

1.2.4 Thyroid Hormone Catabolism

L-Triiodothyronin is considered to be the main active TH in target tissue. In 

fact it was recognised by Oppenheimer (1979) as the only active form of the
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hormone at the nuclear level (325). However, T3 constitutes only a small 

proportion of thyroid secretion, the predominant hormone being T4. This 

fact led to the conclusion that there are two main sources of tissue T3; 

circulating T3 and locally-produced T3 (via T4 deiodination). The 

contribution of each source varies in different tissues; in the pituitary, the 

brain cortex and the brown adipose tissue, for example, much of the cellular 

T3 content originated from local production by 5’- monodeiodinase within 

the cells (433, 486), while in both liver and kidney the case is reversed (175, 

435). This variation is mainly due to differences in the speed of T3 exchange 

between tissue and plasma.

The half hfe of the TH in the body is considerably longer than for any of the 

other hormones, being 6 days for T4 and 2 days for T3. Thus the 

corresponding fractional turnover rates are about 12 and 75% respectively. 

However, due to its greater binding affinity to plasma protein, the 

distribution of T4 is largely restricted to the intravascular compartment, i e 

T4 has the smallest distribution volume and the largest pool size, while T3, 

and to a larger extent rT3, being more loosely bound to plasma proteins, are 

distributed in a larger volume and are cleared more rapidly . Besides T4 and 

T3, several other iodothyronines, including rT3, 3,3'-T2, 3 ',5’ -T2, 

tetraiodothyroacetic acid (TETRAC) and 3,3',5-triiodothyroacetic acid 

(TRIAC), have been identified in the bloodstream and thyroid gland in 

humans (55, 67, 508) and rats (385). Both T3 and T4 are metabolised by 

peripheral tissues, T3 (as well as rT3) deiodination yields diiodothyronine 

(T2) and monoiodothyronine (Tl), while peripheral T4 deiodination leads to 

either T3 or rT3. Peripheral deiodination of T4 represent the major source of 

both T3 and rT3 found in tissues such as brain and pituitary. Thus 

intracellular deiodination of T4, as well as T3, especially in the brain has an 

important role in the expression of thyroid hormone effects, given that it is
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commonly believed that T3 is the active form of TH while rT3 is relatively 

inactive form. rT3 level in circulation has been reported to be maintained or 

even increased in some illnesses such as hepatic cirrhosis, chronic renal 

failure, acute febrile illness, protein calorie malnutrition (70), and starvation 

(482), while monodeiodination of T4 to T3 is decreased. Similar situation 

has been observed in normal fetus and newborn (72). Harris et al. (1978) 

have demonstrated that the observed reduction of T3 concentration and 

increase of rT3 concentration, in fetal and neonatal rats, is due to 

enhancement of inner ring deiodination of T4 and decrease in the outer ring 

deiodination of both T4 and rX3 (201).

As in the case for T3, the thyroid gland is a relatively minor source of rT3, 

23.8 and 2.5% respectively, while peripheral metabolism of T4 is their major 

source. This observation led to a conclusion that monodeiodination of T4 to 

either T3 or rT3 is a necessary step for its metabolism (69). This metabolic 

process accounts for approximately 80% of total T4 produced by the gland, 

in normal individuals, while the remaining 2 0 % are excreted in the faeces or 

urine in conjugated forms (Fig. 7) (130,162, 459).

A- T4 Deiodination

Early work demonstrated that in cerebellum and cereberal cortex, the 

majority of intracellular T3 is derived from intracellular T4 (via local 

deiodination), rather than from circulating T3 (93, 175). A similar situation 

obtains in anterior pituitary, whereas plasma T3 is quantitatively more 

important in, for example, liver and kidney (435). Locally derived T3 has 

been determined to account for some 70 to 80 % of nuclear T3 in cereberal 

cortex, whereas the value for cerebellum is somewhat lower at 50 to 60% 

(175). More extensive analysis of the CNS however, has revealed that in 

certain regions (hypothalamus, pons, medulla oblongata and especially
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spinal cord) circulatory T3 may be the major source of intracellular T3 

(485).
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Figure 7. T4 metabolic pathways.
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The adult brain contains all 3 known types of iodothyronine deiodinase : 

type I 5'-deiodinase (5' D-I), type II 5'-deiodinase (5' D-II) and type III 5- 

deiodinase (5 D-III) (275,491). The 5'D-II activity is responsible for the 

local generation of T3 from T4 in vivo (436), whereas the main function of 5' 

D-I is thought to be the removal of 3,3',5'-tiiiodothyronine (rT3) produced as 

a consequence of 5D-III action (275). Studies of this latter enzyme have 

shown that T3 is the preferred substrate over T4 (Km's differ by an order of 

magnitude); its main role being the unactivation of T3 (234,491).

The deiodinases are differentially distributed in the CNS (233) and, although 

primary cell culture studies indicate cell-specific localisation as well, the 

data are somewhat contradictory. In serum-containing primary cultures, 5'D- 

I and 5D-III are predominantly localised in ghal cells, and 5'D-II is neuronal 

(272). This latter observation is consistent with the presence of 5'D-II in 

neuroblastoma cells (455) and its preferential localisation in the nerve 

terminal plasma membrane fraction of cerebral cortex (276). In serum-free 

medium however, significant 5'D-II activity has been observed in glial cells 

(61,87), whereas 5D-III may be present in both neurons (87) and glia (61, 

91,134). The discrepancies may in part be related to the composition of the 

culture medium and/or the differentiation state of the cells. In astroglia, for 

example, caticholamines, cyclic AMP, phorbol esters, fibroblast growth 

factors (FGF) and glucocorticoids all serve as inducers of 5'D-II 

(88,89,90,274,277), and many of these factors play a similar role in the 

regulation of 5D-III (91).

In thyroidectomised rats, thyroid hormones are conserved in the brain, being 

detectable long after they have disappeared from the serum (318). 

Thyroidectomy is associated with a stimulation in the fractional rate of T3 

formation from T4 in brain, whereas hyperthyroidism results in inhibition 

(112). Opposite changes occur in the liver, and this coordinated action of
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liver and brain permits intracerebral thyroid hormone levels to be kept 

within narrow limits despite wide fluctuations in circulating concentrations 

(112).

At the enzymic level, chronic hypothyroidism results in up-regulation of 

brain 5'D-II, less marked down-regulation of brain 5D-III and hver 5'D-I, but 

no change in brain 5'D-I (231,233,232,242). Analysis of the time course of 

these changes has revealed a very rapid response of cerebrocotical 5'D-II to 

changes in thyroid status: a 3-fold increase in activity is observed at 24 h 

post thyroidectomy, and the adminstration of T3 to chronically hyothyroid 

rats normalizes enzyme activity within 4 h (278). In contrast, significant 

changes in cerebrocortical 5D-III and hver 5'D-I are not found until 5 days 

post thyroidectomy (278).

The observations that both T4 and rT3 are much more potent than T3 in 

inhibiting 5'D-II in vivo (231) and in a variety of cell culture models 

(277,455), that inhibition occurs independently of transcription and protein 

synthesis (277), and that the effect is due to increased inactivation of the 

enzyme rather than decreased synthesis (277), indicate an extranuclear- 

mediated mechanism of action. These findings further suggest that T4 and 

rT3, which are thought to be prohormone and inactive metabolite, 

respectively, play a critical role in thyroid hormone homeostasis in the brain. 

According to the current model of leonard and coworkers, T4 and other 

active analogues promote polymerization of the action cytoskeleton, which 

in turn serves to stimulate internalization and inactivation of the enzyme 

(275). In contrast analysis of the induction of 5D-III in cultured astrocytes 

by thyroid hormone analogues is consistent with a multi step, protein 

synthetic-dependent pathway (134). Whether FGF and/or protein kinase C- 

mediated phosphorylation play a role in this process is unknown.

40



B- Other metabolic pathways

In addition to the deiodinative pathways of T4 metabolism, minor metabolic 

pathways also exist (figure 1-7) : 1) Oxidative deamination of iodothyronine 

to tetra-iodothyroacetic acid (TETRAC) and triiodothyroacetic acid 

(TRIAC). These compounds retain some biological activity, but their 

relative physiologic importance is uncertain. 2) Phenolic conjugation: to 

form glucuronide derivatives in liver or sulphate derivatives in the kidney. 3) 

Decarboxylation of T4 to thyroxamine. 4) Cleavage of the ether linkage to 

yield iodotyrosine.

1-3 Subcellular Mechanism of Thyroid Hormone Action

In recent years, several steps involved in the mechanism of TH action at the 

molecular level have been identified including; 1) The uptake of TH by 

target cells, and conversion of pro-hormone T4 to active derivative T3 (74). 

This step has been discussed earlier, in section 1.2.4-A. 2) Interaction of T3 

with subcellular receptors mainly nuclear receptors (27, 403). 3) Induction, 

or repression of specific genes by the hormone-receptor complex (27, 403).

It has been widely accepted that TH exert their actions predominantly 

through binding to protein receptors (332). Several types of binding sites for 

T4 and T3 have been detected in the brain, as in other tissues. However, it is 

generally recognised that the principal, and probably primary, site of action 

of the iodothyronine is the cell nucleus (119, 333, 403), but certainly other 

binding sites do exist at the level of the membrane, the cytosol and the 

mitochondrion (271).

Tata and co-workers (1966) while investigating RNA polymerase activity, 

were the first to demonstrate that the nucleus is the primary site of TH action 

(466). This was later confirmed by Oppenheimer, when he identified a
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specific TH binding site within the nucleus (330). To date, there is a large 

body of evidence to suggest that most of the biological effects of the TH are 

mediated by interaction with specific nuclear receptors. Much evidence has 

come from the work of Oppenheimer and collaborators (325), including:

1) The correlation between the binding of T3 analogues to nuclear receptors 

and their thyromimetic actions.

2) The relationship between nuclear occupancy and nuclear response when 

nuclear sites are saturated.

3) The presence of TH nuclear receptors in all mammahan tissues known to 

respond to the hormone.

TH nuclear receptors are located in most mammalian tissues (TH-responsive 

tissues) and in all vertebrate species containing significant concentrations of 

serum TH (327). In general, the concentration of binding sites correlates 

well with the TH sensitivity of the tissue (118, 332). Adult tissues containing 

high levels of THNR include the hver, the anterior pituitary, the kidney and 

the heart. Whilst the lung and the adult brain are considered to possess 

moderate level of the receptors, low or undetectable levels are found in the 

testis and the spleen (279, 333). A more recent study of the adult brain 

however, has demonstrated that the distribution of the THNR is region- and 

cell-specific; early experiments employing saturation binding analysis 

revealed distinct cellular and regional distribution paterns of nuclear T3 

receptors (TR) in the adult. The neuronal nuclei have the highest 

concentration of TR, the oligodendroglial nuclei the low est 

(188,189,397),with intermediate levels present in the astroghal nuclei. At the 

anatomical level, a caudo-rostal distribution pattern is apparent, with the 

cereberal cortex, the amygada and the hippocampus containing the highest 

concentrations and the cerebellum the lowest (188,397).
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Various studies have shown that the THNR are present in 13 day-old whole 

rat embryos, in 14 day-old fetal brain and in 15 day-old fetal hver, heart and 

lungs. Receptor levels increase 3-fold up until day 17 of gestation. After 

birth, level increase further, reaching peak at postnatal day 6  (348, 415,416). 

Also, the early presence of THNR in human embryos (9-10 week old) has 

been reported with a 10 fold increase in their concentration by week 16. 

During this period both T4 and T3 are present in fetal brain; T3 being 

produced from T4 deiodination (29). Approximately 25% of the receptors 

present are usually saturated by T3 at this early stage, suggesting that TH 

may play an important role during the critical period of brain development 

(between 10-20 week of gestation) (29, 140, 141).

The THNR displays the typical low capacity, high affinity binding 

characteristics of a receptor, with the binding affinity of different TH 

analogues differing according to their biological activity (331). The pattern 

of analogue binding is similar for most tissues and can be summarised as 

(401) :
TRIAC [3]> L-T3 [1]> L-T4=TETRAC [0.1]> L-rT3 [0.01] 

where numbers in brackets represent the affinity value relative to T3. Similar 

findings have been reported for neuronal and glial THNR of both neonatal 

and adult rat brain (2 2 2 ).

Much work has been carried out to elucidate the nature of the nuclear 

receptor; so far it has been characterised as a non-histone nuclear protein 

(461) of 50,000 daltones and a sedimentation co-efficient of 3.5S (table 1). 

The THNR has only been partially purified, using high salt concentrations, 

but its definitive isolation has not been achieved due to its instability and 

presence in low numbers (97). The THNR has been purified from the 

cultured pituitary cell hue, GHl, with the aid of a photoaffinity label (N-2- 

diazo-3,3,3-trifluoropropionyl-L-T3) (343). SDS-gel electrophoresis profile
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of the labelled receptor has led to the identification of two distinct forms of 

THNR : an abundant 47,000 molecular weight receptor and a less abundant 

one of 57,000 molecular weight. Both have similar synthetic rates but 

different half-lives, 6 and 2 hours respectively (59).

Molecular weight Approx 50,000

Sedimentation coefficient 3.8 S

Estimated half-life 4.5 h

Rate of synthesis 2 ,0 0 0  molecules / cell / h

Number / nucleus Approx. 15,000

Binding capacity 1 pmol /mg DNA

Dissociation constant 0.5 nM

Table 1. THNR*s general properties
Values based on rat hepatic, GHl and GC cells.

Properties vary according to cell type (332, 407).

The THNR has been recognised to belong to the same family of nuclear 

receptor proteins as those specific for progestins, oestrogens, androgens, 

glucocorticoids, retinoids and vitamin D. Each receptor comprises a variety 

of domains each with a specific function, including ligand binding, DNA 

binding and regulatory domains (260).

The nuclear TR are encoded by the proto-oncogenes c-erbAa  and c-erbA^ 

(266), homologous to the avian erythroblastosis virus proto-oncogene (v- 

erbA) which is involved in the in vitro transformation of fibroblasts and 

erythroblasts to neoplastic phenotypes (407, 498). In the rat, the primary 

transcripts of both genes are alternatively spliced, yeilding at least 5 different 

mRNAs, termed c-erbAal, a2, a3 , (31 and p2. However, only the T R -al, 

-P l and -p2 proteins exhibit T3 binding activity and can be considerd true 

TR. Furthermore, transcription of a region of the noncoding strand of the c-
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erbAa  gene locus results in the production of a third nonbinding protein, 

termed Re\~ Erb A a  (266).

The anatomical distribution of the various transcripts within the adult brain 

has been studied by several groups (46, 47, 84, 299). These studies have 

demonstrated widespread distribution of the c-erbAal transcript, with the c- 

e rb A ^ l  isoform exhibiting a more restricted pattern. Nevertheless, 

considerable overlap exists between these two functional isoforms. In 

contrast the c-erbA^2 transcript is largely, but not exclusively, localized to 

the pituitary. With respect to the transcripts encoding nonbinding variants, 

R ^w -E rbA a  is characterised by a unique and somewhat restricted 

distribution, whereas both c-erbAa2 and a3  exhibit almost identical patterns 

to that of c-erbA a\. Of the 3 c-^rZ?Aa-derived transcripts, a2  is the most 

and a3  is the least abundant species. In view of the observation that the TR- 

a2  protein can inhibit T3-induced changes in gine expression mediated by 

the T R -al and -pi proteins (248), at least in transient transfection studies, it 

has been suggested that the supposed nonresponsiveness of the very high 

levels of the a2  transcript (84). However, high levels of this transcript are 

also found in the developing brain, even during the critical period of thyroid 

hoemone-dependency (46, 299).

The regulation of gene expression by TH is an extremely complex process. It 

involves the interaction of the TH-receptor complex, with both responder 

genes, such as the growth hormone gene, and director genes i.e. the THNR 

gene itself, through this process the feedback regulation of THNR level is 

thought to operate (153, 154). The outcome of this process could be either 

the inhibition or stimulation of certain gene expression. Studies have shown 

that the receptor is an intergral component of a larger unit, the receptor- 

containing chromatin complex (186, 230, 349). At these sites THNR binding 

specifically to hormone responsive elements in the DNA, causing
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intensification or inhibition of transcriptional initiation of specific gene 

promoters (169).

The biological response to TH is therefore largely mediated through binding 

to nuclear receptors with a consequent alteration of the rate of transcription 

and subsequent translation to protein. There is quite considerable evidence 

for the influence of TH on the levels of specific mRNAs; in the rat, TH has 

been associated with an increase in the levels of mRNAs encoding, malic 

enzyme (109), a-2 globulin (262), spot 11 (505), spot 14 (244), cytochrome 

c (409), phosphoenolpyruvate carboxylase (218), ornithine am ino

transferase (311) and growth hormone (402). In contrast, a substantial 

decrease has been shown for both subunits of TSH (413). Although such a 

nuclear-mediated mechanism may explain the wide range of effects exerted 

by TH during development, it is possible that TH may also operate through 

different mechanisms, as detailed below.

Apart from nuclear TR, the adult brain contains both cytosolic (194) and 

synaptosomal (295, 296) T3 binding sites. The latter are of particular interest 

since their binding capacity is higher in adult than developing brain (295). 

The synaptosomal binding sites, which are preferentially localised on the 

synaptic membrane, are differentially distributed throughout the brain; levels 

being highest in cerebral cortex and hypothalamus, but lowest in cerebellum 

(296). Their presence is consistent with the selective accumulation of thyroid 

hormone in synaptosomes following intravenous adminstration (110 ), and 

they may be related to the more recently described synaptosomal T3 

transporters (236). Whether these sites play any role in thyroid hormone 

action in the brain, either at maturity or during development remains to be 

determined.
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In addition to receptor-mediated actions, TH may also exert their regulatory 

effect directly on several biological processes, such as enzyme activity. The 

influence of T3, rT3 and T4 on deiodinase activities, independent of nuclear 

receptor binding, represents a good example of such regulatory effect of TH.

1-4 Thyroid Hormons And Brain Devlopment

The relationship between thyroid dysfunction and mental deficiency has 

long been acknowledged. During the period of the 'growth spurt' the brain is 

particularly vulnerable to environmental modifications. However, during the 

period preceding the brain growth spurt, the brain is also vulnerable to 

environmental factors of which TH deficiency is one of the most important 

(107, 307). In man, this critical period of growth is thought to be the last 

trimester of pregnancy and the first postnatal year, whilst in the rat, the 

period of brain development from birth to 3 weeks of age represents the 

phase of critical TH dependence (446). Furthermore, the THs are required 

for the morphological, biochemical, functional and behavioural maturation 

of the CNS, operating as a signal for the synchronisation of developmental 

sequences (470).

A large body of work has been undertaken to elucidate the satges of neural 

development, which are under TH control. The majority of these studies 

have been concerned with the effects of TH deficiency, rather than excess, 

and have utelised a range of animal models, organs as well as tissue culture 

systems (176, 315, 316).

1-4-1 Brain Development

In the human, the gross shape of the brain is determined during the first 

trimester of pregnancy, starting with the formation of the neural plate at 

approximately 2-3 weeks of gestation. This is followed by neurulation
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followed by neural tube formation from the neural plate, at 3-6 weeks after 

im plantation (281), which is surrounded by a germ inal m atrix 

(neuroepithelium). Several vesicles are then formed from the neural tube: the 

em bryonic m yelencephalon, rhom bencephalon, m esencephalon, 

diencephalon and telencephalon (6 ). The secondary germinal matrices are 

derived from the primary one which together represent the sites of cell 

proliferation. The immature neuroblasts migrate from these sites of origin to 

their final location where they differentiate into neurons (neurogenesis). This 

maturation process involves the growth of axons, dendrites and synapses, as 

well as the development of electrical activity, neurotransmitter formation 

and myelinogenesis. Although the timing of these events (neuronal 

differentiation) may vary for each brain region, every region follows a 

certain sequential developmental pattern. The timing of one event in a 

specific region may affect the development of other events in other regions.

Neuronal cells in the human brain (with the exception of the cerebellum, 

olfactory lobes and hippocampus) cease to proliferate after midgestation, the 

most active phase of neuroblast multiplication in the human forebrain is 

between 10-18 weeks of gestation (neuronal cell numbers approach adult 

level). This phase coincides with the commencement of the brain growth 

spurt, which is characterised by a rapid increase in the brain weight. The 

brain growth spurt precedes the increase in the circulating T4 level (6 , 107). 

However, differentiation and maturation continues well into the postnatal 

period, which contributes to the increase in brain weight.

Dobbing and Smart (1974) have suggested that the brain growth spurts starts 

at about midgestation in the human and ends by about 3-4 postnatal years. In 

the rat, it begins at birth and is over by 25 postnatal days (107). In the 

human, the total brain weight increases rapidly during the first 6  months of 

postnatal life, due to extensive multiplication and differentiation of glial
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cells (456) as well as the deposition of protein and lipids on the neuron and 

glia. Neuroghal ancestor cells can be detected in the optic nerve of the 

human fetus as early as 10 weeks of gestation (139), whilst the fibrous 

astrocytes have been detected at the 14th week of gestation in the brain stem. 

Immature oligodendroglial cells have also been reported in early pregnancy.

Neuronal cell myelination starts during the prenatal period, first in the spinal 

cord then the higher cortical areas, and continues into adolescence. The first 

six months of postnatal period represent the fastest period of myelination 

(121).

In the human, the growth spurt in the cerebellum starts much later than that 

of the forebrain and takes place in a short time. The relatively high rate of 

cerebellar growth, makes it highly vulnerable to insults during the early 

postnatal period (446). In the rat, more than 90% of cerebellar cells are 

formed after birth. A mature cerebellar cortex is made out of three layers : 

molecular, Purkinje and granule cell layers. Purkinje cells represent the 

largest neurons in the cerebellar cortex and provide the only efferent outputs 

of the cerebellum (446). They arise, prenatally, from the primary germinal 

zone and migrate to a subcortical position a few days after birth. Other types 

of smaller neuronal cells are also present in the cerebellar cortex, namely the 

granule cells the basket cells and the stellate cells (6 ).

1-4-2 The Effect Of TH On Brain Development

A) Morphological Effects

Hypothyroidism during the critical period of brain development, causes a 

spectrum of morphological defects in the brains of all vertebrate species 

studied. The result is a reduction in overall brain weight, which is due to a 

decrease in cell number and size (292, 315). Hypoplasticity of the neuropil is
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often most apparent, as observed in the cerebral cortex, cerebellum and 

hippocampus (116, 267). Dendrites are reduced both in number and length, 

and the degree of branching is limited. Likewise, axonal development is also 

hindered, producing a shorter axon with consequent impairment in inter

neuronal connections, wiring patterns and electrical activity (315, 446). 

Synaptogenesis, in all brain regions, is also impaired by hypothyroidism, 

directly or as a result of the hypoplastic neuropil (470). This interference 

with membrane-associated events may also contribute to the reduction in 

neurotransmitter levels and their metabolic enzymes (470). Furthermore, the 

specification of the receptors are altered in a region-specific manner; for 

example, in hypothyroidism, the number of musarinic receptors is increased 

in the cerebral cortex but not in the cerebellum (315).

The cortical cell number of the rat forebrain were found to be unaffected by 

thyroidectomy at birth whilst the cell size was reduced (19), which is 

consistent with the fact that neurogenesis in this brain region is completed by 

birth. However, densely packed but reduced size cells in thyroidectomised 

rats are apparent, whilst branching and length of dendrites of pyramidal 

neurons as well as the density of axon terminals and the number of dendritic 

spines are all reduced, resulting in hypoplasticity of the neuropil (19, 371).

In the cerebellum, most neurons are produced postnatally, the main 

exceptions being Purkinje and Golgi cells (17). The reduction in cell 

number, due to hypothyroidism, is not thought to be due to lack of 

stimulation of cell division, rather the rates of cell migration and 

differentiation as well as cell survival appear to be affected. During 

cerebellar development, cells normally migrate from the extra granular layer 

(EGL) and then differentiate when the final post is reached, this continue 

until postnatal day 21-25. By then the EGL has disappeared and adult cell 

numbers are reached (17). Under hypothyroid conditions this process is
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noticably extended, resulting in suppression of cell migration and 

differentiation, which impairs the establishment of normal contacts, thereby 

escalating neuronal death (115,344, 345).

In the cerebellum each cell type has its own chronology of prohferation and 

differentiation. Nevertheless, an optimal level of TH is required for the 

proper integration of all these processes, and TH is necessary for the 

migration of some cells and the differentiation of others. In the absence of 

TH a general suppression of nerve cell maturation takes place, leading to a 

secondary interactive failure between neural cells. The timing and duration 

of TH deficiency plays a major role in deciding the specific damage 

inflicted, since different cell types and processes are affected. For example, 

in the cerebellum, Purkinje cell maturation suffers more damage than 

granule cell development, which occurs later in development (269). 

Hypothyroidism also affects the density and the total number of synapses. 

Synapses of the parallel fibers with the Purkinje cell are reduced and there is 

an increased rate of cell death in the internal granular layer.

In contrast to hypothyroidism, excess TH causes early disappearance of 

cerebellar EGL Nevertheless, due to the desynchronising effect, this leads to 

a significant reduction in the total number of synapses in the cerebellum. 

The formation of normal neuronal connections is prevented resulting in 

alternately neuronal death (316, 470).

In the rat hippocampus, as in the cerebellum, under normal conditions a 

large part of development takes place after birth. Pyramidal cell size and the 

number of branching points on the apical and basal dendrites increase within 

the second week of postnatal life. TH deficiency impaires dendritic 

arborization of both granule and pyramidal cells. The damage is more severe 

for those pyramidal cell dendrites that receive inputs from the mossy fibers.

51



Similarly, hypothyroidism affects the growth of mossy fibers causing 

inappropriate synapse formation. Consequently, functional and behavioral 

impairments occur (265). As expected, cells which are more sensitive to TH 

deficiency are more responsive to T4 treatment.

The differentiation of apical spines in pyramidal cells, from the visual and 

auditory cortices, have been employed for quantitative measurements of the 

effects of hypothyroidism on the development of cerebral cortex (315, 399). 

Thyroidectomy of the neonatal rat produces a general derangement of 

connectivity of primary areas of the cerebral cortex, with those shafts located 

in the superficial layers of the cortex being most severely affected. 

Thyroxine replacement, starting at day 12, can alleviate this damage, but 

irreversible damage results if T4 therapy is delayed until day 20 (305). 

Similarly, the critical period of TH dependence of the cerebellar Purkinje 

cells, extends until 21 postnatal days (78).

The above observations have led to the suggestion of two models for TH 

influence on brain development: the pleiotypic model, a multieffect and 

multi target role for TH action; and the catastrophic model, which postulate 

that the desynchronisation of development is due to an altered rate of neurite 

outgrowth. However, it is very likely that both of these models operate 

together to varying extents in vivo (316).

B) Biochemical Effects

A large number of biochemical systems in the developing CNS are controled 

by thyroid hormones. Under normal conditions, DNA concentration is 

highest at the first week of development then gradually decreases, as a result 

of neuropil development and reduction in neuronal cell proliferation. 

Hypothyroidism slows down this process, resulting in a rise in DNA 

concentration (19, 165). In normal animals, RNA and protein concentrations
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rise sharply in the first week and first month of postnatal life, respectively. 

Neonatal thyroidectomy causes a severe reduction in both RNA and protein 

concentrations resulting in altered protein/DNA and RNA/DNA ratios, both 

in the cerebral cortex and the cerebellum (19). The effect on RNA 

concentration is due to increased turnover without a corresponding increase 

in synthesis (16, 19). The observed effect on protein synthesis is likely to be 

mediated at both the transcriptional and translational levels, to varying 

degrees, but may also be partly the result of alterations in the supply of 

amino acids (due to alterations in the membrane permeability/blood brain 

barrier exchange events) (166, 483). Amino acid metabolism is generally 

decreased in thyroid-deficient rat brain, as reflected by incorporation of 14C- 

leucine into protein and hpids (20, 148).

Disturbances in amino acid metabolism, as a consequence of TH deficiency, 

may also contribute to the deficits observed in the complement of 

neurotransmitters (470). Certain free amino acids are essential for the 

synthesis of neurotransmitters such as tyrosine for the catecholamines and 

tryptophan for serotonin, whilst glutamate, 0-aminobutyric acid (GABA) and 

glycine all play direct roles in neurotransmission. Neurotransmitters have 

been demonstrated to be present during embryogenesis before the onset of 

synaptogenesis or neurotransmission, suggesting that they may play a direct 

role in neurogenesis; such as neural tube formation, cell proliferation and the 

onset of neuronal differentiation in the neural tube, postnatal prohferation 

and neuro-/ ghogenesis, as well as axonal growth and synaptogenesis (264). 

Therefore, alteration in neurotransmitter metabolism, due to an altered 

thyroid state, may indirectly impinge upon such critical developmental 

processes.

The impairment of neurotransmitter systems due to hypothyroidism may be 

mediated by changes in the number and structure of nerve endings, the
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activity of the enzymes involved in the neurotransmitter metabolism and/or 

the number and binding affinity of their respective receptors (470). The 

number of GABA, catecholamine 6 -adrenergic and musarinic acetylchohne 

receptors have all been reported to be decreased in hypothyroid animals 

(346, 447, 484). Reductions in the activities of the enzymes involved in 

neurotransmitter metabolism have also been linked to TH deficiency; for 

example, the activities of GABA transaminase, acetylcholine esterase, 

glutamate decarboxylase and monoamine oxidase (19, 481). Whereas, in 

more recent report total choline acetyltransferase activity, in hypothyroid rat 

brain, was shown to be reduced, whilst total acetylcholine esterase activity 

remain unaffected (79). The activity of ornithine decarboxylase, in the 

neonatal rat, is stimulated by TH, together with growth hormone, with 

implications for the synthesis of polyamine neurotransmitters (389). 

However, glutamate hydroxylase is not changed, indicating the specificity of 

TH action in relation to the enzymes involved in excitatory neurotransmitter 

metabolism (148).

This specificity also applies to more general metabolic enzymes. The 

activities of aspartate amino transferase, succinic dehydrogenase, neuronal 

acid phosphatase, glucose-6 -phosphate dehydrogenase and NADH- 

diaphorase have all been reported to be reduced in hypothyroidism, as has 

Na+,K+-ATPase activity but not Mg2 +-ATPase activity. Alanine 

aminotransferase and lactate dehydrogenase activities do not alter in 

hypothyroidism , whilst glial acid phosphatase activity increases. 

Hypothyroidism suppresses lactate formation through significant reduction 

of glucose uptake and hexokinase enzyme activity. Energy metabolism is 

clearly affected by the lack of TH whilst oxygen consumption is reduced, 

particularly in the cerebral cortex (470, 264).
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Myelination, both in terms of the extent of myelination and the chemical 

composition of the myelin itself, is greatly influenced by the TH level (395). 

In most brain regions, including the cerebellum, hypothyroidism reduces the 

level of myehn constituents such as cerebroside, sulfatide, phosphohpid and 

cholesterol, with a deficit in the enzymes associated with myelin metabohsm 

(18). Hypothyroidism also reduces the level of cholesterol due to the 

stimulation of the catabolic process (470). Early postnatal hypothyroidism is 

associated with a delay in myelinogenesis which may be due to reduced 

numbers and function of oligodendroglial cells. Although the full 

complement of myelin is eventually reached at later stage of life, the 

temporary disruption of myelinogenesis indicates desynchronisation in the 

normal pattern of development.

The TH also play a major role in the control of cytoskeletal formation and 

stability, which reflects upon both morphological and biochemical aspects of 

brain development. The major components of the cytoskeleton are 

micro tubules, microfilaments and the intermediary filaments. Microtubules 

are composed of |3-tubulin and several microtubule associated proteins 

(MAPs). They are important in the formation of axons and dendrites (399). 

Hypothyroidism reduce the rate of tubulin unit assembly, which can be 

restored by TH treatment. The composition and activity of MAPs change 

during brain development, which makes it vulnerable to an external affector, 

particularly TH (316, 470).

C) Functional and Behavioral Effects

In hypothyroidism, the impairment in synaptogenesis, neuro transmitter 

systems and myehnation, consequently lead to defects in the development of 

electrical control systems. In the human, this is reflected in the abnormahties 

in the EEG and neurological defects (impaired neuromuscular co-ordination.

55



deafness, speech disorders and delayed locomotive ability) (470). The late 

maturation of many inhibitory control systems, due to hypothyroidism, 

contributes to behavioral abnormalities; affected parameters include motor 

activity, stress response, exploration, habituation and learning (463). Several 

cognitive functions have been reported to be impaired in congenitally 

hypothyroid children. Perceptual-motor, visuo-spatial and language 

functions are most affected. The intensity of impairments is related to the 

timing, as well as the intensity, of the maternal thyroid deficiency (137). The 

severity of the neurological dysfunction relates to the degree of deprivation 

(or excess) of TH during critical period of brain development. 

Hypothyroidism, induced by PTU treatment, in the neonatal rat delays 

evoked cochlear electrical activity. Administration of physiological doses of 

T4 can reverse these delays, but only if applied during the critical period 

extending from 3 days before birth to 5-10 postnatal days, for rats (115), and 

between postnatal week two to four in the human. In summary, TH appear to 

influence a wide range of interrelated processes during brain development. 

Critical periods for TH effects are region- and most likely cell type-specific. 

It appears therefore, that they affect most stages of brain development.

1-5 Maternal To Fetal Thyroid Hormones Transfer

A substantial portion of CNS development occurs before the onset of fetal 

thyroid hormone synthesis, which is at the end of the first trimester in the 

human and just before birth in the rat (day 17-18). Consequently little 

attention has been given to the possibility that maternal thyroid hormones 

may traverse the placenta and exert important effects on early CNS 

development, before the onset of fetal thyroid function. This neglect is 

mainly due to the concept, held till recently, that TH do not traverse the 

placenta, at least not in sufficient quantities, neither are they important for 

the early stages of brain development.
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For the maternal TH to have an effect on fetal brain development, it must 

firstly cross the placenta to the fetus in sufficient quantities to induce 

biological effects. To address this issue, the mechanism of plasma transport 

of thyroid hormone should be first understood. The role of the plasma 

binding proteins in TH transport has long been disputed . The observations 

that the lack of TBG in plasma does not cause any physiological damage, 

and that the metabolic status of individuals (as well as the pituitary-thyroid 

feedback mechanism) reflects the level of free TH in the serum, together 

with the fact that free hormone tissue permeation rates far exceed those for 

the protein bound hormone, have led to the general acceptance of the " free 

hormone hypothesis” (see section 1-2-3-2). To a large extent, this hypothesis 

has failed to explain the role of plasma binding protein, especially TBG, 

which is found to increase 2-3 fold of the normal concentration during 

human pregnancy. This increase at first has been used to support the widely 

accepted notion that TBG protects target tissues from excessive hormone 

exposure. Thus the pregnancy-induced increase of TBG was regarded as a 

mechanism to restrict the transport of maternal TH to the developing fetus 

(334). Others have challenged this interpretation, and suggested that TBG 

may actually serve to increase the supply of hormone to specific tissues in 

response to simulatory signals (123).

It is reasonable to consider the placenta when attempting to identify the 

rationale for the rise in total TH and TBG during pregnancy, since it is a 

totally new and highly metabolically active organ. Additionally, several 

evidence support the idea of TBG involvement with the foeto-placental unit, 

such as the increase in total TH level during this period, whilst free hormone 

level remains more or less constant in maternal serum (123), meaning that 

the rise in hormone level is restricted to the bound fraction (380). These 

changes according to the free hormone hypothesis have no physiological
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significance, since the concentration of the binding fraction is not rate 

limiting. In an attempt to gain a better understanding of the role of TH 

binding proteins in hormone delivery to target tissues, particularly the 

placenta, Ekins has presented a physiochemical model (through a complex 

mathematical analysis) in which he predicted that the physiochemical nature 

of the hormone-binding complex may serve to enhance hormone dehvery to 

target tissues. Additionally, the increase in TBG has been suggested to 

contribute to the preferential delivery of TH to tissues with high hormone 

demand (123,126,127).

In conclusion, TBG is very likely to be involved in TH supply to the feto

placental unit. Thus it is essential to examine whether TH cross in sufficient 

amount to exert control over developmental events in the fetus.

1-5-1 TH Transfer Through The Placenta

The levels of the THs and metabolites are relatively high in the placenta and 

amniotic fluid throughout pregnancy (128, 310, 320), along with deiodinase 

activities (necessary for TH metabohsm), indicating a putative necessity of 

TH for placental growth function and also showing the abihty of the placenta 

to convert T4 to T3 and other metabolites, to maintain thyroid homeostasis 

at the local level (129).

It has been widely accepted that TH do not cross the placenta, at least not in 

significant amounts (142). However, this view was challenged since the 

studies were conducted mostly on animals during late pregnancy, after the 

onset of independent fetal thyroid function (142, 396). A few workers have 

observed adequate rates of transfer during this period but they were ignored 

as being either minimal or insignificant. Furthermore, the period of 

pregnancy over which these observations were made and the placental type 

used were disregarded. Additionally, the amount of hormone, that crosses
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the placenta, which could be considered biologically significant during 

stages of fetal devlopment, has been the centre of many debates (309). Many 

reports have considered low fetal-serum total TH concentration as a lack of 

function (114, 451), whilst it is very likely that such low concentrations are 

insignificant if found in the maternal liver, but may be sufficient to induce a 

response in the fetus. Furthermore, high tissue concentrations of the active 

hormone and high levels of free hormone (free TH levels are proportionally 

higher in the fetus due to decreased binding to the plasma protein) could be 

the reason behind the low level of total TH in the fetal serum (350).

In order to determine whether the TH traverse the placenta or not, many 

animal models, particularly the rat, have been employed. Initial studies 

involved direct physicochemical measurement of transplacental passage of 

TH, either by radioactive tracer type experiments or by direct measurement 

of the thyroid hormones in extracts of fetuses and fetal tissues. Woods et al. 

(1984) reported that the transfer of maternal T4 to the fetus is relatively high 

at gestational days 9-10, then gradually falls (506). The concentration of the 

transferred radioactive T4 was compared in various maternal and fetal 

tissues, in order to determine the physiological importance of the transfered 

hormone. At 9-10 gestational days, the iodothyronine concentration in the 

fetoplacental unit was comparable to maternal tissue concentrations present 

in (heart, brain and ovary), but only brain fractions were comparable at later 

stages of gestation. These observations indicate that maternal T4 supply is 

sufficient to influence fetal development, at least in early gestation. In 

agreement with these findings, Obregon et a l  (1989), measuring TH in 

extracts of fetuses and fetal tissues, have found T4 and T3 in embryonic 

tissues 4 days after implantation (319, 322). T4 concentration in the 

embryotrophoblast fell from gestational days 10-12 , then remained steady
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until 18 days of gestation after which it increased, coincident with the onset 

of independent fetal thyroid hormone synthesis.

During early pregnancy, foetal T3 is predominantly generated by local 

deiodination of T4, until the 15th day of pregnancy, thereafter T4 is mostly 

converted to rT3. A simillar switch in deiodinase activities takes place in the 

placenta, indicating that at later stages of pregnancy T4 is mostly converted 

into rT3 and free iodide, the iodide is rapidly taken up by the fetus (129). 

During this period, T4 metabohsm in the placenta is suggested to act as a 

local supply of iodine to the fetus, for its autonomous TH production (8 6 ). In 

9-10 day-old embryotrophoblasts and 13-14 day-old embryos from 

thyroidectomised rat dams, both T4 and T3 are undetectable until after the 

onset of foetal thyroid hormone synthesis. Even then, total fetal 

extrathyroidal TH are reduced, indicating that maternal hormone transfer to 

the fetus may contribute to fetal thyroid hormone homeostasis (306).

The alternative approach used to determine maternal TH delivery to the 

fetus, was by studying the potential effects of the presence or absence of TH 

in maternal serum, during various stages of pregnancy, on the development 

and biochemistry of the fetus. Working in an iodine-deficient area, in Papua- 

New Guinea, Pharaoh et al. observed that iodine-replacement therapy 

(iodized oil) to pregnant women reduces the incidence of neurological 

cretinism in the children. Nevertheless, for a completely successful 

treatment, therapy had to be commenced early in the first trimester of 

pregnancy or before conception, well before the onset of independent foetal 

TH synthesis (357). These findings were first attributed to an unexplained 

role for elemental iodine in fetal brain development (354, 355). Later on, 

however, it was recognised that although women in this study were 

hypothyroxinémie, clinically they were euthyroid, possessing normal serum 

T3 levels. Thus the observed neurological deficits could be due to
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deprivation of T4 to the fetal tissues (122). Studies carried out on children 

born to mothers of different age and thyroid status in North America, have 

shown that a reduced IQ and motor deficits are found in children born to 

hypothyroxinémie mothers (290, 291), suggesting that the observed deficits 

could only be attributed to the lack of maternal T4, and therefore placental 

transfer of TH, bearing in mind that the offspring of these hypothyroxinémie 

women were euthyroid themselves.

1-6 Clinical Considerations

A wide spectrum of disorders could develop in human, and other mammals, 

due to malfunctioning of the TH system (lack or excess of TH secretion). 

The severity of these disorders very much dependent upon the degree and 

the starting time of this TH imbalance. Cretinism and thyrotoxicosis 

represent the two extreme ends of these disorders. Up to 5% of the total 

world population suffer from goitre, a disease mainly caused by iodine 

deficiency. Nevertheless, goitre could also be trigered by defects in 

iodotyrosine deiodinase, peroxidase system or in thyroglobulin synthesis, 

whilst goitrogen intake could also lead to such a disorder.

Two types of cretinism have so far been identified; endemic cretinism euid 

sporadic cretinism. Endemic cretinism is associated geographically with 

endemic goitre (356). It represents a major concern due to its world wide 

distribution, especially in Asia, Africa and South America, whilst certain 

isolated regions in Europe including Italy, East and West Germany, Austria, 

Spain and Greece (254), still have iodine deficiency regions but endemic 

cretinism scarcely exists (359). In all, up to a billion people inhabit such 

areas, and are therefore at risk from these disorders. It is mainly caused by 

severe iodine deficiency and endemic goitre during early development, due 

to reduced maternal and foetal thyroid function (212). In addition goitrogens
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such as thiocyanate and isothiocyanate, exist naturally in different 

foodstuffs, which could interfere with the process of TH synthesis. Endemic 

cretinism is classified into two types : neurological and myxedematous. The 

former is characterised by mental retardation, deaf-mutism, spastic diplegia 

and squint with the absence of clinical hypothyroidism (352, 356). 

Myxedematous cretinism, found predominantly in Central Africa (Zaire), the 

damage results from severe hypothroidism in the foetus, the neonate and the 

child due to severe iodine deficiency (251). Most of its clinical and 

biochemical disorders are similar to sporadic congenital hypothyroidism 

(133), such as mental retardation, defective growth and hypothyroidism 

while deaf-mutism and spastic deplegia are infrequent (251). A considerable 

amount of evidence indicates that to prevent neurological cretinism and to 

avoid any irreversible damages, therapy must be initiated during the first 

trimester of pregnancy, before the onset of fetal thyroid function (353).

Sporadic congenital cretinism (hypothyroidism), generally due to defect or 

even complete absence of thyroid gland (athyroid or thyroid dysgenesis). 

Autoimmune antibodies developed by the mothers during pregnancy or any 

maternal ingestion of anti thyroid or goitrogenic drugs, could lead to fetal 

thyroid gland dysfunction hence congenital hypothyroidism (289). 

Furtheremore, a reduction in TSH secretion by pituitary gland could also 

lead to hypothyroidism (secondary) as could the deficiency of hypothalamic 

TRH secretion (tertiary) (99). Few characteristic signs are frequently found, 

such as poor feeding, hypothermia, jaundice, abdominal distention, 

hypoactivity, failure to gain weight and decreased stoohng. This type of 

congenital hypothyroidism could be diagnosed in the first few days of life 

and thyroxine replacement therapy must be initiated within this period, 

which generally "cures" the problem.
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1-7 Rationale

The endemic iodine deficiency and associated disorders (IDD) has a wide 

distribution effecting mostly the developing world. However, moderate to 

severe iodine deficiency endemias have also been identified in Europe; for 

instance Sicily has several chronic iodine efficiency regions as has Spain, 

Portugal, Greece, Turkey and Ireland. Indeed a recent study shows that 20% 

of college going women in Munich (West Germany) have at least grade 1 

iodine deficiency goitres. A survey of pregnant women in Brussels also 

indicates incipient marginal iodine deficiency.

In iodine deficiency endemias in India, China, Thailand, parts of 

Bangladesh, Indonesia, Malaysia and several south American countries, as 

many as 60 % of women of child bearing age have goitre. Many of the men, 

although not in very high number, also suffer from iodine deficiency goitre. 

It is assumed that many of the adult population suffer from some degree of 

hypothyroidism (442), in extreme cases, the result is neurological cretinism.

the overt and incipient symptoms of iodine deficiency disorders, described 

earlier, clearly indicate neural involvement in utero, although thyroid 

hormones are thought not to be required for intrauterine brain development. 

Nevertheless, the neurological damage caused to children born to 

hypothyroxinémie mothers in iodine deficiency endemias have been well 

correlated. Recently investigations in our laboratory using an animal model 

(442) indeed show that maternal hypothyroxinemia causes brain region 

specific parameter and selective brain damage in adult rats and impairs brain 

development (biochemical) in utero (139, 442, 362, 3), and behavioural 

deficits in progeny bom to hypothyroxinémie dams (9). Detailed though the 

work was, the specific cellular damage caused by the condition however 

could not be deduced.
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In this work presented in this thesis, I have tried to address the cellular and 

sub-cellular mechanism that may be involved in the occurrence of the 

desease, using cell culture systems and bulk separated synaptosomes. The 

cell culture system in particular has the advantage in that, the culture 

conditions can be controlled, purity of the cells judged and of course the 

cells can be used when they mimic in utero developmental stages. This 

hopefully give in evident into the effect of thyroid hormones in cellular 

growth and development both morphological and biochemical, impairment 

of which, as consequences of thyroid hormone deficiency, may perhaps be 

the underlying causes of iodine deficiency disorders (IDD) affecting a fifth 

of the world population. The project clearly therefore is of some 

sociomedical/scientific interest and importance.

Although it is generally accepted that TH action is mediated at the level of 

the nuclear receptor, evidence is accumulating to suggest that they may also 

exert more direct effects on certain membrane-related processes. Studies 

with thymocytes and myocardial cells have indicated that plasma membrane 

T3-binding sites may regulate the activity of amino acid and sugar uptake 

systems (426). Such biological function for synaptic membrane binding sites 

has remained largely unexplored. Part of this project is to investigate the 

possible influence of such sites on sugar uptake in brain, using the glucose 

analogue, 2DG. Neonatal rat has been used as a convenient extrauterine 

model for this investigation. The animal is born in an immature state with 

the major proportion of brain growth occuring after birth (49), equating with 

that of man during gestation at a time when it is inaccessible to study. The 

type of placentation in rat is also close to that of human. Additionally, the rat 

is a convenient experimental animal to study, the manipulation of 

environmental conditions is relatively straight forward.
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The other parts of the investigations in this project, were concerned with the 

intensity of the responses in different type of neural cells, particularly 

neurons and astrocytes, to TH deficiency, as it is very likely that TH action 

may vary from one cell type to another. This work was carried out on both 

2DG uptake and ^H-lysine uptake and incorporation into protein. The former 

is a glucose analogue, glucose being the main energy source for the CNS, 

whilst ^H-lysine, a basic amino acid, and its main metabolic fate in brain is 

the incorporation into protein. The use of this amino acid will also give a 

better information on the effect of TH on basic amino acid transport system. 

For these experiments, neural tissue cultures were used, due to the 

complexity of the in vivo model which makes the observed results difficult 

to be interpreted, mainly being unable to eliminate the involvement of 

maternal and foetal extraneural factors which are themselves under TH 

control. On the other hand, neural cells in culture are known to behave 

simillarly to cells in vivo in their responses to hormones, nuclear binding of 

T3 as well as developmental profiles (216, 285). Therefore, the use of tissue 

culture in a chemically defined medium eliminates interference from 

maternal and extranural sources, permitting identification of the primary 

effects of TH.
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2.1 General

2.1.1 Materials

General laboratory chemicals were of analytical grade and were purchased 

from BDH Ltd. (Dagenham, Essex). All fine chemicals were obtained from 

Sigma Chemical Co. Ltd. (Poole, Dorset) and radiochemicals from 

Amersham International (Amersham, Aylesbury, Bucks). Partially 

thyroidectomised (Parathyroid spared) Sprague-Dawley adult rats were 

obtained from Charles River Ltd. (Margate, Kent), while normal animals 

were bred in the medical schools own animal house. Details of any 

chemicals or equipments obtained elsewhere are given in the text.

2.1.2 Protein Determination

2.1.2.1 Fohn (Lowry method) (282, 366, 487).

This method involves the reaction of alkaline copper sulphate with 

compounds containing two or more peptide bonds. The result of the reaction 

is a violet-coloured complex, the density of which is proportional to the 

number of peptide bonds present, this step takes 5-10 minutes for 

completion. The maximum colour density is achieved by the reduction of the 

diluted Folin reagent at pH 10, due to the presence of alkahiie copper protein 

complex. The reduction is completed in 30 minutes.

The standard curve was constructed using bovine serum albumin (BSA, 1 

mg / ml) as a standard, which was diluted in the protein sample's diluent into 

various concentrations (20-150 pg BSA / 1.2 ml final volume) (Fig. 8 ). All 

standards and homogenate samples were assayed in duplicate. The 

absorbance was read against a reagent blank at 500 nm, using plastic 

cuvettes of 1.0 cm path length in a SP8-100 Ultraviolet Spectrophotometer 

(Pye-Unicam, Cambridge, U.K.).
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Figure 8. Protein standard curve, Lowry et a l (1951).
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2.1.2.2. Micro-assay (Bradford's method) (51).

This assay relies on the quantitative binding of Coomassie Brilliant Blue 

G250 to the protein in acidic solution to form a blue dye-protein complex. 

The complex possesses an absorbance maximum at 595 nm. This assay is 

four fold more sensitive than Lowry's method and it was used whenever the 

protein concentration was estimated to be < 10 pg / ml.

BSA was also used as a standard but with final concentration range from 2.5 

- 12.5 pg/0.5 ml. The absorbance was read against blank in a microcuvette at 

595 nm,using Pye-Unicam Spectrophotometer. The standard curve was not 

completely hnear, but by using a computer generated polynomial equation 

for the curve, an accurate estimation was made possible (Fig. 9). Standards 

and homogenate samples were assayed in duplicate. Coomassie Blue was 

prepared in the laboratory or purchased from Pierce Ltd. (Luton, Beds).
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Figure 9. Protein standard curve, Bradford (1976).
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2.1.3 DNA Determination

2.1.3.1. Nucleic Acids Extraction

Schneiders method in 1945 (412) was modified and used for the extraction. 

A convenient volume of the homogenate was precipitated with an equal 

volume of 20 % TCA (w / v), the mixture was chilled on ice for 20 minutes 

then centrifuged (2,000 g, 20 minutes). Supernatant was discarded and pellet 

was washed with 5 volume of 10 % TCA, and treated as before. The 

resulting pellet was resuspended in 1.5 ml of 5 % TCA then placed in 

boiling water bath for 20 minutes, cooled and centrifuged. The supernatant 

was collected, the extracting procedure was repeated and resultant 

supernatants were combined and stored at -20°C.
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2.1.3.2 DNA Assay

A) Diphenylamine Reaction (Coloremetric)

Diphenylamine reacts with the deoxyribose, released from DNA by acid 

hydrolysis, under acidic condition producing a blue coloured compound with 

a maximum absorption at 595nm. Since RNA, which is present in the 

extraction, could interfere at that wave length, the reading was taken at 610 

and 650 nm and the subtract of the two readings was taken. The difference 

between the two readings is proportional to the quantity of DNA in the 

solution. Various concentrations of calf thymus DNA, in 5% TCA, standard 

solution were used to construct a standard curve (Fig. 10). Standard 

solutions as well as DNA samples were read by Pye-Unicam spectrometer 

against a reagent blank. Samples were assayed in triplicate. This method is 

based on the method of Burton (1956) (57) which was modified by 

Zamenhof et a l  in 1964 (512).

B) Fluorometric Method, For Microgram Quantities.

This method, a modification of Setaro and Morley's method (1976) (429), 

was used to measure DNA concentration whenever it was estimated to be < 

20 pg / ml. It is specific for deoxyribose measurment, since the reaction of 

3,5-diaminobenzoic acid (DABA) with deoxyribose, liberated from acid 

hydrolysis of DNA, yields a fluorescent product with an emission maxima of 

520 nm. One ml of DABA solution (30 mg / ml), dissolved drop wise by 

concentrated HCl, was added to 1 ml of either various concentrations of 

standard calf thymas DNA solution or tissue extracts. The mixture was 

placed in a water bath at 60°C for 30 min, cooled then was read in a Perkin- 

Elmer fluorimeter at 420 nm excitation and 520 nm emission. The standard 

curve constructed by plotting DNA concentration versus the fluorescence 

(Fig. 11).
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Figure 10. DNA standard curve, Coloremetric method.
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Figure 11. DNA standard curve, Fluorometric method.
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2.1.4 Radioimmunoassay

It was carried out in order to investigate the extent of thyroidectomy by 

comparing the level of TH in both normal and thyroidectomised rats. From 

the tail of the rats, blood was taken by venepuncture into heparinised tubes, 

centrifuged at 2 ,0 0 0  g for 10 minutes and the serum was then separated and 

frozen till assay. In case of tissue culture (only for astrocytes) the medium 

was assayed to confirm the concentration of TH in the media containing TH- 

stripped PCS (SS). Total T3 and T4 was assayed using the Amerlex kit

(Amersham International) following the procedures provided with the kit. 

Whilst free T3 was estimated using an in house procedures.

2.1.5 Liquid Scintillation Counting And Quench Correction.

In the process of determining the nature and the rates of metabolic pathways 

radioisotopes (weak 6 -emitters, tritium [^H] and carbon-14 [l^C]) were 

employed, which were counted by using liquid scintillation counter (LKB 

1211 Minibeta). Due to the change of regulations on usage and disposal of 

the scintillation fluid, three different types were used; Ecoscint A from 

National Diagnostics (Aylesbury, Buck) and both ES299 and Picofluor 40 

from Canberra-Packard (Pangebourne, Berks). However, strict quality 

assesments were performed on each one to ensure that the comparison of the 

results were valid.

The efficiency with which a radioactive samples are counted in a liquid 

scintillant usually varries from sample to sample. That is mainly due to 

quenching, a decrease in counting efficiency, produced by a process that 

interferes with the production of light (protons) in the liquid scintillant and 

its transmission to photomultiplier tube of the liquid scintillation counter. To 

overcome such problem, a two channels ratio method was employed to 

determine the counting efficiency of the sample. A series of radioactive
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standards of different counting efficiencies, containing various quenching 

agents such as water, TCA, NaOH, chloroform and NCS, were counted in 

triplicate, standard curves of counting defficiency versus channels ratio were 

constructed. Examples of such curves are shown in (Fig. 12). The counting 

efficiency of the unknown samples were then determined from their channel 

ratio and the quadratic equation, of the standard curve, representing the best 

fit line, obtained by employing a computer graphics package (Cricket 

Graphics 1.3). The results converted to dpm then to nmol/mg protein by 

simple mathematical equations. Separate quench curves were prepared for 

each of the scintillation fluids used. Counting the samples for long periods 

(Ih / sample) was sometimes necessary to increase counting efficiency.

2.1.6 Data Presentation

Data used in the results chapters were the combination of several 

experiments, intra- and inter-assay variations were calculated, whenever the 

variation was out of scale the point(s) or even the experiment altogether was 

rejected. The results have been calculated in relation to the amount of 

protein exists in the samples.

Statistical analysis was carried out by using unpaired student's t-test and a P 

value of <0.05 was taken as the minimum level of significant variation.

2.2 Nerve Endings (Synaptosomes)

2.2.1 Animal Model

Both euthyroid and hypothyroid Sprague Dawley adult rats were used in 

these experiments. Thyroidectomy (surgical and radiochemical with l^ lf  ) 

was performed at about four months of age. The animals were used within 

two months post thyroidectomy. Animals were purchased from Charles
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River Breeding Laboratories, then housed in the medical school house, at 

37°C in a constant temperature and 12 h dark / light cycle.

Figure 12. Ecoscint A quench curves, n > I I .
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Animals were maintained on a standard diet with an estimated average 

iodine intake of 34 |ig/day. Thyroidectomised rats were provided with 0.1 % 

(w/v) calcium lactate in drinking water. Water and food were supplied ad  

libitum .

Total serum T4 and T3 concentrations were measured by RIA. Animals with 

proven hypothyroid states were used for subsequent experiments.

2.2.2 Equipment And Materials

A) Equipment

1- Dissection instruments

2- Hand-held glass homogeniser with 30 ml capacity and 0.1 mm clearance.

3- A nylon mesh gauze of 110 pm pore size, obtained from J. Stainer and 

Sons, Manchester, England.

4- MSE super-speed 50 centrifuge with a swing out rotor (with 3x3 ml 

tubes).

5- MSE Mistral 6L centrifuge.

6 - SP8 100 Ultraviolet spectrophometer (Pye-Unicam)

7- 1211 Minibeta liquid scintillation counter (LKB-Wallac).

B) Materials And Solutions

1- Sucrose solutions of the following concentrations were prepared: 0.32, 0.8 

and 1.2 M.

2- Krebs-Ringer phosphate buffer solutions (KRP), PH 7.4, consisting of: 

118 mM NaCl, 4.74 mM KCl, 1.185 mM KH2PO4 , ImM CaCl2 (last one to 

be added to the mixture, dropwise), 1.185 mM MgSO^. and 16.15 mM 

Sodium Phosphate. The medium was calibrated by IM HCl to pH7.4. (N.B. 

All subsequent preparations and dilutions were made in KRP unless 

mentioned otherwise).
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3- 2-Deoxy-D-glucose (cold 2 DG): The following initial concentrations 

were prepared: 0.2 - 30 mM for incubation mixture (as a carrier), 200mM as 

a stopping and washing reagents.

4- 2-Deoxy-D-[2,6-^H] glucose (tracer), with a specific activity of 40 Ci/ml. 

This was diluted with cold 2DG (carrier) of appropriate concentration to 

yield a dilution of 5 |iCi / ml.

5- Thyroid hormones and derivatives; 3,3',5-triiodo-L-thyronine (L-T3) and 

3,3'-diiodo-L-thyronine (T2) were purchased from Sigma Chemical 

Company Ltd., L-thyroxine (L-T4), 3,3’,5'-triiodo-L-thyronine (L-rT3) and 

3,3',5-triiodo-thyroacitic acid (TRIAC) were obtained from Henning, Berlin 

GMBH (Berlin, Germany). All were dissolved in 50 mM NaOH (vehicle) to 

yield ImM stock solutions which were diluted as appropriate with KRP, the 

vehicle was also diluted in a similar way and used for control experiments.

6 - NCS, tissue solubiliser, from Amersham International Pic. (Aylesbury, 

Bucks).

7- Scintillation fluid (Pico-fuor 40 ) obtained from Canberra Packard, 

Pangbourne (Berks, UK).

8 - Adenosine-5'-triphosphate (ATP) / disodium salt, 50 mM solution was 

prepared.

2.2.3 Isolation Of Nerve Endings

The procedure was based on the technique described by Gray et al. (1962) 

(178) and Bradford (1969) (42, 44) with minor modifications. 

Homogenization of neurons, with long and usually branching process, will 

cause their rupture and separation of cell bodies form their process with the 

latter breaking up into fragments. The plasma membrane of the resulting 

fragment of the synaptic region reseal to form synaptosomes, which could be 

separated from the rest of the homogenate by means of combined differential 

and discontinuous density gradient centrifugations (Fig. 13).
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Figure 13. Nerve Endings.
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The method, outlined in figure 14, was conducted at 4°C. The animal was 

killed by cervical dislocation and weighed, the brain was removed and after 

washing with 0.32M sucrose solution the cerebral cortex was dissected out. 

Blood vessels and meninges were removed and the tissue was reweighed. 

The cerebral cortex was homogenized, in ice-cold 0.32 M sucrose solution to 

yield a 10 % (WfV) homogenate, by 15-20 upward and downward strokes in 

a glass homogeniser, of 0.1 mm clearance. The homogenate was then filtered 

through three layers of nylon mesh (110  pm pore size), and centrifuged at 

2,0(X)g for 10 minutes. Supernatant was collected and made up to a volume 

of 23 ml with 0.32 M sucrose. It was then layered over discontinuous 

sucrose density gradients of 0.8 and 1.2 M sucrose solutions, in 3 x 23 ml 

centrifuge tubes. Tubes were centrifuged using a swing-out rotor for Ihour 

at 51,000g. Centrifugation yielded 3 fractions; a pellet corresponding to 

mitochondrial fraction, a synaptosomal fraction at the interface of the 1.2 

and 0.8M sucrose layers and a myelin fraction at the interface of 0.8M and 

0.32M sucrose. The synaptosomal layer, was collected using a pasteur 

pippette, fractions from all three tubes were combined and gradually diluted 

with 1 volume of ice-cold double-distilled water, whilst stirring. Intact 

synaptosomes were harvested at 10,000g for 15 minutes in 10 x 10 ml rotor, 

pellets were combined and used immediately.
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2.2.4

Figure 14. Preparation of synaptosomes from rat brain.
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2-Deoxy-D-Glucose uptake into synptosomes

The procedure was based on the method described by Roeder et al. in 1985 

(389). The aim of these experiments was to measure the activity of the 

glucose transport system in synaptosomal fractions. A tracer quantity of
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glucose derivative, 2-deoxy-D-[2,6-^H] glucose, was used (Fig. 15). It 

follows the same transport system as glucose while it does not undergo any 

further metabolic process beyond phosphorylation to 2-deoxy-D-glucose-6 

phosphate, Bachelard (1971) (11), Nelson et a l  (1987) (313) and Diamond 

e ta l  (1973) (101-103).

Figure 15.
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A) Time course.

Synaptosom al pellets, prepared earlier from both euthyroid and 

thyroidectomised adult rats, were immediately resuspended in KRP to a final 

protein concentration of 1 mg/ml. 0.3 ml ahquots of the suspensions were 

pipetted into 10 ml flasks, in triplicate or quadruplicate, containing various 

concentration of Tg (10-^0 _ i q -6 M) or vehicle control, in a total volume of 

1.425 ml. Flasks were then placed in a shaking water bath, (100 spm) and 

pre-incubated for 1 hour at 37°C under air. At the appropriate time, 75 pi of 

tracer (5 pci/ml, ImM final concentration) were added to each flask, after 

further incubation (5-60 minutes) at 37°C, control samples were incubated 

on ice (4°C). 250 pi aliquots of the incubation mixture were removed to 

tubes containing 2.25 ml of 200 mM 2DG/KRP at 4°C. Samples were 

centrifuged at 2 ,0 0 0 g for 20  minutes, washed, and solubilized with 50 pi of 

NCS. After neutralization with glacial acetic acid (to prevent
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chemiluminescence) 10 ml of scintillation fluid were added and samples 

were counted. Aliquots (50-100 pi) of the remaining samples were also 

taken for protein determination by the method of Lowry et al. (1951). 

Counting were quench corrected and the 4°C results subtracted from 37°C 

samples. Procedures described above were applied in each of the following 

sets of experiments with slight adjustments given bellow.

B) Pre-incubation Time Course

For this set of experiments only synaptosomes prepared from eutyhyroid 

animals were used, Tg concentration was InM and the incubation time was 

fixed at 30 minutes while pre-incubation time was set up between 0 to 120 

minutes.

C) Dose Response

An identical set of experiments to the time course set with minor changes. 

T3 concentration of 10-10 to 10"^ M were used, the experiments were 

divided into 3 sets, each set had different incubation times (10, 30 and 60 

minutes).

D) ATP Studies

A preliminary set of experiments, was performed only for hypothyroid 

animals. T3 concentration was fixed at 1 pM and the pre-incubation time at 

1 hour, 5mM ATP was added to the mixture. Samples were incubated for 

three different periods 10, 30 and 60 minutes.

E) Analogue Studies

For comparison with the effects of T3 ; T4 and other TH derivatives, rTg, 

TRIAC and T2 were studied at 1 and 10 nM. Incubation time was fixed at 10 

minutes. Experiments were conducted only for hypothyroid animals.
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F) Kinetics

Synaptosomes prepared from hypothyroid animals were used for this 

experiments, incubation time was 10 minutes, T3 concentration was 10 nM 

while 2DG (carrier) concentration ranged from 10-^-1.5 x 10'^ M

2.3. Cell Culture

2.3.1 Materials

A) General equipments 

-Glass ware, all sterilised by autoclave.

-Sterile Pasteur pipettes (1 ml) were purchased from Sterilin (R & C 

Slaughter, Upminister, Essex). Sterile 'Falcon' disposable serological 

pippettes (10 ml) from Scientific Supphes Ltd. (Vine Hill, London). Aero 50 

A and Acrodisc filters (0.2 jim pore size) were purchased from Gelman 

Sciences Ltd. (Northampton, UK). 6 well (11 cm2) / Petri-dish were 

purchased from Gibco Ltd. (Paisley, Scotland).

B) Media and Additives

Foetal and newborn calf serum, media (Modified Eagle's Medium "MEM" 

and F-12 Coon's Modified medium). Hank's balanced salt solution (HESS - 

Ca2+, Mg2+ free), antibiotics (penicillin / streptomycin), Fungizon 

(Amphotericin B, 280 |xg / mol). Non - essential amino acids (NEAA) and L- 

glutamine were all supplied by Gibco Ltd. (Paisley, Scotland). Five 

hormones were supplied as follow; somatostatin, glycine-L-histidyl-L-lysine, 

hydrocortisone and insulin from Calbiochem (Cambridge Bioscience, 

Cambridge) while transferrin was purchased from Sigma Chemical Co.Ltd. 

(Poole, Dorset). All other chemicals were of analytical grade.
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2.3.2 Astrocytic Cell Culture

A) TH- stripped fetal calf serum.

The method is based on the resin method of Bernal et al. (1978) (30).

T4 was added to the serum to give a minimum count of 1000 cpm /100  |il of 

serum, mixture was allowed to equibilirate for 30 minutes at room 

temperature, and samples were taken for total counts. AG x 8,200-400 mesh 

anion exchange resin (chloride form, Bio-Rad, Watford, Herts) was stirred in 

with the labelled serum (300 mg resin/ml serum) for 3 hours at 37 °C, then 

filtered through Whatman no.l filter paper. The procedure was repeated 

using fresh resin, serum was again filtered through Whatman no.l filter 

paper, then through glass fibre filters (Whatman GF/D, GF/F). Samples from 

the serum were taken to assess the stripping efficiency which was found to 

be in excess of 99%. Serum was sterilised through micro-filters, 0.2 |im  poor 

size (Flow Ltd., Rickmans worth, Herts).

Resin was regenerated by rinsing it several times with double distilled water, 

to remove gross residual serum, then washing it in IM NaOH followed by 

IM HCl. The regeneration process was repeated several times till the resin 

was radiolabel free.

B) Culture preparation

Culture conditions were modified from those described by Sensenbrenner et 

al. ’m  1980 (428). Brains of newborn rats (1-3 days old) were removed and 

cleaned on a Petri dish, on ice. All subsequent steps were carried out in a 

sterile cabinet on ice. Brains were chopped then titurated very gently to 

suspend the cells in the medium, the medium was Modified Eagle's Medium, 

containing 10% Fetal Calf Serum (FCS), L-glutamine (2 mM), penicillin 

(100 U/ml) streptomycin (100 |ig/ml), fungizone (2.5 pg/ml) and
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supplemented with 5 hormones; insulin (10 ]Lig/ml), hydrocortisone (10 nM), 

transferrin (5 pg/m l), g lycine-L-histidyl-L -lysine (10 ng/ml) and 

somatostatin (10 ng/ml). Cells were plated at a density of approximately 10^ 

cells / ml, in 6 wells (llcm ^) / Petri-dish, then incubated in a humidified 

atmosphere of 95% air and 5% CO2 at 37°C. Medium was replaced after 3 

days with either FCS-free medium (DS) or with medium containing TH- 

stripped FCS (SS), all unattached cells were thus removed. The medium was 

subsequently changed every 3-4 days for about 14 days (Fig. 16-21).

C) Immunocytochemistry

An adaptation of the protocol described by Bock et a l  (1977) (40) was used, 

in combination with the protocol provided with the rabbit anti-rat glial 

fibrillary acidic protein (GFAP) antibody (1:400 dilution), donated by Mr.P 

Witney of the Department of Histopathology at UCL. The procedure is 

based on the presence of GFAP in astrocytic cells, which is more than forty 

times higher than the whole brain, Bock et a l  (1975) (39). A GFAP 

anti serum was used to stain the cultivated cells so that the purity of the 

culture could be determined. Cells were washed with tris buffered saline 

(TBS), pH 7.6, fixed in a freshly made acetone, and were kept for 10 mins in 

TBS containing 10% Newborn Swine Serum (NSS). Cells were washed and 

sequentially incubated in 30 minutes steps in the following arrangements:

1)- Rabbit antiserum-rat GFAP (diluted 1:500).

2)- Peroxidase labelled sheep anti-rabbit IgG (diluted 1:100) then

3)- Rabbit peroxidase anti-peroxidase (diluted 1:1000).

TBS was used for the previously mentioned dilutions as well as for cell 

washing following every incubation step. An insoluble brown product was 

then produced as a result of a reaction, which lasted 15 minutes, between the 

cells and a mixture of 5 mg 3,3'-diaminobenzidin hydrochloride and 1%
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hydrogen peroxide in 0.2 M Tris-HCl buffer, pH 7.6. Cells were washed 

with TBS then with tap water, counter stained in Mayer's haematoxylin, 

differentiated in acid alcohol, blued in alkahne tap water, dehydrated, 

mounted and viewed under a microscope which revealed a brown stained 

GFAP sites and a blue stained nuclei.

Figure 16.1 Day-old astrocytic cell culture.

1

?

Under phase contrast (x 400).
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Figure 17. 5 Days-old astrocytic cell culture.

■ V - '

Under phase contrast (x 400).
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Figure 18. 11 Days-old astrocytic cell culture.

X

%

Under phase contrast (x 400).
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Figure 19.11 Days-old astrocytic cell culture.

Under phase contrast, with yellow filter (x 1000)

87



Figure 20.11 Days-old astrocytic cell culture, incubated for 4 more
days in a medium containing TH-stripped FCS (SS).
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Under phase contrast (x 400)
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Figure 21. 11 Days-old astrocytic cell culture, incubated for 4 more
days in FCS-free medium (DS).

Under phase contrast (x 400)
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2.3.3 Neuronal Cell Culture

The procedure used was as that described by Pickard et al. in 1987 (361). All 

procedures were carried out in a sterile cabinet. Foetuses of 15-17 days of 

gestation were removed from rat dams, brains were removed, cleaned, 

chopped then titurated with a sterile pipette. After filtration through sterile 

nylon bolting cloth (110 pm mesh size), cells were suspended in Coon's 

modified F-12 medium containing 2.5% (v/v) newborn calf serum, 2 mM L- 

glutamine, non essential amino acids, penicillin (100 U/ml), streptomycin 

(100 pg/ml), fungizone (2.5 pg/ml) and a mixture of five hormones; insulin 

(10 pg/ml), hydrocortisone (10 nM), transferine (5 pg/ml), glycine-L- 

histidyl-L-lysine (10 ng/ml) and somatostatin (10 ng/ml). Suspension was 

then dispensed into 11 cm^-wells, 6  wells/ petri-dish, with approximate 

density of 2x10^ cells / ml. Petri-dishes were incubated in a humidified 

atmosphere of 95% air and 5% CO2 , at 37°C. After four days the medium 

was replaced with serum-free medium (freshly made) in order to select 

neuronal cells. Culture was kept in incubation for further 8 days while 

medium was changed every 3 days. Cells were checked from time to time, 

under phase contrast microscope, to monitor their development and density 

as well as for any contamination (Fig.22&23).

2.3.4 2-Deoxy-D-glucose uptake into astrocytic cells in culture.

A) Insulin Experiments

After the last medium change, either with stripped calf serum or serum-free 

medium, astrocytic cells were incubated under standard conditions for 

further 48 hours. After this incubation period, medium was aspirated and 

cells were washed with ice cold Krebs Ringer phosphate buffer (KRP), pH 

7.4, containing either 100 nM insulin (Sigma Chemicals Co. Ltd., Pool- 

Dorset) and / or 10 nM T3 (Henning, Berlin) or vehicle control. 2DG tracer
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(0.25 |iCi / ml, in 50 |iM carrier 2DG) was added and cells were then 

incubated for further 15 minutes at 37°C. Whilst the non specific uptake 

samples were incubated at 4°C for the same period of time.

Figure 22.12 Days-old neuronal cell culture.

m

Under phase contrast (x 400)
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Figure 23.12 Days-old neuronal cell culture.
Under phase contrast, with blue filter

A )x400

B) X 1000
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Reactions were stopped by placing samples on ice with immediate addition 

of 100 mM glucose in ice-cold KRP, cells were washed, gently harvested by 

using rubber or nylon pohcemen and then sonicated. Aliquots were removed 

for protein and DNA determination, the remainder was solubilised by NCS 

at 37°C for 2 hours, and neutralized with glacial acetic acid. After addition 

of scintillation fluid, samples were kept overnight in a dark place to 

eliminate any chemiluminescence, before being 6 -counted. Results were 

quenche corrected and represented as nmol / mg protein.

B) Time Course

The previous procedures were followed except that 10 nM T3 (or 

corresponding vehicle control) was used, whilst the incubation period ranged 

from 5-180 minutes. A preliminary set of experiments were also carried out 

on control samples. 2 differnt tracers were used separately, 0.25 jiCi / ml of 

either 2-deoxy-D-[2,6-%] glucose or [3-i^C] 3-0-methyl-D-glucopyranose, 

in 50 pM of relevant carrier. The incubation time range used was from 5-150 

minutes for 2DG samples, while for 3-OMG samples was 0.5-60 minutes.

C) Pre-incubation Time Course

Procedures used were as those mentioned above, except that only 2DG tracer 

and carrier were used, whilst T3 concentration was kept at 10 nM as before. 

Pre-incubation time range was 0-72 hours, while incubation time was 15 

minutes for SS culture and 10 minutes for DS culture.

D) Dose Response

Pre-incubation time was fixed in this set of experiments at Ihour, while T3 

concentration was varied from lO 'l^ to 10-6 M. The procedure and the rest 

of the conditions were as in time course experiments.
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E) Analogue Studies

For comparative purposes, the effect of L-thyroxine (T4 ) and other TH 

derivatives were studied, such as TRIAC and rT3. Procedures used as in 

dose response experiments; however, only 1 and 10 nM of TH or analogues 

were used for DS cultures and 1,10 and 100 nM for SS cultures.

F) Kinetic studies

These experiments were carried out only on astrocytic cell cultures with the 

final incubation medium containing TH-stripped serum (SS). The procedures 

were identical to the previous experiments except that T3 concentration was 

fixed at 10 nM, incubation time was 15 minutes and pre-incubation time was 

Ihour, whilst the carrier (2DG) concentration varried from 5xlO'^ - 5x 10 '^ 

M.

2.3.5 L-Lysine uptake and incorporation into protein

2.3.5.1 In Astrocytic Culture

All subsequent experiments were started immediately after the last culture 

incubation period, the medium contained only TH stripped fetal calf serum.

A) Different Media

As soon as the culture was ready, medium was replaced by a fresh one 

containing 10% FCS or 10% of TH-stripped FCS, the latter was either alone 

or with TH (T3 or T4) of various concentrations (1,10 & 100 nM) or the 

relevant vehicle control. After further 48 hours incubation at standard 

conditions a tracer amount of L-[4,5-%] lysine with cold carrier (Amersham 

International Pic, Buckinghamshire) was added (0.5 pci / ml in 1 mM carrier 

lysine), cells were then incubated for 15 or 60 minutes. Incubation was 

terminated by placing incubation mixtures on ice (4°C) followed by
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immediate aspiration of the medium then washing with ice cold KRP buffer 

(pH 7.4). Blank samples were performed exactly as mentioned above, except 

that they were incubated at 4°C. Cells were removed from petri-dishes by 

gentle harvesting in distilled water using a rubber policemen, then they were 

sonicated. Aliquots were taken for total uptake counting and for protein 

estimation, the remaining portions were treated with 2 0 % and then 1 0 % 

TCA, to precipitate proteins, which were then pelleted. Before p-counting, 

samples were solubilized with NCS for 2hours at 37°C, followed by 

neutralisation with glacial acetic acid. Scintillation fluid was then added and 

samples were kept in a dark place overnight. The results were quench 

corrected and represented in term of nmol / mg protein.

B) Time Course

These experiments were carried out only for the control samples, i.e. no TH 

was added. A similar protocol to the previous procedures was followed 

except that the incubation period ranged from 0-180 minutes.

C) Dose Response

The same procedures as in time course experiments, except that the 

incubation time was 15 minutes, pre-incubation time was 1 hour while T3

concentrations used were between 10" 10 and 10'^ M, with the corresponding 

vehicle controls.

D) Analogue Studies

For comparative studies the effects of TH analogues; T4 , rTg and TRIAC 

were all studied beside T3 at three different concentrations (1, 10 & 100 nM) 

with the corresponding vehicle control. The rest of the procedures were 

identical to the dose response experiments.
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E) Kinetics

The exact procedures used in dose response were followed except that T3 

concentration was 10 nM, while the L-lysine concentrations has varried 

between 0.1 and 10 mM.

2.3.5.2 In Neuronal Culture

A) Time course

Immediately after the culture was ready for the experiments, petri-dishes 

were placed on ice (4°C), medium was replaced by fresh one (serum-free) 

containing either 10 nM T3 , 100 nM T4 or the corresponding vehicle

controls. After pre-incubation for 1/2 or 8 hours, at 37°C, cells were 

incubated for further period of time (15 minutes - 24 hours) at 37°C or 4°C 

with KRP (pH 7.4) containing 10 mM glucose and [4,5 ^H]-lysine (1 pCi / 

well, 1 mM lysine final concentration). TH and the vehicle control were also 

added as before. Incubation was terminated by placing petri-dishes on ice 

and immediate aspiration of the medium. After washing the cells with ice 

cold KRP, they were harvested in double distilled water, using a rubber 

policemen then sonicated (Fig. 24). Ahquots were removed for total uptake 

counting and protein estimation, the remainder centrifuged at 2 0 ,0 0 0  g for 

30 minutes at 4°C. Pellet (insoluble proteins) and supernatant (soluble 

protein) were separated, precipitated with an equal volume of 20% TCA 

centrifuged at 2,000 rpm and supernatants discarded. The procedure was 

repeated twice with 10% TCA. Pellets as well as samples taken earlier for 

total uptake counting, were kept for 2 hours at 37°C with 100 pi NCS 

followed by neutralization with glacial acitic acid. 3 ml of scintillation fluid 

were added to the samples and before being p-counted they were kept 

overnight in a dark place, to eliminate chemiluminescence. Counts were
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quench corrected, net results calculated by deducting the results of 4°C 

samples and presented as nmol / mg protein.

B) Pre-incubation time course

The same procedures followed above were used in this set of experiments, 

except that pre-incubation time was between 30 minutes and 24 hours while 

the incubation time was fixed at 1 hour. Thyroid hormones concentrations 

were 1,10 nM for Tg and 10 & 100 nM for T4 .

C) Dose response

This was identical to the time course experiments. With pre-incubation time 

fixed at 30 minutes and incubation time at 1 hour. The concentrations used 

for TH, as well as the vehicle control, were 10" 10-5x10-8 M for Tg and 10-9- 

10-6 M for T4 .

D) Kinetic studies

Pre-incubation time used was 30 minutes, incubation time was only 15 

minutes, 10 and 100 nM of Tg and T4 respectively were used, total lysine 

concentration in the incubation medium was 0-50 mM. However, the rest of 

the procedures were similar to the one mentioned earher in the time course 

experiments.
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Figure 24. Harvested neuronal cells.
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Under phase contrast (x 400)
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Chapter : 3

D
“ESUlsTS

Thyroid Hormones Action At Extranuclear Level 
The Effect On 2-Deoxy-D-Glucose Uptake Into 
Synaptosomal Fraction, Prepared From Hypo - 

And Euthyroid Adult Rats.
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3.1 Introduction

Although it is generally accepted that TH action is mediated at the level of 

the nuclear receptor, evidence is accumulating to suggest that they may also 

exert more direct effects on certain membrane-related processes. Results on 

thymocytes and myocardial cells have indicated that plasma membrane T3- 

binding sites may regulates the activity of amino acid and glucose uptake 

systems (425). Such biological function for synaptic membrane binding sites 

has hardly been put into the test, and when it was carried out euthyroid 

animals were used. Given that binding sites are expected to be presaturated, 

not surprisingly most reports showed negative results.

Synaptosomal fractions, prepared from both euthyroid and hypothyroid 

animals, were employed in this series of studies in order to investigate 

whether there is a possible extranuclear-mechanism of TH effects, 

particularly of T3, on sugar uptake in brain compartments using glucose 

analogue, 2-deoxy-D-glucose (2DG).

3.2 Animals

3.2.1 Thyroid Homones Level

Adult Sprague-Dawly rats, 4 months-old, were partially thyroidectomised 

and kept under the same conditions of the control ( euthyroid, EU) rats. 

Serum samples were taken from the animals just before the experiments 

were carried-out, total T3 and T4 level were estimated (by RIA) in order to 

assess the level of thyroidectomy. The results show that total T4 level was 

severely reduced by partial thyroidectomy (by almost 80%) while total T3 

level has been reduced to a lesser extent (statistically not significant) by 40% 

(table 2). These results indicated that part of the gland was still functioning; 

but the animals were in hypothyroxinémie state.
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Table 2. Total T4  and T3  level in rats’ plama, using in house’ 
radioimmunoassay technique.

Euthyroid Thyroidectomised

T4  (nM) 55.8 ±7.9  (10) 11.82 ±1.34 (14)*

T3 (nM) 1.5 ±0.32 (15) 0.86 ±0.24 (16)

Values presentred are the mean ± SEM (n)
* P < 0.001 (using unpaired student's t-test)

3.2.2 Animals weights

Although thyroidectomised rats were kept under the same conditions as 

those used for normal rats, their body size and hence weights were increased. 

This increase in body size and weight is mainly due to metabohc disorders, 

leading to an accumulation of a thick fat layer under the skin.

On the contrary to the body weight, brain and cerebral cortex weights ratio 

were both significantly reduced in the thyroidectomised rats, by 8 and 14 % 

respectively (table 3).

Table 3. Body, brain and cerebral cortex weights of euthyroid and
thyroidectomised rats, used in the synaptosomal experiments.

EU TX

Body (gm) 290.27 ±8.17 341.69 ±16.41
(15) (20 )*

Brain (gm) 1.955 ±0.031 1.8125 ±0.026
(15) (2 0 )*

Cerebral cortex 0.91 ±0.018 0.78 ±0.0167
(gm) (15) (2 0 )*

Values are the mean ± SEM (n).
* P < 0.01 (using unpaired student's t-test).

101



3.3 Effect of TH on 2-deoxy-D-glucose uptake into svnaptosomes. in 

vitro.

3.3.1 Time Course

Preliminary experiments for control samples, with no TH added to the 

incubation mixture, were performed on synaptosomes prepared from both 

euthyroid and thyroidectomised rats. Results show that net uptake as well as 

the rate of uptake, after 60 minutes of incubation time, were significantly 

reduced in samples prepared from TX animals (Fig.25 and table 4).

Figure 25. The effect of thyroidectomy on 2DG uptake into 
synaptosomal fractions, from adult rats.

2.4

EU0 .8 -

TX

0.0
0 7 14 21 28 35 42 49 56 63 70

Incubation time (min.)

Values are the mean ± SEM, n = minimum of 8 experiments. 
** P < 0.02 (using unpaired student's t-test).
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The addition of various concentrations of T3 (100 pM-1 jiM) to the 

incubation medium of the euthyroid synaptosomes had little or no effect on 

the uptake mechanism (Fig. 26 and 28a). On the other hand, 2DG uptake 

into synaptosomes prepared from TX animals was stimulated by the 

presence of 10 nM T3 after 10 minutes of incubation period, and by InM 

and 100 nM T3 when incubated for 1 hour. However, a suppression in the 

uptake was also evident when synaptosomes where incubated for shorter 

periods with 1(X) pM and IpM T3 (Fig. 27 and 28b).

The suppression, caused by the addition of IjiM T3, was abolished when 5 

mM ATP was added to the incubation mixture (Fig. 28b), which might 

suggest that the inhibition was caused by a shocking-like syndrom, while the 

presence of added ATP might provide the synaptosomes with the energy 

required for the quick adaptation to the presence of highly concentrated T3.

Table 4. The effect of various incubation times on 2DG rate of uptake 
into synaptosomal fractions, n = 8 .

Incubation 2DG rate of uptake (nmol / mg protein / min)

time (min) EU TX P

5 0.1213 0.1685 NS

10 0.1364 0.1396 NS

30 0.0645 0.05899 NS

60 0.0288 0 .0 2 2 2 0 .0 2

103



Figure 26. The effect of various incubation times on 2DG uptake into
synaptosomes, prepared from euthyroid adult rats, with

(closed cirlcles) or without 0.1-100 nM T3  (open circles).
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Points shown are the mean of at least 8 experiments ± SEM. 
No significant difference were observed at any point.
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Figure 27. The effect of various incubation times on 2DG uptake into
synaptosomes, prepared from TX adult rats, with (closed
squares) or without 0.1-100 nM T3 (open squares).
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Points shown are the mean of at least 8 experiments ± SEM.
* P < 0.05, ** P < 0.02 & *** P < 0.01 (using unpaired student's t-test).
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Figure 28. The effect of various incubation times on 2DG uptake into
synaptosomes, prepared from adult rats, with (closed
symboles) or without 1 pM T3  (open symboles).
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Values are the mean ±SEM, n > 8 . *** P < 0.01.
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3.3.2 Pre-incubation Time Course

The pre-incubation of euthyroid synaptosomes with 1 nM T3 , for various 

periods of time, had no significant effect except after 120  minutes, where 

uptake was reduced by 22 % (P < 0.02) (table 5). This lack of response could 

possibly be due to the presence of already saturated TH binding sites.

Table 5 .2DG uptake into synaptosomal fractions, prepared from 
euthyroid adult rats, after various pre-incubation times.

minutes Net uptake (nmol / mg protein / min)

Control 1 nM T3

0 0.162 ±0.0128 0.165 ±0.01

10 0.142 ±0.0057 0.159 ±0.0057

30 0.109 ±0.00423 0.0964 ±0.00793

60 0.07 ± 0.00716 0.078 ±0.0086

120 0.034 ±0.0022 0.026 ±0.0013*

Values are the mean ± SEM, n > 6 experiments.
* P < 0.02 (using unpaired student's t-test).

3.3.3 Dose Response

In order to optimise the conditions for 2DG uptake into synaptosomes, 

various concentrations of T3 were used in the incubation mixture. However, 

it was not surprising to find that T3, at all concentrations used, did not have 

any effect on 2DG uptake in synaptosomes prepared from euthyroid rats 

(Fig. 29 & table 6 ). On the other hand, samples prepared from 

thyroidectomised rats, showed an optimum stimulation of uptake after 10 

minutes of incubation with 10 nM T3 , by 77 % (P < 0.001, Fig. 29).
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Inhibition was more prominent with smaller concentration of T3, 100 pM. 

After 30 minutes of incubation period, the addition of various T3 

concentrations showed no significant effect on the uptake. However, with a 

longer incubation time, 60 minutes, the stimulation of the uptake was again 

evident, but only with 1 and 100 nM T3 (table 6 ).

Figure 29. The effect of different T3  concentration on 2DG uptake into 
synaptosomes, after 1 0  minutes of incubation time.

□  Control □  Control

b) Thvroidectomiseda) Euthvroid
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0.15-
0 . 1 2 -

0.09-

0.06-

0.03-

0.1 1 10 100 1000 0.1 1 10 100 1000 
Concentration (nM) Concentration (nM)

Values are the mean ± SEM, n > 8 experiments.
*** P < 0.01 & ** P < 0.02 (using unpaired student's t-test).

3.3.4 Analogue Studies

Although T3 is regarded as the most potent TH. Other TH analogues, 

especially T4 are also known to exert considerable effects. For comparative 

reasons the effect of 1 and 10 nM concentration of each of T4 , rTg, TRIAC
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and T2 were also studied. Using only hypothyroid animal samples, all TH 

analogues used,at 10 nM and not 1 nM concentration, have showen 

significant stimulation to the uptake (Fig. 30).

Table 6. Dose response, after 30 & 60 minutes of incubation times.

Net uptake (nmol / mg protein / min) X 10-3

(nM) Euthyroid Thyroidectomised

(min) Control T3 Control T3

0.1 92 ± 10.5 7 3 17 .3 6 6 1 4 .9 56 .517 .4

1 70 ± 8.6 70.418.3 27 .314 .2 3 6 1 4 .7

30 10 89.4 ± 8.5 88.719.9 44.7 1 2.5 38 .713 .8

100 7 2 1 9 .8 7 2 1 8 .6 3 1 1 3 .8 29.5 1 3

1000 74.7 ± 6.7 67.816.7 7 5 1 8 5 3 1 1 1

0.1 33 ±5.5 27 .915 .2 3 1 1 4 2 4 1 3 .4

1 2 9 1 4 .2 33.414.8 16.311 2211 .4*

60 10 3916.1 3 9 1 4 .9 1 711 1 7 1 2

100 25 .414 .2 27.514.5 1 2 1 0 .6 1 4 10 .9  *

1000 3 012 .5 3 0 1 2 .2 25 13 .7 2 0 1 4 .5

Values are the nean ± SEM of at least 8 experiments. 
* P < 0.05 (using unpaired student's t-test).
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Figure 30. 2DG uptake into synaptosomes, prepared from TX adult 
rats, incubated with different TH analogues.
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Values are the mean ±SEM of at least 8 experiments.
* P < 0.(X)1, ** P < 0.02 & *** P < 0.05 ( using unpaired student's t-test).

3.3.5 Kinetic Studies

Using synaptosomes prepared from hypothyroid rats, 10 minutes incubation 

with 10 nM Tg significantly stimulated the uptake at low 2DG total 

concentrations (50 and 100 pM). At higher concentrations of 2DG, > 0.5 

mM, the uptake was suppressed, but not significantly, by the presence of T3 

(Fig. 31). However, this effect was not due to changes in the velocity of the 

uptake but due to the change in the availability of substrate to the uptake 

system at the membrane level (table 7). This observation is in agreement 

with previous experiments and could also be due to the inadequacy of energy 

pool (ATP level), an essential component for the uptake mechanism.
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Figure 31. The effect of 10 nM T3 on the kinetic parameters, Km & 
Vmax? of 2DG uptake into synaptosomes, prepared from 
TX adult rats.
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Values are the mean ± SEM of at least 7 experiments.
* P < 0.02 (using unpaired student’s t-test).

Table 7. The kinetic constants of both control and T3  treated fractions.

Control 10 nM T3

Vmax 0.372 0.272
(nmol / mg protein / min)

Km 0.2 0.084
(mM)
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3.4 Summary

Triiodothyronine (lO'^^-lO'^ M) is without any effect on 2DG uptake in 

synaptosomes prepared from normal adult rats. Meanwhile, synaptosomes 

prepared from hypothyroid rats were responsive to the presence of T3, 

significant inhibition to the uptake at 1 nM which was reversed to a 

significant stimulation at lo  nM (Fig. 29 & table 6 ).

The inhibition effect of 1 pM T3 was abohshed when 5 mM ATP was added 

to the incubation mixture (Fig. 28).

10 nM of different TH-analogues, have significantly stimulated the uptake of 

2DG into synaptosomes prepared from thyroidectomised adult rats (Fig. 30).

Nevertheless, the significant effect of T3 , observed on the uptake into 

hypothyroid synaptosomes, was not exerted through changes in the rate of 

uptake (table 7).
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D
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2-Deoxy-D-Glucose Uptake In Developing 
Rat Brain Cells, In V itro , In Relation To 

Thyroid Hormone Level.
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4.1 Introduction

The effects of Tg and T4 , on brain development has been well recognised. 

However, the brain is a heterogeneous system consists of cells, of diverse 

origin, phenotype and function. Despite the fact that neurons and ghal cells 

are the main types, most of the investigations carried out so far have 

concentrated on either the whole brain, in vivo, or neuronal or mixed neural 

cell cultures, while glial cells particularly astrocytes have hardly been 

investigated. Astrocytes have been acknowledged to be involved in a wide 

range of processes critical for neural development, such as neuronal 

migration and survival, neurite outgrowth and differentiation and the control 

of oligodendroglial proliferation and trophic growth (especially during the 

early neurogenesis), and in response to injury and neuronal death (2 ).

TH action on gha was initially thought to be secondary to those on neurons. 

However, evidence is accumulating which indicate direct ghal sensitivity to 

TH in culture. Early reports have shown the activity of the three thyroid 

hormones deiodinases (D-I, D-II and D-III) in mixed cell cultures, with D-II 

activity being upregulated in response to T3 depriviation. These activities 

were assigned to neuronal cells (272), but later work showed that glial cells 

too possessed both 5- and 5'-deiodinating activities, which are shown to 

change as a function of development (61). In support of this view, various 

reports showed that the presence of TH in astrocytic cell cultures has a 

stimulatory effect on number of processes including: the intracellular 

calcium flux, possibly due to translocation of a transporter rather than by a 

nuclear mediated mechanism (252), polyamine synthesis (244) and also the 

transport of 2-deoxy glucose and amino acids (388). Furthermore, TH has 

also been shown to act in co-operation, both synergistically and additively, 

with other modulators of neural cell development, such as the potentiation of 

TH acceleration of the formation process in cultured astrocytes, by the
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insulin, as in the accumulation of GFAP, and glutamine synthetase activity 

increases in an additive manner when exposed to both Tg and hydrocortisone 

(2).

The complexity of the CNS in the in vivo model, causes difficult 

identification of the specific mechanisms involved in TH effects on brain 

development. Furthermore , during developmental stages the involvement of 

maternal extraneural factors, which are themselves under TH control, cannot 

be eliminated. In order to avoid these obstacles and to gain a better 

undertsanding of the role of TH in brain development, in vitro models were 

employed. It is recognised that neural cells in culture behave in a similar 

manner to cells in vivo, with respect to their responses to hormones, nuclear 

binding of Tg and developmental profiles (216, 285). The use of tissue 

culture in a chemically defined medium, eliminating any influence from 

maternal and extraneuronal sources, permits identification of the primary 

effect of TH in specific neural cell types. Primary culture is also considerd to 

be more representative of cells in the developing brain than transformed cell 

lines ( glioma or neuroblastoma).

In this chapter evidence is presented regarding the effects of TH, particularly 

Tg, on 2-deoxy-D-glucose uptake into astrocytic cells in culture, with the 

intention of identifying the astrocytes involvement in brain metabolic 

homeostasis and their contributions to the known neurological deficits, under 

hypothyroid conditions during developement. Bearing in mind that glucose 

is considered to be the primary energy substrate in the CNS, thus any 

changes in glucose utilisation may profoundly affect brain development.

4.2 Tissue Culture

Astrocytic cell cultures were prepared from the brain of 1 -3 day old normal 

Sprague Dawley rats. Growth of the cells was continued for 11-12 days
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without interference, medium was changed every 3-4 days (see chapter 2 for 

further details), cells were regularly examined under the phase contrast 

microscope, to check their growth and any bacterial or fungal contamination. 

Cells were found to have characteristic cytological features associated with 

astrocytes. The vast majority of them were polygonal type, epithelioid with a 

number of processes (226), whilst stellate form existed in small proportions. 

After 11 days of cell culture they were incubated for further 3-4 days in 

culture medium either completely deprived of PCS (DS) or with TH-stripped 

PCS (SS). Pictures were taken of the cells after 1, 5 and 11 days of culture 

and after further 4 days of incubation with SS or DS medium (Pig. 16-21).

Although the culture medium used is known to be selective other neural cell 

types (oligodendroglia, neurons and fibroblasts) were also present in very 

small numbers. To assess the degree of contamination, cultures were 

regularly examined under the phase contrast microscope. In most cases 

contamination level was below 5%; however, if that level was > 10% the 

culture was discarded. The purity of the culture was also confirmed, 

occasionally, by immuno-cytochemical screening (section 2.3.2.C, chapter 

2). Results showed that the level of contamination , i.e. cells that were not 

stained positively, was below 5%.

4.2.1 Medium TH-Level

TH-level in the culture medium was measured after 11-days of incubation 

with full medium and after further incubation with PCS-free medium or with 

medium containing TH-stripped serum. The results gave clear evidence that 

the cells, at the time of experimental work, were in hypothyroid conditions, 

since both T4 and Tg level in the medium were severely reduced (table 8 ).
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Table 8  Thyroid hormones concentration in astrocytic culture medium.

Concentration (nM)
(n) T4 T3

Culture Medium

+ FCS 6 37.38 ± 3.25 1.5±0.114

+ TH-free PCS 6 1.34 ±0.39* Undetectable

Free of PCS 6 1.2 ±0.36* Undetectable

4.2.2

Values are the mean ± SEM.
* P < 0.001 (using unpaired student t-test).

Cell Viability

During the preliminary phases, where only cells incubated in FCS-free 

medium were used for experimental work, hardly any response to the 

presence of T3 in the medium was observed. These results indicate that 

astrocytes require some serum factor other than TH for their growth and 

viabihty. Hence in subsequent experiments TH stripped PCS was used in the 

incubation and cell culture media. Cell viability was also frequently checked, 

usually by using-phase contrast microscope, to assess their size and density 

beside their cytological features. Dye exclusion were also randomly 

employed in subsequent experiments.

A) Cell density and size assessment

Occasionally DNA and protein level were estimated at various culture 

stages; for the starting cell suspension (SH), 11-days old culture (FM) and 

after further 4 days of incubation with FCS-free medium (DS) or withTH- 

stripped-FCS (SS), results are given in table 9. As expected the cell 

suspension (containing meninges, blood vessels and variety of neural cells)
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had a high protein content. However, in agreement with the visual tests, cell 

number and size were significantly decreased after incubation with FCS-free 

medium (DS), by 40 and 32% respectively, whilst in cultures containing TH- 

stripped-FCS (SS) there was a similar reduction in cell number (30%) but 

not significant reduction in cell size (Fig. 16-21 & table 9).

B) Insulin test

Another method was employed to assess the cells' metabolic functions. A 

preliminary set of experiments was carried out by adding 100 nM of insulin, 

which is known to stimulate the glucose uptake into astrosytic cells in 

culture, with or without 10 nM Tg to the incubation medium while 2DG 

uptake was measured. Results demonstrated that only when the culture was 

deprived of FCS, the cells did respond to the presence of insulin, and only in 

the presence of 10 nM T3, the uptake was stimulated by 27%. However, 

neither 100 nM insulin nor 10 nM T3, did manage to stimulate the uptake 

without the presence of the other one, i.e. synergestic effect (Fig. 32).

Table 9. Astrocytic cells size and number.

n
DNA 

(pg / ml)
Cells no. 

(x 106 / ml)
Protein 

(mg / ml)
Protein 

(pg / Cell)

SH 12 8.62 ±0.123 1.25 ±0.018 1.78 ±0.058 1424 ± 197

FM 8 5.87 ±0.085 0.85 ±0.012 0.164 ±0.013 192.9 ± 16

DS 6 3.57 ±0.138 0.518 ±0.02* 0.068 ±0.005 132 ± 8 .8 **

SS 6 4.19 ±0.137 0.61 ± 0 .0 2 * 0.099 ±0.006 162.7 ± 9

Values are the mean ± SEM.
* P < 0.001, ** p < 0.01 (using unpaired student's t-test).
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Figure 32. 2DG uptake into astrocytic cells in culture, in presence or 
absence of 100 nM Insulin and / or 10 nM T3 .
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Values are the mean ± SEM of at least 8 experiments.
* P < 0.05 (using unpaired student t-test).

4.3 Effects of TH On The Uptake Of 12.6-3H1 2DG Into Astrocytes 
In Culture.

4.3.1 Time Course.

A preliminary set of experiments were carried out on 2DG uptake in both 

cultures, with FCS-deprived medium (DS) or with medium containing TH- 

stripped-FCS (SS), while only the latter culture was used to study the uptake 

of 30MG. Cells were immediately incubated, without pre-incubation, with 

either 2DG or 30MG tracer for various length of times, no TH was added to 

the incubation medium. The results showed that, in both cultures, the uptake 

was in a direct relation to the incubation period (table 10). However, the rate
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of 2DG uptake was fairly steady over the incubation period (5-180 minutes) 

for DS samples and significantly decreased in the SS samples, from 0.54 to 

0.25 nmol / mg protein / minute. The rate of uptake of 30MG, which is 

membrane dependent, sharply dropped after 2 minutes of incubation, from 

0.144 to 0.059 nmol / mg protein / minute (Fig. 33).

Figure 33. Rate of uptake in both deprived & stripped medium, after 
various incubation time.
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Following these results no further experiments were carried out on 30MG 

uptake; meanwhile, 2DG uptake was further investigated, in both DS and SS 

cultures. Cells, after 1 hour of pre-incubation, were further incubated for 

various lengths of times (5-120 minutes) in the presence of 10 nM T3 or 

vehicle control. Results revealed no effect of 10 nM Tg on either the uptake 

or the rate of uptake of 2DG, in both types of cultures (Fig. 34).

These results, contrary to those shown by Roeder et  al. (1985) (388), 

demonstrate that Tg has no effect on both glucose uptake systems, at 

membrane level, as well as on glucose phosphorlation.
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Table 10. 2DG /  30M G  uptake into astrocytic cells in culture, under
various incubation period.

Net uptake (nmol / mg protein)
TH-Stripped serum 

(SS)
Deprived serum 

(DS)
min 2DG 30MG 2DG

0.5 0.01110.016(6)

1 0.14410.012(6)

2 1.07 ±0.093 (6 ) 0 .11710.015(6)

3 0.11310.01 (6 )

5 2.2210.169 (6 ) 0.2210.029 (6 ) 1.9710.367 (10)

7.5 3.02 ±0.296 (6 ) 0.23510.02 (6 )

10 4.1410.377 (6 ) 0 .25910.019(6) 4.17710.426(10)

15 6.310.799 (6 ) 0.22610.02 (6 ) 6.61710.539(14)

20 0.25910.03 (6 )

30 11.4411.178 (6 ) 0.34810.026 (6 ) 11.0861 1.173 (8 )

45 18.0411.194 (6 )

60 20.48 11.706 (6 ) 0.35910.029 (6 ) 29 .16611.16(7)

90 28.4312.14(6)

120 36.1412.27 (6 ) 57.98611.54 (6 )

150 37.0712.83 (6 )

180 88.215.93 (6 )

Values are the mean ± SEM (n).
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Figure 34. Incubation time course of 2DG uptake into astrocytes, with
(closed symbols) or without 10 nM T3 (open symbols).
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Values are the mean ± SEM of at least 6 experiments.
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4.3.2. Dose Response

In order of further investigation of the 2DG uptake, various concentrations 

of Tg (0.1 nM - 1 jiM) were added to the incubation medium. After 1 hour of 

pre-incubation and 15 minutes of incubation periods, Tg failed to exert any 

significant effect on 2DG uptake, in both cultures systems, which is in 

agreement with the previous observations (Fig. 35).

4.3.3 Pre-Incubation Time Course

To optimise the experimental conditions, cells were pre-incubated for 

various lengths of time in presence of 10 nM Tg or vehicle control. The 

results were identical to the previous ones, i.e no significant response to the 

presence of Tg was observed (table 11).

4.3.4 Analogue Studies

Other TH analogues (T4 , rTg and TRIAC) beside Tg were used in these 

experiments for comparative reasons. Results show that both types of 

cultures have a different réponse to the various TH analogues; 1, 10 and 100 

nM Tg and T4 lacked any effect on 2DG uptake in SS cultures while the 

same concentrations of rTg and TRIAC significantly inhibited the uptake by 

20-30 %. Meanwhile, in the DS culture, only 1 nM rTg significantly 

increased the uptake 46 % (Fig. 36).

These results confirm the lack of effect of Tg and T4 , the main TH, on 2DG 

uptake into astrocytes, in vitro. Surprisingly ,the other TH derivatives used 

(rTg and TRIAC), which are known to be biologically less active, exerted an 

inhibitory effect on 2DG uptake.
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Figure 35. The uptake of 2DG into astrocytic cells in culture, under the 
influence of various T3 concentrations, Dose Response.
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Table 11. 2DG uptake into astrocytic cells in culture, after various
preincubation periods.

Net uptake

D S
(nmol / mg protein / 1 0  min)

S S
(nmol / mg protein / 15 min)

Time Control lOnMTs Control lO nM T s

0 1.97 ±0.33 1.87910.21 4.2410.551 4 .3210.72

10 min 2.0410.132 2.0310.198

30 min 2.51 ±0.355 2.2410.34 7.4910.986 7.6111.046

1 h 4.0510.277 4.0310.285 9.4211.201 9 .531  1.254

2 h 3.9710.453 4.2210.293 4.9310.638 5.0410.566

3 h 5.7810.602 5.5310.639

4 h 6.3710.964 6.0910.749

6 h 4.8910.316 4.47 10.245

8 h 4.6510.433 4.5410.354

24 h 8.3411.138 9.0311.319 2.9110.461 2.7610.41

48 h 2.3810.282 2.5510.214

72 h 1.7310.142 1.81 10.142

Values are the mean ± SEM, n = 7 and 9 for the DS and SS samples 

respectively. There was no significant difference at any point shown above.
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Figure 36. The effect of different TH analogues on 2DG uptake into 
astrocytic cells in culture.
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4.3.5 Kinetic Studies

In an attempt to optimise the experimental conditions, whilst seeking for any 

effect of Tg on 2DG uptake into cultured astrocytes, various concentrations 

of carrier 2DG (5 pM-50 mM) were used in the incubation mixture with 10 

nM T3 . Using only SS cell cultures. Results again showed the absence of Tg 

effect on the total as well as the velocity of 2DG uptake (Fig. 37 & table 12).

4.4 Summary

Contrary to what has been reported in neuronal cells (439), 2DG uptake into 

astrocytic cells in culture did not respond to TH, particularly T3 & T4, while 

it was stimulated by the presence of both 100 nM insulin and 10 nM T3, 

synergestically, only with cultures deprived of FCS. However, an inhibitory 

effect was observed in the presence of other TH derivatives, rT3 & TRIAC. 

Therefore, although TH may be of primary importance in regulating 

neuronal energy metabolism, especially during developing period, it might 

not be the case for other neural cells, at least not to the same extent, where 

other factors such as insuhn could play an important role in the expression of 

TH action.
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Figure 37. The kinetic constents of 2DG uptake into astrocytic cells in 
culture, with TH-stripped medium.
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Table 12. The kinetic constants of both control and T3  treated cells.

Control 10 nM T3

Vmax 27.676 29^
(nmol / mg protein / min)

Km 1788.8 1757.8
(UM)
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Chapter : 5

D
■ESUlsiTS

The Influence Of Thyroid Hormones 
On Lysine Metabolism In Developing 

Rat Brain Cells, In Vitro .

129



5.1 Introduction

The cellular development and subsequent functions of the mammalian 

central nervous system, have been shown to be critically dependent upon the 

availabihty of thyroid hormones (115, 148, 315, 470). However, two main 

points are required to be further examined; the mechanism through which 

TH exert their effects and whether the effects are selective and region and 

cell specific. Previous reports have demonstrated, using the rat model, that 

maternal hypothyroxinemia results in a wide range of biochemical deficits in 

brains from both immature and adult progeny (124, 127), including 

decreased DNA and total protein levels, alteration in activities of selected 

enzymes associated with cellular functions such as energy and calcium 

metabolism, synaptic and lysosomal function and myehn synthesis. Leucine 

uptake and incorporation into protein fractions was also reported to be 

regulated by TH, in both cultured neuronal cells (361) and in tissue slices 

taken from cerebral cortex (360).

In order to understand the possible mechanism through which TH, of 

maternal origin, may influence the developing brain, separate neural cell 

culures during developing stages were employed. They were prepared in 

chemically defined medium and by the time the experiments were performed 

the cells were almost in a pure form. Therefore, conducting such 

experiments on different neural cell cultures will allow a closer look at the 

nature of TH action at cellular level, thus a better understanding of whether 

TH exerts a similar effect on different types of neural cells, mainly 

astrocytes and neurons, in utero, during early neural proliferation prior to the 

estabhshment of independent foetal thyroid functions.

In this chapter, neuronal as well as astrocytic cell cultures, the main neural 

cell types, were employed to further examine their competence under both
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normal and hypothyroid conditions, by examining their efficiency of amino 

acid uptake and protein synthesis. This work followed on from previous 

studies carried out in the department on the effect of TH on protein synthesis 

in neuronal culture (361), where leucine uptake and incorporation were 

studied and found to be maximum at 10 nM T3, the uptake response was 

rapid (< 1 hour) but secondary to the pleiotrophic response of the cells, since 

the uptake was abohshed in the presence of protein synthesis inhibitors. In 

the mean-time, incorporation was stimulated to a similar extent in both 

soluble (cytosolic) and insoluble (membrane associated) fractions, by 27 & 

16 % respectively, suggesting a blanket effect. In the present work, [3H] 

lysine uptake and incorporation into protein was investigated in both cell 

cultures, with various levels of TH. The main metabolic fate of lysine, a 

basic amino acid, in the brain is the incorporation into protein, while the 

catabohc pathway plays only a minor role. Thus any effect of TH on lysine 

metabolism could directly mean an effect on protein synthesis rather than 

other metabolic parameters. Therefore, any abnormalities in protein 

metabolism in these cells, during development, could be interpreted as a 

disruption in their competence, at either proliferation or differentiation level, 

which might contribute to the well known neuronal damages under such 

circumstances.

Thyroid hormones effects on glial cells, during development, have been 

considerd to be secondary to the effects exerted on the neurons (315), 

despite reports of high levels of expression of TH nuclear receptors in ghal 

cells, in vitro (286, 511). This conclusion was based on an early observation 

of the presence of TH receptors predominantly in the neurons prepared from 

adult rat brain (188, 509). However, since the glia undergo rapid division 

and differentiation in the neonatal rat, it is possible that these processes are 

under some degree of direct thyroid hormone control. Furthermore, it is
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known that neonatal thyroid hormone deficiency results in impairment of 

ghal development, including myehnation (470).

Neuronal cells in culture are known to behave in a similar manner to cells in 

vivo. Whilst the effect of TH on astrocytes, development and functioning, 

has so far been poorly reported (section 4.1) reports on TH effect on a wide 

range of metabohc parameters in neuronal cells, in culture, have been much 

better documented, including the regulation of amino acids (171, 361) and 

glucose transport (196, 387), regulation of Na+,K+-ATPase activity (204) 

and MAPI synthesis (with coincident neurite formation) (198). The 

regulation of glucose transport was also reported to act both directly on the 

membrane transporters (426) and via a nuclear mediated effect, as an 

upregulation of the mRNA for glucose transporter protein, was found 

predominantly in the brain (499).

5.2 Cell Cultures

5.2.1 Astrocytes

Astrocytic cell cultures used for these experiments were similarly prepared 

as those used in chapter 4, section 4.2. However, as the results in the 

previous chapter revealed that the culture degenerates rapidly if cells were 

incubated for 2 or more days in FCS-deprived serum, only medium contains 

TH-stripped serum was employed in the present experiments. Cells reached 

confluence 11-15 days after the culture had begun, depending upon the 

initial seeding density and subsequent cell survival. Occasionally, 

immunocytochemical tests were conducted in order to assess cell culture 

purity. However, a visual estimation using the phase contrast microscope, 

were usually employed to monitor cell growth and density as well as any 

contamination by other cell types, judged by their cytological characters.
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Although these microscopic studies were enough to assess cell viability, 

other tests used in the previous chapter were also employed here, the results 

are shown in table 9 and figure 32. Total T3 and T4 in the culture medium 

were also tested for random samples (table 8 ).

5.2.2 Neurons

The brains of foetal rats (17 days of gestation) were used to isolate the cells 

required for these cultures. During this period neuronal cells are known to be 

activly developing. Contamination by other neural cells were minimised by 

using the best suited growth medium for neuronal cells, Coon's modified F- 

12 medium containing 2.5 % (v/v) newborn calf serum. The cultures were 

deprived of newborn calf serum after 4 days of culture. However, other cell 

types still persisted in the culture, which were slightly more extensive than 

in the astrocytic cultures. The main contaminating cell types were fibroblasts 

and astrocytes. Total contamination did not exceed 10 % during the early 

culture period which then diminished as the cultures developed toward 

confluence. Total culture period, the time at which the cells reached 

confluence, was 14-16 days.

Immunocytochemical tests were not carried out on these cultures. However, 

cells were identified by their cytological characteristics, mainly the presence 

of clear axons (Fig. 22 & 23). Additionly, cells density in culture was closely 

monitored in order to test their viability and suitability for further studies. 

These tests were fairly reliable since cells were cultured during their 

developing period. Because the cultures were deprived of serum, at least 10 

days before any experimental work was carried out, cells at that time were 

assumed to be in hypothyroid conditions and no assessment for total T4 and 

T3 were made.
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5.3 The Effect Of TH On r3H1 Lysine Uptake And Incorporation Into 
Protein.

5.3.1 Astrocytes

5.3.1.1 TH Level In Culture Media

In series of preliminary experiments carried out in order to study the effect 

of TH (T4 and T3) in the growth medium, cells were incubated the last 2 

days in medium containing foetal calf serum (+FCS) or TH-stripped FCS 

(SS). The results revealed that the uptake of [3H] lysine is significantly 

higher in cultures incubated in SS mediium, by 36 and 17% after 15 and 60 

minutes of incubation time respectively (table 13). On the other hand, the 

incorporation into protein was significantly higher after 15 minutes of 

incubation (by 175 %), whilst there was no significant effect after incubation 

for 1 hour. Another set of experiments was carried out, side by side with the 

previous one, in which T4 , T3 or the vehicle control (1, 10 and 100 nM) 

were added to the cultures, only SS medium was used in this set of 

experiments. The uptake was significantly stimulated by 1 nM T3 and 10 

nM T4, after 15 minutes of incubation period, by 26 and 17 % respectively. 

On the contrary, uptake inhibition was clearly evident when cells were 

incubated for a longer period, 60 minutes, with either 1-100 nM or 10-100 

nM T3 (table 13).

Simillarly, incorporation was stimulated by 1 nM T3 and 10 nM T4 after 15 

minutes of incubation time. Whilst, 100 nM of either T3 or T4 has 

significantly inhibited the incorporation. However, longer incubation period, 

60 minutes, neither T3 nor T4 has shown any effect on lysine incorporation 

into protein, except with high concentration of T4,100 nM, where inhibition 

was evident (table 13).
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Table 13. The effect of different TH contents, in astrocytic culture 
medium, on lysine uptake and incorporation into protein.

 nmol / mg protein / min_________________
Incubation time

15 minutes 1 hour
Uptake Incorporation Uptake Incorporation

+FCS 1.328 ± 0.239 ± 0.225 ± 0.099 ±
0.065 0.016 0.008 0.003

SS 1.811 ± 0.657 ± 0.264 ± 0.091 ±
0.063* 0.046* 0.009* 0.003

1 nM
Control 2.154 ± 0.56 ± 0.334 ± 0.093 ±

0.169 0.029 0.013 0 .0 0 2

T3 2.708 ± 0.675 ± 0.315 ± 0.084 ±
0.119** 0.044*** 0.008 0.003

T4 2.15 ± 0.642 ± 0.251 ± 0.081 ±
0.05 0.028 0 .0 1 2  * 0.0025

10 nM
Control 2.258 ± 0.379+ 0.327 ± 0.089 ±

0.084 0.048 0.015 0.006

T3 2.352 ± 0.454 ± 0.239 ± 0.077 ±
0.168 0.017 0 .0 2 2 ** 0.005

T4 2.64 ± 0.69 ± 0.252 ± 0.075 ±
0.132*** 0.067* 0.016 * 0.008

100 nM
Control 2.129 ± 0.667 ± 0.371 ± 0.087 ±

0.272 0.041 0.011 0.003

T3 1.823 ± 0.439 ± 0.277 ± 0.083 ±
0.142 0.042* 0.006* 0.001

T4 2.01 ± 0.405 ± 0.254 ± 0.071 ±
0.161 0.03* 0.015* 0 .0 0 2 *

Values are the mean ± SEM of at least 8 experiments.
* P < 0.005, ** P < 0.02 & *** P < 0.05.(using unpaired student’s t-test).
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The relatively high level of hormones used in the experiments, are in 

accordance with the majority of similar work carried out by other 

investigators (272). The use of 1-100 nM T3 or T4 , compared to the normal 

range of free T3 (FT3) in human serum of 4-9 pM and total T3 (TT3) of 

approximately 2 nM (rat has almost similar values), could be justified by 

several reasons. The main reason is the presence of TH binding protein in 

FCS. Thus most of the hormones will be in bound form as it is found in vivo, 

while the free hormone level which is the active form will be within the 

normal range. Radioimmunoassay (RIA) was employed to measure the level 

of free and bound T3 in the culture media used, at the time when the 

hormones were added and after 48 hours of incubation. The results revealed 

that most of T3 present, almost 99.9%, is indeed in a bound form (table 14). 

Other TH analogues were also included in the assay to measure any cross

reactivity with the antibody. TRIAC was the only analogue that showed 

cross-reactivity (approximately 80%, table 14).

Table 14. T3  Distribution in culture medium between total and free 
form, as determined by RIA.

Total T3 (nM) Free T3 (pM)

0  hrs 48 hrs 0  hrs 48 hrs

TH - Stripped FCS < 0.01 <0.01 <0.01 <0.01

10 nM rT3 <0.01 <0.01 <0.01 <0.01

10 nM TRIAC 7.36 8.54 — -------

10 nM T4 <0.01 <0.01 <0.01 <0.01

T3
1 nM ------- ------- 1.4 1

5 nM 3.24 5.52 6.9 5.2

10 nM 10.36 9.54 13.6 12.7

Samples were assayed in triplicate.
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5.3.1.2 Time Course

In order to set an optimal incubation time, control samples, were incubated 

with the tracer, [3H] lysine, for various periods of time. The results revealed 

that both the uptake and the incorporation have increased steadily with the 

incubation period, between 5-180 minutes (Fig. 38).

Figure 38. Lysine uptake and incorporation into protein, in astrocytic 
cells in cultures, after various incubation time.
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Values are the mean of 12 experiments ± SEM .
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5.3.1.3 Dose Responce

In support to the previous observation, in section 5.3.1.1, the incubation of 

astrocytes with various T3 concentrations, 0.1 nM -1 pM, showed that both 

uptake and incorporation of lysine were significantly inhibited by the 

presence of 1-1000 nM T3, but not with lower T3 concentrations (Fig. 39).

Figure 39. Lysine uptake and protein incorporation in astrocytic cells in 
culture, influenced by various concentrations of T3 .
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Values are mean ± SEM for the total of 13 experiments.
* P < 0.001, ** P < 0.01 & *** P < 0.02 (using unpaired student's t-test).
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5.3.1.4 Analogue Studies

The effects of different thyroid hormone analogues on lysine uptake and 

incorporation into proteins were investigated, in order to discover whether 

the effects observed earlier by Tg are imitated by other analogues and to 

what extent if so.

T4 has generally inhibited both uptake and incorporation, but the uptake 

inhibition was more evident at lower concentration 1-10 nM, whilst 

incorporation was significantly inhibited at higher concentration 10-100 nM. 

rX3, however, did not seem to have any effect on the uptake but significantly 

inhibited the incorporation into protein, with all concentrations used. On the 

other hand, 100 nM TRIAC has stimulated both uptake and incorporation 

into protein, by 52 and 20 % respectively (Fig. 40a and b).

5.3.1.5 Kinetic Studies

Lysine-uptake inhibition, shown in earlier experiments, was also evident in 

this set of studies but mainly with 1 and 10 mM carrier lysine. Lysine 

incorporation was also inhibited, that was more evident at lower carrier 

lysine concentrations, 0.1-1 mM (Fig.41a and b). However, using Eadee- 

Hofstee plot it besame clear that 10 nM T3 has reduced the velocity of the 

uptake to 87 %, meanwhile, it has increased the amount of lysine available 

for incorporation (tables 15 & 16). This observed effect was apparent over a 

relatively short incubation period, which may suggest a direct action on 

lysine uptake and incorporation rather than nuclear mediated effect. 

However, this does not exclude the possibility of nuclear mediated effect, 

which may take place over a longer incubation period. This issue as well as 

the possible involvement of the synthetic or degradative enzymes need to be 

clarified in future studies.
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Figure 40. Lysine uptake and incorporation into protein in astrocytic
cell culture, in presence of different thyroid hormone analogues.

a) Net Uptake

b) Incorporation Into Protein
1.0

Concentration (nM)

*  *

Concentration (nM)

□  Control B  T3 T4 rT3 TRIAC

Values are the mean of 8 experiments, ± SEM.
* P < 0.001 P < 0.02 & *** P < 0.05.
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Figure 41. Effect of 10 nM T3 on the kinetic constants, of lysine 
metabolism, in astrocytic cell cultures.

a) Net Uptake

o Control

10:
c

c

SD.
COD
E

Control = 10.784 - 2.6015x R^2 = 0.755 
T3 = 9.4942 - 2.4025x R^2 = 0.908

[V]/[S]

2 3 4 5 6 7 8 9 10 11 120 1

Lysine total concentration (mM)

Values are the mean ± SEM, n = 12 experiments.
< 0.005 & *** P < 0.02 (using unpaired student's t-test).

Table 15. The kinetic constents, in presence or absence of 10 nM T3.

Control 10 nM T3

Vmax 10.784 9.494
(nmol / mg protein / min)

Km 2.602 2.403
(mM)
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b) Incorporation Into Protein

2.4- ® Control 
T3

S 2.2-

Control = 1.4563 - 0.67499x R^2 = 0.550 
T3 = 1.3122 - 1.0488X R^2 = 0.560

I I I I I I I i I I I ri I I I I I I I ri I I I I I I I
0.5 1.0 1.5 2.0 2.5 3.0

[V]/[S]
I-  0.0 :

3 4 5 6 7 8 9
Lysine total concentration (mM)

Values are the mean ± SEM, n = 12 experiments. 
* P < 0.001 (using unpaired student's t-test).

Table 16. The kinetic constents, in presence or absence of 10 nM T3.

Control lOnMTs

V max 1.4563 1.31
(nmol / mg protein / min)

Km 0.675 1.05
(mM)
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5.3.2 Neurons

It is widely accepted that the main effects of T4 are primarily through its 

conversion to T3. However, a considerable, but relatively smaller, direct 

effect of T4 has also been observed. Thus, in these experiments, the effect of 

T4 was also studied, besides T3 . T3 is generally regarded as approximately 

ten times as potent as T4 , thus T4 concentrations used were usually 10 times 

higher than those of T3 (1-10 nM for T3 and 10-100 nM for T4).

5.3.2.1 Incubation time course

The addition of 10 nM T3 stimulated the soluble incorporation, only after 

short incubation period (15 minutes) and 8 hours of pre-incubation time, by 

52 %, whilst uptake and insoluble incorporation were not influenced by the 

presence of 10 nM T3 (Fig. 42). The incubation with 100 nM T4 , has shown 

simillar effect, on lysine uptake and incorporation into soluble protein, to 

that of 10 nM T3, whilst incorporation into insoluble protein was stimulated 

after 15 minutes of incubation time with 100 nM T4 , by 13%, but with 

further incubation, for 60 minutes, inhibition was evident (+T4 , 5.184 ± 

0.284 and -T4 , 6.124 ± 0.271 nmol / mg protein, P < 0.05 and n = 6 ) (Fig. 

43). After repeating these previous experiments with shorter pre-incubation 

period (30 minutes) the results have completely changed. Incubation with 10 

nM T3 exhibited a significant stimulation to lysine uptake, at incubation 

periods from 5 to 60 minutes. Conversely, incorporation into insoluble 

protein was significantly inhibited, at all incubation periods applied, whilst 

incorporation into soluble protein was inhibited only after 15 minutes of 

incubation period (Fig. 44). 100 nM T4 however, showed no significant 

effect on lysine uptake. Incorporation, on the other hand, was inhibited after 

short incubation period, 15 minutes for soluble protein and 5-15 minutes for 

insoluble fraction. Further incubation, however, has shown significant
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stimulation to the incorporation into soluble protein (after 1-4 hours, by

18%) and to the incorporation into insoluble fraction (after 8  hours, by 40%)

(Fig. 45).

Figure 42. The effect of 10 nM T3  on lysine metabolism, in neuronal
cells in culture, after various incubation times.
Pre-incubated for 8 hours, 
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100
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Values are the mean of 6 experiments ± SEM .
*P < 0.005 (using unpaired student's t-test).
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Figure 43. The effect of 100 nM T4 on lysine metabolism, in neuronal
cells in culture, after various incubation times.
Pre-incubated for 8 hours.
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Values are the mean of 6 experiments ± SEM .
* P < 0.01, ** p < 0.02 & *** P < 0.05 (using unpaired student's t-test).
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Figure 44. The effect of 10 nM T3 on lysine metabolism, in neuronal
cells in culture, after various incubation times.
Pre-incubated for 30 minutes.
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Values are the mean of 6  experiments ± SEM .
* P < 0.001, ** P < 0.02 & *** P < 0.05 (using unpaired student’s t-test).
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Figure 45. The effect of 100 nM T4 on lysine metabolism, in neuronal
cells in culture, after various incubation times.
Pre-incubated for 30 minutes.
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Values are the mean of 6  experiments ± SEM .
* P < 0.001, ** p < 0.02 & *** P < 0.05 (using unpaired student's t-test).
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5.3.2.2 Pre-incubation Time

Studying the effect of different pre-incubation time course on lysine uptake 

and incorporation into protein, has developed from the results observed 

earlier, given in section 5.2.2.1. After 1 hour of incubation period, lysine 

uptake was not affected by the presence of 10 nM T3, at all pre-incubation 

periods used. Whilst, 1 nM T3 has stimulated lysine uptake after short, 30 

minutes, and long, 24 hours, pre-incubation periods (by 45 and 16% 

respectively). However, after 8 hours of pre-incubation time lysine uptake 

was significantly inhibited (Fig. 46a & 47a). Incorporation into insoluble 

protein was not influenced, by any of T3 concentrations used, after various 

pre-incubation times. Surprisingly, soluble incorporation was significantly 

inhibited by 1 nM T3 , only after 30 minutes of pre-incubation period, 

contrary to the earlier observed stimulation of lysine uptake. This inhibition 

was also evident after 2 hours of pre-incubation period with 10 nM T3, 

whilst pre-incubation for a longer period (4 hours) resulted in a significant 

stimulation of incorporation {+ T3; 0.0913 ± 0.0069 & -T3; 0.0676 ± 0.0051 

nmol / mg protein / minute, P < 0.02; n = 6 ) ( Figs. 46b & 47b).

On the other hand, incubation with 100 nM T4 revealed a significant 

inhibition of lysine incorporation into soluble protein, after pre-icubation 

period of 2 to 4 hours (by 23 and 16 % respectively) (Fig. 48b). However, 

neither the uptake of lysine nor the incorporation into insoluble protein has 

shown any reaction to the presence of 100 nM T4 (Fig. 48a & b).
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Figure 46. Lysine metabolism in neuronal cells in culture, pre-incubated
for various length of times.
Incubated for 1 hour ± 10 nM T3.
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Figure 47. Lysine metabolism in neuronal cells in culture, pre-incubated
for various length of times.
Incubated for 1 hour ± 1 nM T3.
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Figure 48. Lysine metabolism in neuronal cells in culture, pre-incubated
for various length of times.
Incubated for 1 hour ± 100 nM T4.
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Values are the mean of 6  experiments ±SEM.
* P < 0.02 & ** P < 0.05 (using unpaired student's t-test).
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5.3.2.3 Dose Response

The effects of various Tg concentrations (0.1-50 nM) were investigated, after 

30 minutes of pre-incubation and 1 hour of incubation time. Control 

experiments were performed with appropriate vehicle concentrations. Lysine 

uptake was significantly increased at various Tg concentrations used, from 1- 

20 nM, the highest stimulation was with 1 nM T3 by approximately 41% 

(Fig. 49). Insoluble incorporation was also stimulated significantly but only 

with 0.1, 20 and 50 nM T3, by 13, 18 and 26% respectively (Fig. 50a). On 

the contrary, soluble incorporation was significantly inhibited nearly by all 

concentrations used, except 0.1 nM, by approximately 15-30 % less than the 

control experiments (Fig. 50b). These results are clear indications of the 

influence of a wide range of Tg concentrations on lysine metabolism, while 

different protein fractions in the neurons have different response to Tg, 

suggesting the capability of T3 to maintain lysine, within the cell, between 

lysine pool and different protein fractions.

The same investigations were conducted on various concentrations of T4 , 

mostly higher than those used for Tg. Lysine uptake was significantly 

stimulated by 10, 500 and 1000 nM T4 , by 54, 17 and 46 % respectively 

(Fig. 51). Similar results were obtained for the incorporation into insoluble 

protein fractions, with 1-100 nM T4 , and soluble protein fractions with 1, 

100-1000 nM T4 (Fig. 52). However, when both T4 an Tg results were 

compared together (1, 10 and 50 nM), it was observed that T4 , especially at 

10 nM, produced the effect directly as well as indirectly, i.e. through 

conversion to Tg. Infact T4 effect on soluble incorporation seems to be 

entirely direct, which was opposite to the effect exerted by Tg (-TH; 0.136 ± 

0.007, +Tg; 0.113 ± 0.(X)4, +T4 ; 0.14 ± 0.007 nmol / mg protein / minute, n 

= 8 ). These results of clear indication of the involvement of TH in lysine
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uptake and metabolism, with both T4  and T 3 working separately, while the

neurons have dem onstrated their adaptation to a wide range of TH

concentrations, in vitro, with preference to certain concentrations.

Figure 49. The effect of various concentrations of T3  on lysine uptake, 
in neuronal cells in culture.
Incubated for 1 hour and pre-incubated for 1/2 hour.

□  Control

Concentration (nM)

Values are the mean of 8 experiments ± SEM.
*P < 0.001, ** p < 0.01 & *** P < 0.02 (using unpaired student's t-test).
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Figure 50. The effect of various concentrations of T3  on lysine
incorporation into protein, in neuronal cells in culture.
Incubated for 1 hour and pre-incubated for 1/2 hour.
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*P < 0.001, ** p < 0.02 & *** P < 0.05 (using unpaired student's t-test).
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Figure 51. The effect of various concentrations of T4  on lysine uptake,
in neuronal cells in culture.
Incubated for 1 hour and pre-incubated for 1/2 hour.
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Values are the mean of 8 experiments ± SEM.
*P < 0.001 & P < 0.02 (using unpaired student's t-test).
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Figure 52. The effect of various concentrations of T4  on lysine
incorporation into protein, in neuronal cells in culture.
Incubated for 1 hour and pre-incubated for 1/2 hour.
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5.3.2.4 Kinetic Studies

In order to identify the mechanism of these observed TH influences, kinetic 

studies were conducted. Various carrier lysine concentrations were used (0- 

50 mM). Results revealed a similar pattern with both 10 nM T3 and 100 nM 

T4, when incubated for 15 minutes and pre-incubated for 30 minutes. 10 nM 

T3 and 100 nM T4 significantly inhibited lysine uptake when cells were 

incubated with low concentration of carrier lysine (0-0.5 mM), whilst at 

higher concentration (1-50 mM) no significant effect was evident (Fig. 53). 

Meanwhile, 1(X) nM T4 has inhibited lysine incorporation into both soluble 

and insoluble protein fractions, at all carrier lysine concentrations used. 10 

nM T3, to a large extent, has shown simillar effect on lysine incorporation 

into protein, but with no significant effect on lysine incorporation into 

insoluble protein, at carrier lysine concentrations lower than 0.5 mM (Fig. 54 

- 55). Nonetheless, when incorporation results were calculated as a 

percentage of the equivalent net uptake, for both T3 and T4, at lower 

concentrations (0-0.5 mM) the observed decrease in incorporation was no 

longer evident, but at higher concentrations that decrease remained, or even 

magnified in the case of insoluble fractions.

These results clearly indicate that inhibition observed at low concentrations 

(whether uptake or incorporation) is mainly due to direct effect of TH on 

lysine transport into neurons. However, at higher concentrations where 

uptake was not affected while incorporation was inhibited, results might 

suggests that there are two or more sites for TH effect within the neurons. 

Furthermore, by employing Eadie-Hofstee plots Vm ax and Km were 

calculated (table 17), which revealed that insoluble incorporation was the 

main target for TH (T3 and T4) effect, by decreasing the velocity of 

incorporation and by reducing the carrier lysine availability to the 

incorporation process.
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Figure 53. The kinetic parameters of lysine uptake, in neuronal cells in
culture.
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Figure 54. The kinetic parameters of lysine incorporation into insoluble
protein, in neuronal cells in culture.
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Figure 55. The kinetic parameters of lysine incorporation into soluble
protein, in neuronal cells in culture.
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Incorporation is significantly inhibited at all concentrations, P < 0.01.
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Table 17. The effect of 10 nM T3 and 100 nM T4 on the kinetic
constants of lysine metabolism, in neuronal cells in culture.
Calculated from Eadie - Hofstee p lo t.

10 nM 100 nM

Control T3 Control T4

Net uptake 
Vmax

(nmol / mg protein / min) 166.78 162.5 146.58 153.16
Km

(mM) 12.613 14.832 10.329 14.087
Insoluble incorporation 

Vmax
(nmol / mg protein / min) 2.449 0.656 2.326 0.87

Km
(mM) 15.53 3.702 12.63 6.685

Soluble incorporation 
Vmax

(nmol / mg protein / min) 1.995 1.064 1.41 1.0681
Km

(mM) 11.56 9.05 7.03 9.896

5.4 Summary

In these studies, inhibition was the major effect to be observed with T3 and 

T4. However, in astrocytes T3 inhibited both lysine uptake and incorporation 

into proteins, which was found to be due to a decrease in the velocity of 

uptake and incorporation into protein. Furthermore, the effect was directly 

on free lysine uptake system and not nuclear mediated. When other TH 

analogues were employed, T4 as well as TRIAC and rT3 exhibited a similar 

effect to those produced by T3, exept that 100 nM TRIAC stimulated the 

both lysine uptake as well as incorporation into proteins, by 52 and 30 % 

respectively. On the other hand, in neurons, lysine uptake was generaly
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stimulated by both T3 and T4. Although soluble incorporation was inhibited 

by T3 over a wide range of concentrations and different incubation periods. 

Significant stimulation instead was exerted by various concentrations of T4 

(1-100 nM) but only with certain incubation periods, 1 to 2 hours, while 

inhibition was evident over shorter period, 15 minutes. Insoluble 

incorporation was also inhibited by T3 but at low concentrations (1 nM) 

which was converted to a stimulation at high concentrations (20-50 nM). 

With T4 however, the incubation period seemed to be more critical than T4 

concentration, various T4 concentrations, lO-lOOnM, seem to stimulate 

incorporation into insoluble proteins. Meanwhile, Insoluble incorporation 

was Inhibited after short incubation periods (5-15 minutes) replaced by 

stimulation with long incubation periods (8  hours). Total lysine 

incorporation, when compared to the equivalent net uptake, was found to be 

inhibited by both 10 nM T3 and 100 nM T4, only when incubated with high 

lysine concentrations (5-50 mM). Insoluble incorporation however was more 

responsive to TH than soluble incorporation.

These results may indicate that the basic effect of TH on lysine metabolism 

is to increase lysine pool in neurones, which might be at the cost of 

decreasing lysine uptake by other cells, at least astrocytes, as well as the 

incorporation into protein, in both neurones and astrocytes. The importance 

of such pool cannot be predicted. However, the possibility of other 

metabolic path ways for lysine cannot be ruled out, despite the common 

belief that lysine is mainly metabolised through protein synthesis. 

Furthermore, the degree of dependence upon TH may vary for different 

neural cells, which also includes the critical timing and concentrations of 

TH. Both major TH used (T4 and T3) seem to act independently, sometimes 

even in opposite directions. These results point out to a critical importance 

of TH at certain concentrations, during early period of brain development.

162



Chapter : 6

ISCTJSSlOîi

163



6.1 Maternal Thyroid Hormone and Foetal Brain Development.

Thyroid hormone has long been recognised to play a major role in the 

growth, metabolic capacity and development profiles of almost all vertebrates 

(430). This involvement of TH is no more important than in the development 

of normal brain where the growth and differentiation of neural structure is 

completed early in life. This involvement does not come as surprise since 

neurological development is well co-ordinated both temporally and spatially, 

during this period it shows great sensitivity for the action of exogenous 

controlling factors such as TH.

Maternal hypothyroxinemia in endemic iodine deficient regions correlates 

with an increased incidence of irreversible neurological cretinism and 

psychomotor disorder in the offspring. Damage to the central nervous system 

(CNS) is evident by subliminal deficit in psychomotor competence, diplegia, 

strabismus, deaf-mutism and severe mental retardation. However, the specific 

biochemical and metabolic causes underlying these dysfunctions have only 

been scantly investigated, although some reports exist pointing to metabolic 

dysfuntion in the brain of rat progeny bom to hypothyroxinémie dams.(441).

Indeed the foetal brain appears to possess the capability to utilise maternal T4 

in early pregnancy, since substantial amounts of T3 and T4 were shown to 

enter the rat foetus after the dam injection with labelled TH (443). 

Furthermore, both T3 and rT3 have been recovered from subcellular 

organelles indicating the presence of functional 5-and 5 deiodinase enzyme 

systems. Both uptake and conversion of T4 to T3 is much reduced in late 

pregnancy, thus the predominant pattern of feto-placental T4 metabolism 

changes from 5'-deiodination in early pregnancy to 5-deiodination in late 

pregnancy. This switching process precedes the establishment of independent 

foetal thyroid function.
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Previous studies conducted with foetuses and young progeny from 

thyroidectomised rat dams, have demonstrated reduction in brain and body 

weights (2 2 1 , 310), whereas a shght increase in body weight was observed for 

adult progeny (191). The effects of an altered TH environment in utero on 

gross brain and somatic growth, may therefore have been compensated by 

the normal thyroid state of the progeny in later hfe. However, results shown 

in this project have demonstrated an increase in body weight for 

thyroidectomised adult rat while brain weight was slightly reduced, and this 

increase in body weight was matched by an increase in the amount of stored 

fat under the skin of the animal, an indication of metabolic disorders resulting 

from thyroid hormone deficiency.

Despite no obvious effects of maternal hypothyroxinemia on gross brain 

weight in adult progeny, a variety of biochemical deficits has been observed 

in brains from both young and adult progeny of hypothyroxinémie rat dams 

(127, 398). Decrease in protein / DNA ratio and DNA concentration 

(indication of disturbances in cell size and cell loss) in particular the significant 

reductions seen in p-D galactosidase activity are indicative of neuronal loss 

(308, 372). However, normalization in cell number (DNA levels) have been 

reported at birth in rat and later stages of pregnancy in the sheep, Porterfield 

has pointed out that this normalization does not indicate a return to the 

normal condition, as cells lost in early neurogenesis are likely to be neuronal 

cells, and the majority of the new cells produced during the "recovery" period 

are likely to be glial cells (371).

Alterations in the activities of selected enzymes associated with parameters as 

diverse as synaptic function, myelin metabolism, calcium homeostasis, energy 

metabohsm and lysosomal function were also reported (127, 398), as well as 

the reduction of inorganic phosphate in cerebral cortex and cerebellum (127). 

p-D galactosidase and acetyl choline esterase were also severely reduced in
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several brain regions of experimental animals. No changes in succinate 

dehydrogenase (SDH) and Mg2+-ATPase activities were observed, but 

reduction in Na+,K+-ATPase, LDH and aryl sulphastase activities in several 

brain regions were recorded (124). Not all enzymes studied were affected in 

the animal model and the changes were brain region-specific, analogous to the 

selective dysfunctions observed in humans in iodine dificient regions. The 

activities of both neuronal and ohgodendroglial cell marker enzymes were 

also affected.

However, there was no consistant pattern of the damage, 5'-nucleotidase and 

CNPase activities were decreased in medulla and midbrain, whereas oleate 

esterase activity was increased in paleocortex, hence specific cell functions 

appear to be selectively altered (191). Furthermore, a more detailed 

examination of the specific biochemical deficits in the neonatal 

thyrodectomised progeny revealed persistent and significant reductions in 

total cytosolic protein, whilst total membrane protein content remained 

apparently unaffected. Many regulatory enzymes including pyruvate kinase 

and acetyl-CoA-carboxylase, are located in the cytosol and the failure of such 

enzymes may compromise brain cell metabolism, which may account for the 

reduction in cell size noted in early development.

Understanding of the functional importance of regulatory action(s) of the 

thyroid hormones on neural cells, requires a knowledge of their mechanism of 

action at the cellular and molecular levels : at the cellular level, in terms of 

selective effects on neurons or ghal cells; and at the molecular level, in terms 

of membrane interactions, intracellular transport, binding and effects on the 

gene expression. T3 was shown to have direct effects when added in vitro in 

physiological concentrations both in glial (32) and neuronal cells (373). 

Though, it is not known which would be the primary event(s) leading to 

many varried biological end-points of thyroid hormone actions in the brain.
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Thyroid hormone action at the molecular level is primarily mediated via the 

binding of hormone to nuclear receptors, with subsequent effects on gene 

expression (106, 438). Clinical and experimental evidence points to the 

presence of both thyroid hormone and its nuclear receptor in the early stages 

of developing fetal brain, both in the humans and the rats (321). Evidence is 

accumulating in support of the presence of a number of extranuclear sites of 

action, including the cell membrane, the synaptosomes and the mitochondrion 

(426).

The aim of the present studies was commenced to shed light on the 

mechanism of thyroid hormone action at the cellular and molecular levels, in 

a reliable animal model, and also to test the homeostatic mechanism of TH in 

different brain cells, mainly neurons and astrocytes, investigating the different 

metabohc response of these two main neural cells, cultured independently, in 

the presence or absence of thyroid hormone. A range of models are 

commonly employed in this type of investigation, particularly rat, sheep and 

rabbit. In this investigation the former was chosen as a model, due to the 

reasons mentioned in the previous chapters as well as the similarity in the 

placental type with human one (both hemochorial), while the rabbit placenta 

is hemoendothelial, and sheep placenta is syndesmochorical (10). The 

synaptosomal fractions used in this investigation, to test thyroid hormone 

action at the extranuclear level, since these fractions lack the presence of the 

nucleus while still metabolically functioning (397).

Similar to other cell types (hepatocytes, adipocytes, somatotrophs, etc...), 

brain cells respond to hypothyroidism by changes in the genetic expression of 

a limited number of genes. However, the heterogenity in brain cell 

populations as well as the rapid changes occuring during brain development, 

in cell number and their phenotypic expression, rendering detailed in vivo 

studies rather impossible. Thus, it becomes easier to address our investigation
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with in vitro studies, using cultures of foetal or newborn neural cells, grown 

in chemically defined medium which allow the separation and isolation of 

specific cell types, offering an excellent system to investigate and differentiate 

the different responses of ghal and neuronal cells.

6.2 Thyroid Hormone Action At The Extranuclear Level ;

Effect On 2-Deoxy-P-Glucose Uptake Into Subcellular

Fractions Of Adult Rat Brain.

In the early stages, high affinity nuclear T3-binding sites were demonstrated in 

rat hver and kidney, receptor-mediated T3 action at the transcriptional level 

has been considered to be the major mode of action of T3 (330). However, 

several other cellular T3-binding components have been described (105, 365). 

In the rat brain, nuclear T3 receptors have also been identified (415, 416). In 

addition, cerebellar cytosol is known to contain a T3- specific binding protein 

(164). On the otherhand, it was shown that T3 administered intravenously, is 

taken selectively and rapidly by nerve ending fractions in the rat brain (110), 

while other studies have reported the presence of high affinity specific T3 

binding sites in rat cerebro-cortical synaptosomes (295), and that there exists 

T3 5-deiodinase in the synaptosomal fraction from the rat brain (464). 

Furthermore, others have demonstrated that the specific T3 binding sites in 

brain synaptosomes are localized mainly on specific membrane, and the 

maximal binding capacity is different in discrete brain regions (83). Rabie and 

Legrand (1972) have shown by electron microscpopy that synaptic density is 

decreased in the molecular layer of the cerebellar cortex of the young 

hypothyroid rat (314, 376), supporting the earlier observation by Cragg in 

1970, who reported 20% decrease of number of nerve terminals per neuron 

in the visual cortex of 28-day old hypothyroid rat (92). Other results have 

shown that thyroid hormones have a selective effect on the ontogenesis of 

nerve terminal, and that this effect becomes apparent soon after birth (3 7 5 ).
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The notion that thyroid hormones may exert more direct, extranuclear- 

mediated effects on certain membrane-related processes has gained ground 

very rapidly in recent years (426). Segal and Coworkers (1977), Dickstein et 

al. (1983) and Gordon et al. (1986), have shown that T3 stimulates sugar 

transport into cultured chick embryo cardiomyocytes, via a plasma 

membrane mechanism independent of protein or RNA synthesis (104, 173, 

421, 422,427), it was also demonstrated in rat thymocytes (423-425). In vitro 

T3 was reported to enhance the accumulation of the non-metabolized amino 

acids, a-am ino isobutyric acid and cyclo leucine, by thymocytes of weanling 

rats. Furthermore, this effect was shown to be, mainly at the level of the cell 

membrane, as a result of an inhibition of amino acid efflux rather than an 

enhancement of inward transport (1, 135, 171). The mechanism of direct 

stimulation is unclear, but is thought to be mediated by thyroid hormone 

binding to specific plasma membrane receptors, and may involve a Ca2+- 

dependent stimulation of adenylate cyclase (426). Extranuclear, specific T3- 

binding sites have been identified in both synaptosomes and mitochondria 

isolated from the rat CNS. The synaptosomal sites are localized 

predominantly on the synaptic membrane (295, 296), and their concentration 

is higher in the cerebral cortex relative to the cerebellum (296).

Glucose, as well as 2DG, enters synaptosomes by a rate-limiting high-affinity, 

Na+ independent, carrier-mediated transport system, 30 times higher than 

that of the blood brain barrier transport system (102). Once inside the 

synaptosomes, glucose is rapidly phosphorylated by brain hexokinase and 

subsequently oxidized to support the synthesis of ATP and the evolution of 

CO2 (7, 42), whereas 2-DG is not metabolized beyond 2-deoxy-D-glucose-6- 

phophate (2 -DG-PO4) (527). 75% of the sugar taken up is recovered as a 

phosphorylated derivative (101, 102). The function of such high affinity 

glucose transport system in nerve endings (Km = 0.24 mM), was suggested
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to be due to the high rate of oxidative metabolism at the synapse, which 

would not then be hmited by normal fluctuations in the blood glucose level 

(3.3 to 5.6 mM) (102). The aim of this investigation is to test the role of 

extranuclear binding sites in the maintenance of metabohc homeostasis, thus 

synaptosomal system was used which permits the determination of direct 

extranuclear-mediated effects of the hormone, since these structures are 

anucleate. Furthermore, it represents a homeostatic steady state situation, 

independent of developmental influences.

In general, stimulation of sugar uptake by T3 has been interpreted in terms of 

a direct effect at the plasma membrane level, mediated by specific T3-binding 

sites, independent of protein synthesis associated with an increased Vmax of 

the transport system under-study (426). The present results show regulation 

by T3 of 2-DG uptake in hypothyroid synaptosomes, unequivocally argues 

for the existence of direct, nuclear-independent, effects of the hormone in the 

brain. The observation that 2-DG uptake in euthyroid synaptosomes is 

unresponsive to the hormone is consistent with the observation that 

hypothyroid, and not euthyorid, mouse cerebral cortex is responsive to T3 

(224). Thyroid status has also been shown to influence the responsivness of in 

vitro  2-DG uptake in rat thymocytes (420). Several factors may be 

responsible for the failure to detect any effect on euthyroid synaptosomes, 

such as the control of thyroid state to the synaptic membrane binding site 

number or activity, as shown in other systems (420), or probably due to an 

effect on deiodinase activity, or presaturation of T3-binding sites in 

synaptosomes isolated from euthyroid rats by endogenous hormone. With 

respect to the latter, others have shown that synaptosomal T3 may be stable 

for periods as long as 10 hours (110). However, the failure to observe 

difference in absolute 2-DG uptake rates between synaptosomes isolated from 

euthyorid and hypothyroid rats, casts doubt upon the physiological relevance

170



of the T3 effect. Such difference is normally observed in the case of 

thymocytes (420) and have been reported for 2-DG uptake in mouse cerebral 

cortex (224).The failure to demonstrate similar effects of thyroid state on 

synaptosomes isolated from rat cerebral cortex may be related to the time (2 - 

4 months) between thyroidectomy and initiation of the study, since glucose is 

so essential to normal brain function, an adaptive response may have occured 

in order to maintain the normal uptake.

Meanwhile, the uptake of 2-DG in hypothyroid synaptosomes was inhibited 

by high (IjxM) concentrations of T3, such inhibitory effect has been 

demonstrated in our laboratory on 2-DG uptake in neurons producing bell

shaped dose response curve, at much lower T3 concentrations (188, 361). 

Such observation coupled with the lack of effect on euthyroid 

synapotosomes, would rule out a mechanism involving membrane disruption. 

However, increased membrane susceptibihty as a result of hypothyroidism 

cannot be ruled out (52). On the other hand, inhibition may be related to the 

nature of the sugar substrate used. The analogue 2-DG is not only transported 

but also phosphorylated, and decreased phosphorylation would result in 

increase efflux of accumulated substrate. This may be brought about by 

decreased hexokinase activity or intracellular levels of ATP. This view was 

supported by the results showing that the inclusion of ATP (5 mM) in 

preincubation mixtures would abolish this inhibition effect of T3.

This adjustment in synaptosomal membrane to uptake in hypothyroid state, 

and the increase in sensitivity was demonstrated by the TH analogues and 

kinetic studies. The former studies have shown that other TH analogues such 

as T4, rT3 and TRIAC, at 10 nM, have stimulated 2-DG uptake. Whilst the 

kinetic studies showed that T3 effect was at both Km (affinity) and Vmax (rate) 

levels, both were significantly reduced by 42 and 27% i.e. causing a decrease 

in the glucose transporter affinity while at the same time reducing the rate of
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uptake. Such decrease in Vmax could be due to an increase in 2-DG efflux 

rather than decrease in influx, probably due to the decrease in rate of the 

phosphorylation process of the 2- DO within the synaptosomes. However, at 

such concentration of T3 (lOnM) stimulation of uptake was still the dominant 

outcome and that could be due to the increase in the transporter affinity 

(Km), whereas at higher concentration (IpM ) of T3 the efflux rate of 2-DG 

could have been much faster leading to an overall inhibition.

Thus phosphorylation process in such circumstances becomes a rate limiting 

factor, probably because 2-DG is not metabolized any further than the 

phosphorylation step, hence no more ATP produced which is necessary for 

the membrane transport system. Additionally, the accumulation of 2DG-PO4 

within the synaptosomes could also alter the activities of the hexokinase 

enzyme. It can also be argued that T3 supplementation to "hypothyroid" 

synaptosomes may also result in the recruitment of more glucose transpoter 

proteins, resulting an increased influx (Vmax).

These findings as a whole, indicate that TH may exert direct effects on brain, 

independent of nuclear T3 receptors, at least in hypothyroid animals.

6.3 The Effect Of Thyroid Hormones And Insulin On 2- Deoxy-P- 

Glucose Uptake In Neural Cells. In Primary Cell Cultures.

The brain is dependent upon an adequate supply of glucose throughout life 

(15, 43, 203, 283). It is supplied from the blood stream and transported into 

brain cells by carrier mediated, facilitated diffusion (12, 324). This sugar not 

only serves as the primary respiratory substrate in the central nervous system, 

but is also required for a wide range of biosynthetic reactions; the 

incorporation of the carbon skeleton into amino acids (including putative 

transmitter amino acids), proteins, nucleic acids and fatty acids have been 

reported, both for the developing and mature CNS (15, 26, 44, 392, 440).

172



Therefore any factor(s) which regulate glucose metabolism may be expected 

to exert profound effects on the development and homeostasis of the CNS. 

Thus glucose transport into brain has been widely studied using both in vivo 

techniques (12, 339) and a variety of in vitro preparations (11,31, 103, 120, 

237, 287, 386,497)

Although the effects of TH on adult brain are somewhat controversial (111, 

450), their role in the development and differentiation of the CNS is well 

established (115, 450). Thyroid state is known to influence the ontogenesis of 

a diverse range of biochemical parameters, including energy metabolism (148, 

316). With respect to glucose, both the rate and pathways of metabolism are 

affected (2 0 , 80), maternal hypothyroidism reported to depress glucose 

utilization in the maternal and fetal system (367), which was not totally 

normalised by growth hormone (GH) administration in the absence of 

sufficient TH (368). More specific studies indicate that the maturation of 

pacemaker glycolytic enzymes (hexokinase, phosphatase, fructokinase and 

pyruvate kinase) are under TH control (190, 414).

Several reports have shown that membrane transport of glucose is also 

responsive to the TH, such as accelerating the developmental increase in 

glucose transport at the blood brain barrier (BBB) which appears to be 

mediated by an increase in the number of carrier sites (303). Also acute 

stimulation of 2-deoxy-D-glucose uptake into hypothyroid mouse cerebral 

cortex slices (224) and primary cultures of rat astrocytes (388) has been 

reported . However, report of the stimulation of 2-DG uptake in primary 

astroglial culture, must be viewed with caution, due to the very high 

concentration (50 jiM) of the hormone employed. Despite these evidence, few 

satisfactory studies have been made with specific nerve cell types.
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Much of the in vitro work has concentrated on neuronal, or mixed neural 

cell cultures, yet the importance of astrocytes, in terms of neuronal migration 

and survival, neurite outgrowth and diffrentiation and in the control of 

ohgodendroglial proliferation and trophic growth (specifically during early 

neurogenesis) has been acknowledged. TH are known to regulate the 

morphogenesis and cytoskeletal organisation of astrocytes, as well as the 

control of glutamine synthetase activity, with consequent repercussions for 

inhibitory neurotransmitter availability. Kolodny et al. (1984) have reported 

that high affinity nuclear T3 receptors are absent in ghal cells (250), whereas 

Luo et al. (1985) have demonstrated that nuclear T3 receptor is present in 

astrocytes cultured for 14 days (284), a view supported later by the same 

group showing a direct effect of T3 on cultured astrocytes, suggesting that 

these cells are target for thyroid hormone in the developing brain (160).

Primary cultures of astrocytes have been useful models for studies on 

metabohc regulation (510) and various transport systems (208-210), including 

that for glucose uptake (50, 94). In this study we have investigated TH action 

at near physiological concentration, on 2-DG uptake into primary cultures of 

astrocytes.

The present results show that at 10 nM final concentration of T3 had no 

significant effects on 2-DG uptake into astrocytes in culture at any incubation 

time used (5-120 minutes). This is contrary to those reported by Roeder et al. 

(1985) showing significant stimulation (388). One of the explanations of this 

discrepancy may be that a pharmacological dose of T3 (50 |xM) was used in 

that study. It is likely that high T3 levels may have altered the normal 

membrane function in these cells as indicated in a previous series of 

investigations (52). In this study however, we failed to find any stimulation of 

2-DG uptake in astrocytes either by T3 or T4 over a wide range of hormone 

concentrations. Although this concentration used is several orders of
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magnitude higher than the free concentration in blood, these findings may not 

be unphysiological for several reasons. Firstly, the free hormone hypothesis 

may be of hmited relevance to studies of TH effects on brain function, since 

the existence of BBB may prevent access of the various serum binding 

proteins to extracellular fluid. Indeed, we are not aware of any reports 

demonstrating the presence of the serum binding proteins in brain. Secondly, 

the possibihty of non-specific binding to other brain proteins cannot be ruled 

out, this type of binding however is normally characterised by rapid 

dissociation, in which case the 'bound’ fraction may be analogous to free 

hormone. It is of interest therefore, that the bulk brain content of total T3 has 

been determined as approximately 1.6 nmol / kg wet weight of tissue (320), 

which is close to the in vitro T3 concentrations we used (1-lOnM). Finally, 

studies with cells of both neural (246) and non-neural (426) origin, revealed 

that synergistic action with other hormonal agents may be responsible for 

determining the critical concentration of TH required to mediate a given 

effect.

Both TRIAC and surprisingly rT3 appears to depress 2-DG uptake in cultured 

astrocytes over a range of doses (InM-lOOnM). Interestingly both TRIAC and 

rT3 appear to have an optimal dose at InM, for its effects and the degree of 

depression of 2-DG remains at a plateaus even with supraphysiological doses. 

Whether there is dose response linearity at lower dose levels, cannot be 

ascertained yet, since subphysiological doses of rT3 and TRIAC were not 

used. It is possible that rT3 and TRIAC may inhibit 2DG phosphorylation 

either through the inhibition of hexokinase enzyme and / or through energy 

restriction by protecting ATP breackdown, hence non availability of free 

phosphates. This may also be due to a decreased synthesis and/or inactivation 

of glucose transporter protein molecules, although unlikely since rT3 at least 

does not have any affinity for nuclear TH receptors (188, 189), precluding the
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possibility of this hormone analogue influencing protein synthesis similar to 

T3 and to a lesser degree T4 (331). The observed effects therefore appears to 

be extranuclear, membrane mediated phenomenon, also possibly through 

binding of the ligand (rT3) to the membrane receptors described in the 

hterature (509). This interpretation is somewhat reinforced by the finding that 

some "thyroid hormone" receptors may be located in the plasma membrane 

of the neural cells in culture (115). However, an effect dependent on the 

ligand binding to the nuclei cannot be ruled out, because of poor 

characterisation of "functional receptor" isoforms that are present in many 

tissues including the CNS.

Clearly, glucose metabohsm at least a part of the uptake system is controlled 

by different hormones or analogues in different cell types, since glucose 

uptake is stimulated by physiological doses of T3 in cultured neurons (188, 

189), and inhibited in the astrocytes by rT3 while T3 does not have any 

effect. In previous reports, the basal uptake of glucose was shown to be many 

times higher in neuroblastoma cells than C6 ghoma (237). Similar observation 

were reported on the uptake of 2-DG in both neuronal and ghal cells (77). In 

the latter report it was also demonstrated that small concentration of insulin 

(0.02 nM) stimulates 2DG uptake in glia but not in neurons, which was also 

reported by other groups (202). Furthermore, insulin stimulation of 2DG 

uptake in ghal culture from rat brain, was found to be mediated by insuhn 

specific receptors and that neuronal and glial insulin receptors may be 

functionally different (77). Insuhn-hke growth factor (IGF) was also found to 

stimulate 2DG uptake in cultured glial cells but not neuronal cells, acting via 

the insuhn receptors (431).

The present results as well as previous results reported from our laboratory in 

neuronal cells in culture are in agreement with the above mentioned reports, 

showing 2-DG uptake in astrocytes, at least in vitro was responsive to the
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presence of insulin, synergistically with T3, but not T3 and T4 while in 

neurons the case seems to be reversed (188, 189). Autoradiographic studies 

have shown that following intravenous injection of radiolabelled T3, nerve cell 

bodies are more intensely labelled than surrounding neuropil (111, 113), 

suggesting that neiu*ons may be exposed to higher T3 concentrations than 

glia, and is commensurate with previous reports demonstrating higher levels 

of T3 nuclear-receptors in neurons relative to glia (189). Furthermore, it is 

feasible that different subcellular compartments of a given cell population may 

be exposed to different hormonal environments. It is of interest that nerve 

endings are known to preferentially concentrate T3 in vivo (110). Thus, 

different brain compartments may have specific requirements for TH action. 

Relatively lower T3 nuclear receptor concentration in astrocytes and 

ohgodendroglial cells, may also indicate relative independence of ghal cells as 

regards thyroid hormones (T3 and T4) requirement, for the maintenance of 

their metabohc homeostasis and the possibility of different control systems 

such as insuhn and rT3, at least in vitro. Whilst, in neuronal cultures results 

indicate that TH may be important in the regulation of energy metabohsm, 

particularly during the period of neuronal proliferation and early 

differentiation analogous to in utero situation.

In conclusion, these cells, astrocytes and neurons, seem tv have different 

metabohc characteristics and probably have different glucose transport 

system. The present results are in consistant with the observation that neurons 

exhibit greater oxidative metabohsm than glia and utihze larger portion of 

brain glucose pool (20, 43, 203, 391). It is likely therefore, that energy 

metabohsm in different brain cell types is subject to different regulatory 

signals and, in the case of neurons, TH may be of primary importance.
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6.4 Effect Of Thyroid Hormones On The Metabolism Of A Basic 

Amino Acid. Lysine. In The Primary Cultures Of Astrocytes 

and Neurons.

Many studies have reported interesting kinetic data on the incorporation rate 

of amino acids into protein. Several of these studies have focused attention on 

the mechanism of action of a number of hormones in the control of protein 

synthesis (235, 253). Reduction in cerebral RNA concentration per cell with 

depressed cerebral protein turnover in hypothyroid animal has been reported, 

reflecting a reduction in the rate of protein synthesis (166). Gelber et al. in 

1964 reported an accelerated protein synthesis in the brain of immature rats 

by the addition of thyroxine, in vitro, however unphysiological levels of TH 

were employed (167). These results were considered to be the underlying 

factors of the reduction in cell size as well as the number and extent of 

branching of their processes (in cerebral cortex) observed earlier by Eayrs 

and Taylor in 1951, as a result of thyroidectomy at an early age (117). This 

view was supported later by Koenig and co-workers in 1984, reporting an 

acute stimulation of amino acids uptake by T3 in brain minces from 

hypothyroid mice (246, 247). Meanwhile, a reduction in protein synthesis by 

TH, in foetal rat cortical cells (406) and in tadpole tail (474), has also been 

reported.

Nevertheless, these results suffer from the limitation that the tissue studied is 

heterogenous, from a cellular point of view, whilst it seems hkely that the 

relative contribution of different cell types in the overall protein synthesis 

capacity varies. Neuronal fractions showed a rate of incorporation of lysine 

twice that of the neuropil fraction. Although the rate of amino acid 

metabolism was lower in neuronal fraction both in vitro (392) and in vivo 

(393). [^H] leucine incorporation into neuronal fraction of rabbit cerebral 

cortex, in vivo, was two or three times higher than that into the neuropil
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fraction (36). In vivo results have also confirmed this view of differences in 

protein metabohsm between these two cell types (472) and RNA metabohsm 

(492). This higher protein synthesis activity was suggested to be the possible 

reason behind the higher requirement for TH in neurons (394, 472), while 

glial cells, which are capable of regeneration and do not have the high 

homeostatic demands of the highly active and irreplaceble neurons, are hkely 

to be less dependent on TH, explaining the lower number of thyroid 

hormones receptors (188).

Physiological concentrations of T3 has been shown to influence the uptake of 

several amino acids and protein synthesis in a variety of cells, including the 

investigation made in our laboratory using leucine uptake in cultured neuronal 

cells (361). T3 was demonstrated to enhance leucine uptake and subsequent 

incorporation into TCA-precipitable material in a dose dependent manner (1- 

30nM of T3), while stimulation of both uptake and incorporation was 

maximal at lOnM T3. These results are at variance with those shown by 

Chaudhury and Sarkar in 1983, who also studied the effect of T3 on leucine 

uptake and incorporation into protein using the whole rat brain, but failed to 

detect any effect on either uptake or total protein synthesis (63).The 

stimulation of leucine uptake by T3, in neuronal culture, was rapid (<lhour) 

but was abolished in the presence of protein synthesis inhibitors indicating 

that it was secondary to pleiotrophic response (361). Others have suggested 

that T3 may enhance protein synthesis by increasing translation efficiency (58, 

298). Nevertheless, T3 was shown to enhance cycloleucine uptake into rat 

thymocytes, in vitro, by inhibiting cycloleucine efflux, new protein synthesis 

was not necessary for this action, suggesting a possible direct effect of TH on 

components of the cell membrane (172). Similar results were also reported in 

chicken and rat cartilage (1).
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In the present investigation, lysine uptake as well as the incorporation into 

protein, in astrocytes in culture, appears to be stimulated by low TH 

concentrations, 1 nM T3 and 10 nM T4, but when incubated for short peiod. 

However, higher TH concentrations and longer incubation periods inhibited 

lysine uptake into astrocytes. Nevertheless, with longer incubation period, 

lysine incorporation into protein seems to recover from the inhibition effect 

caused by short incubation period with TH. Even with short incubation 

periods, but with high TH concentrations, lysine incorporation was still 

inhibited. The influence of TH and analogues on the amino acid uptake has 

reported (1). However, depression of lysine uptake by T3 and T4 appears to 

be exceptional, but as the results shows, it is the result of decreased velocity 

of uptake rather than the availability of lysine. This depression nevertheless, 

could very well be due to increased efflux rather than decreased influx. The 

observed inhibition of lysine incorporation, appears to be a function of lower 

intracellularsubstrate pool, due to reduced lysine uptake. The effect of TRIAC 

appears to be a biphasic response, although at InM concentrations the uptake 

of lysine into astrocytes is inhibited, a significant enhancement is found at 100 

nM concentrations, for both uptake and incorporation. Such biphasic 

response has been reported earher when T3 has shown an early inhibition 

effect on a-amino isobutyrate (AIB) in isolated rat thymocytes, due to an 

inhibition of influx, which was then followed by increase in uptake, due to a 

proportionally greater inhibition of efflux (171). It is of interest that thyroid 

hormones, particularly T3 have been postulated to increase membrane 

porosity, especially at supraphysiological doses in brain slices. The observed 

increase in uptake may very well be a direct consequence of that. It can also 

be postulated that TRIAC enhances the synthesis and/or activation of amino 

acid carrier molecules in astrocytes (361). Such assumption will presuppose 

an increase in protein synthesis as a consequence of TRIAC exposure, but 

since the preincubation period was relatively short (Ihour) coupled with the
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fact that TRIAC does not bind to nuclear receptors nor does it influence 

protein synthesis, such explanation is unlikely. It is also possible that TRIAC 

enhances the translation of already present transcripts of carrier protein 

molecules and post-translational modifications of the proteins. On the 

contrary, rT3 has shown no effect on lysine uptake into astrocytes, whilst 

lysine incorporation into protein was significantly reduced with various rT3 

concentrations. Significant inhibition of incorporation of lysine into acid 

insoluble material, during rapid cell division, growth and differentiation when 

requirement for lysine for histone synthesis is very high, although unexpected 

is not altogether surprising. Thyroid hormones do have inhibitory effects on 

specific protein turnover (406, 474). Since rT3 does not bind to the nuclear 

receptors, the inhibition of protein synthesis may have been due to the 

inhibition of cytosolic translation mechanisms, although increased degradation 

of protein through activation of proteolytic enzymes cannot be ruled out. But 

induction of such significant changes in a relatively short incubation period 

(15 minutes), may however render this assumption somewhat doubtful. 

Indeed whether this is true or not, a considerable volume of further work is 

needed before any clear assumption could be arrived at.

Several studies have shown that rT3 is a normal component of human serum, 

with a marked elevation in the cord blood of newborn humans; high 

concentration is also present in amniotic fluid (73, 201, 215) and in adult 

serum in various disease states (53, 70, 161). Elevation of rT3 are frequently 

accompanied by a decrease in serum T3 (53, 70). In earlier studies (363) rT3 

appeared to have anti thyroid hormone-like properties with respect to 

regulation of calorigenesis. By contrast Samuels et al. (405) found that 

reverse T3 stimulated glucose consumption in cultured rat pituitary tumor 

cells. In adult mouse hemopoietic cells, rT3 was reported to have 200 and 

100% the activity of T3 and T4, respectively, in potentiating the effect of
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erythropoietin (170). rT3 was also found to stimulate glucose comsumption 

and growth hormone production in cultured rat pituitary tumor cells (GH, cell 

line), suggesting that rT3 can interact with the intranuclear receptors for 

thyroid hormone and influence thyroid hormone-mediated functions as 

agonists (336). Therefore, whether rX3 has any physiological functions in vivo 

is a matter for conjecture. However, very high levels of rT3 during late 

pregnancy coincident with rapid growth, especially of the nervous system, 

may indicate at least a teleological relationship.

On the other hand, neuronal results have shown an increase in lysine uptake, 

and incorporation into insoluble proteins, when incubated with either T3 or 

T4 at different concentrations, whilst incorporation into soluble proteins was 

stimulated by T4 but inhibited by T3. Interestingly enough, lysine uptake was 

2-3 times higher when cells were preincubated with TH for only 30 minutes 

than when preincubated for 8 hours. This might very well be due to an 

increase in influx of lysine in early period while an enhancement of lysine 

efflux in later stages, which could be due to the intracellular accumulation of 

the amino acid, this may reduce the overall uptake of lysine, also a delayed 

nuclear-mediated effect cannot be ruled out. Furthermore, T4 had a delayed 

effect of 30 minutes, compared with 5 minutes for T3 which might point to 

an indirect effect of T4, via deiodination producing T3. However, T4 

stimulation of lysine incorporation into protein after 1 and 8 hours of 

incubation while T3 lacked any effect, might suggest a direct effect of T4.

It appears that different T4 metabolites may have cell type specific roles in 

regulating metabolic parameters. Therefore, the relative molar ratio of 

different metabolites in homeostatic steady state situation, may have critical 

rate limiting functions. Whether these observations also pertain to other cell 

types or indeed all neuronal and glial phenotypes is not clear. Nevertheless,
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this is one of the first reports to describe a specific hormonal role for rT3 

which is supposed to be an inactive metabolite.

6.5 Sum m ary

The purpose of the project was to achieve a better understanding of the 

functional importance of regulating action of the thyroid hormones on neural 

cells, thus understanding their mechanism of action at both cellular and 

molecular level. At the molecular level; TH hormone effect on 2DG uptake in 

nerve endings was investigated and the results showed a stimulation of uptake 

T3 (lOnM) in hypothyroid and not euthyorid synaptosomes, although no 

significant difference was found in absolute uptake rate between these two 

fractions. These results certainly argue for the existence of direct, nuclear- 

independent, effects of TH in the brain, at least in hypothyroid animals.

On the other hand, the mechanism of action at the cellular level was carried 

out on primary cultures of different brain cells, neurons and astrocytes. First, 

TH influence on 2DG uptake was investigated. Contrary to what was found 

in neuronal cells (361), 2DG uptake in astrocytes was found to be responsive 

to insulin but not to TH, and surprisingly the uptake was depressed by rT3. 

Thus, although TH may be of primary importance in regulating neuronal 

energy metabolism, astrocytes seem to be less dependent on TH (T3,T4) for 

the maintenance of their metabolic homeostasis and possibly more dependent 

on other control systems such as insulin and rT3. Therefore, astrocytes with 

their lesser dependence on the hormonal environment confers to them a 

greater stability, which may serve to provide and maintain an optimal 

neuronal environment. Thus it is very likely that hypothyroidism during brain 

development might not damage the entire brain nor will it damage the brain 

randomly, but will specifically and irreversibly damage those very neural cells 

which require and metabolise TH.
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Lysine uptake and incorporation into protein in both neuronal and astrocytic 

cell cultures were investigated. These results were supportive of the 

conclusion mentioned above, confirming the differences in response to the 

presence of TH by these two cell types. Although they both are responsive to 

TH, the degree of dependence upon thyiiod hormones and the timing of this 

response seems to vary for different neural cells. However, the most 

surprising results were the unexpected inhibition of lysine incorporation into 

proteins, in astrocytes, byrT3, the supposedly ’inactive' TH analogues, which 

suggests that rT3 at a certain stage may play a selective but decisive role in 

brain development. These results may relate to the switch in the activity 

between 5'-deiodinase to 5-deiodinase in late gestational period, leading to a 

high rT3 concentration in the placenta and amniotic fluid, suggested purpose 

of which is to provide the foetal thyroid gland with the reqiured free iodine. 

While rT3, which is produced in such high quantities, is thought to be just an 

end product. However, this speculative hypothesis of the role of rT3 in CNS 

development needs further confirmation.

Our results, therefore are supportive of a specific role of TH in cellular 

proliferation and differentiation of the CNS. Hence, it is possible that the 

biochemical deficiencies observed in our experiments may partly explain the 

mechanism of mental disorder and behavioral deficits observed in cretinism.

6.6 Future W ork

In accordance to the results of this investigation, it was concluded that TH 

may exert direct effects on brain at the extranuclear level, and probably at 

membrane level. Further work investigating the possible existence of other 

levels of extranuclear TH receptors, such as mitochondrial and cytosolic level, 

might give a better understanding for the mechanism of TH action at 

molecular level.

184



The effect on different metabolic parameters in different brain cells, seems to 

be a promising and a fruitful field of investigation which might yield valuable 

data regarding regional and cell-type specificity of TH on brain development. 

The mechanism through which TH influence the uptake and the incorporation 

of lysine into protein, in both neurons and astrocytes, is yet to be determined.

This highly speculative hypothesis of rT3 role in development in general and 

of CNS in particular, put forward in this thesis, obviously awaits confirmation, 

and further investigations may shed hght upon the mechanism of rT3 action, 

and also upon regional and phenotype specific parameters and selective 

hormonal action of rT3, some of these investigations are already in hand in 

our laboratory.

In recent years, specific cDNA and oligonucleotide probes for glucose 

tranporter and glutamate transporter genes as well as glutamate, retinoic acid, 

growth hormone, prolactin, IGF, insuhn and polymorphic thyroid hormone 

receptors cDNA, have all been available. Some of these are CNS and cell 

specific. It would indeed be of great advantage to use these molecular probes 

to investigate the mechanistic aspects (molecular) of thyroid hormone action, 

in the development and in the maintainance of functions of the CNS. We are 

at the present investigating the expression of growth control gene mRNA 

species (the receptors of : retinoic acid, IGF, growth hormone, prolactin and 

thyroid hormone), in the developing CNS cell types and in adult CNS 

regions, as a function of thyroid hormone exposure or absence. These 

experiments may in the future clarify the mode of action of the thyroid 

hormones in the CNS at the molecular level.
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The correlation of maternal hypothyroxinemia In early pregnancy In 
rats and Irreversible biochemical lesions in the brains of the

progeny.

A K S inha, R P Ekins, M J F  Hubank, M Baiiabio, M Pickard, Z Ai Mazidi,
D Guiio*, M C Ruiz d e  Eivira, M Khaied.

Department of Molecular Endocrinology, Middlesex Hospital Medical School, University of London. 
•Department of Endocrinology, University of Catania, Italy

Materna l  hypothyroxinem ia  in e n d e m ic  iodine-deficient  r eg ions  c o r re la te s  
with an in c re a s e d  inc idence  of i rrevers ible  neurological  d i so rd e rs  in the  
offspring. D a m a g e  to the  CNS is e v id e n ce d  by subliminal  deficit  in 
p s y c h o m o to r  c o m p e te n c e ,  diplegia , s t r a b ism u s ,  d e a f -m u t i sm  and  s e v e r e  
mental  h an d icap .  However, the specific biochemical lesions underlying these  
disorders  remain to be identified. Our studies have therefore  cen tered  on the 
long-term irreversible biochemical  effects  in the  brains of the  adult progeny 
of hypothyroxinémie euthyroid rat dam s .

Partially thyro idec tom ised  rat d a m s  w ere  mainta ined  on normal laboratory 
diet with food and  w ater  a d  libitum  in a  12 hour light/dark cycle at  37®C 
c o n s tan t  tem pera tu re ,  mated  with normal males  and  the  progeny  allowed to 
grow to 7 m onths  of age .  The progeny were  then killed an d  brain regions 
s e p a r a t e d  on ice an d  s to red  frozen before  u se .  T i s s u e s  were  thaw ed ,  
hom ogen ised  in 0.32 M suc rose  and various biochemical p a ram ete rs  a s s e s s e d  
using conventional  techniques .  Results  were  com pared  with m atched control 
animals.

Protein con ten t  in all brain regions w a s  reduced in experimental  animals  by 
b e tw e e n  20 - 22%  but such  reduction w as  significant only in cortex and 
midbrain (P < 0.02). DNA concentra tions were significantly reduced  (P < 0.05) 
in severa l  regions (by an average  of 30%) a s  w as  inorganic phosphate  in cortex 
and cerebellum (P < 0.01 and 0.05 respectively). p-D g a ia c to s id a se  and  acetyl 
choline e s t e r a s e  were  also severe ly reduced in several regions in experimental
animals (P < 0.05 and 0.005 respectively). No changes  in SDH and Mg++ ATPase, 
activities were  observed,  but marked reductions in Na+K+ ATPase ,  LDH and 
aryl su lp h a ta se  activities in severa l  brain regions (P < 0.05) were  recorded.

T h e s e  r e s u l t s  r evea l  s ignif icant  i r revers ib le  b iochem ica l  a n d  en zy m at ic  
d isfunction  in the  brain of the  p ro g en y  a s s o c i a t e d  with early m aterna l  
hypo thyrox inem ia .
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a  5 7 ) THE EFFECT OF 3,5,3 -TRIIODOTHYRONINE ON 2-DEOXY-D-GLUCOSE UPTAKE INTO ADULT RAT 
^ L i^ Y N  APTOSOM ES.

M R Pickard, A K Sinha. M Khaled, M C Ruiz de  Elvira, R P Ekins. Departm ent of M olecular Endocrinology, University 
College and Middlesex School of f^edicine, Mortimer Street, London W IN  8AA

Thyroid horm one effects on the  rat C N S are  generally  considered  to b e  restric ted  to th e  period  of growth and 
developm ent, ev en  though the  adult brain co n ta in s high levels of both n u c lear and  synap tic  m em brane  3 ,5,3 '- 
triiodothyronine (Tg)-binding sites. T he aim  of this study w as to  investigate th e  role of extranuclear binding sites in the 
m aintenance of m etabolic hom eostasis.

S y nap tosom es w ere  p rep ared  from both euthyroid and  hypothyroid cereb ral cortices by su c ro se  density  gradient 
centrifugation. G lucose uptake w as m onitored using the analogue 2-deoxy-D -glucose (2-DG). Synap tosom es w ere 
preincubaied  in K rebs Ringer P h o sp h a te  buffer ± Tg for 1 h at 37®C, 2-deoxy-D-[2,6-3H] g lucose  w as ad d ed , and 
accumulation determ ined after a  further 10 m inutes incubation. All results are  ex p ressed  a s  m ean  net uptake ± SEM.

Preincubation with Tg, over the concentration  range IQ*'*0-10*6 M, had no effect on 2-DG uptake into synap tosom es 
isolated from euthyroid anim als. In contrast, 2-DG uptake into synap tosom es isolated from hypothyroid anim als w as 
found to be  T g-responsive. Uptake w a s  stim ulated  by preincubation with 10 nM Tg (va lues w ere  0 .968 ± 0.080 
nmol/mg protein for controls and  1.651 ± 0.274 nmol/mg prol. for T g-treated , n = 11; p < 0.05), but inhibited by 
preincubation with 1 pM Tg (values w ere  0.961 ± 0.118 nmol/mg protein for contro ls and  0 .608 ± 0 .047 nmol/mg 
protein  for T g -trea ted , n »  7; p  < 0 .02). Prelim inary experim en ts indicated  th a t inclusion of ATP (5 mM) in 
preincubation m ixtures abolished the  inhibitory effect of 1 pM Tg (values w ere  1.356 ± 0 .305 nmol/mg protein for 
controls and 1.242 ± 0.056 nmol/mg protein for Tg-treated, n = 3; p > 0.1).

T hese  findings indicate that thyroid horm ones m ay exert direct effects on brain, independent of nuclear Tg-receptors, 
at least in hypothyroid rats. The failure to detect similar effects in euthyroid sy n ap to so m es m ay have b een  due to an 
effect of thyroid s ta te  on  d e io d in ase  activity or synaptic  m em brane  binding site  num ber, o r p re satu ra tion  of 
synaptosom al Tg-binding sites by en d o genous thyroid horm one.

1 58 COMMON IS FAMILIAL DYSALBUMINAEMIC HYPERTHYROXINAEMIA?
M R NORTON and J S HARROP; Department of Chemical Pathology, Derby City Hospital, 
Uttoxeter Road, Derby DES 3NE.

Familial dysalbuminaemic hyperthyroxinaemia (FDH) is caused by enhanced binding of 
thyroid hormone by abnormal albumin(1). Potential diagnostic confusion can occur 
because of the increase in circulating Total T4 concentrations, although free thyroid 
hormone values (by equilibrium dialysis) are normal(2). A similar pattern of results 
may occur in association with TBG excess.
We describe the results of a small initial study to establish the incidence of FDH in 
patients in whom thyroid tests were requested. A biochemical screening test(3) for 
FDH was performed on all patients whose results gave Total T4 of >140 nmol/L (reference 
range 60-135), associated with a normal or raised TSH (immunometric assay).
Of 14,000 patients in whom thyroid function tests were performed, 520 (3.7%) were 
screened for FDH according to the above criteria. 4 cases of FDH were identified.
')ver the same period 16 cases of TBG excess were diagnosed (TBG > 25 mg/L; reference 
range (8-15).
•f conclude that in patients undergoing thyroid tests the incidence of FDH is at least 
; in 3,500, This presumably reflects the incidence in the general population, 
from a diagnostic point of view FDH (like TBG excess) is a not uncommon cause of 
hyperthyroxinaemia in euthyroid subjects.

Docter R, Bos G, Krenning EP, Fekkes D, Visser TJ, Henneman G. Clin Endocrinol 
:>51;15:363-71.

2 ' Stockigt JR, Topliss DT, Barlow JW, White Elizabeth L, Hurley DM and Taft P.
.' Jl in Endocrinol Metab 1981 ; 53:353-9.

; Stewart MF, Ratcliffe WA and Roberts I. Ann Clin Biochem 1986;23:59-64.
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1 4 1  THE EFFECT OF 3^;T-TRIIOOOTHYRONINE ON 2-06OXY-0-GLUCOSE UPTAKE INTO ADULT RAT SYNAPTOSOMES.
'  M PkJtard. M. Khmtëd. A. Sinha - D#p»rtm*nt of MoJ«cuUr Endocrlnok)gy. U n iv ftity  «nd Mlddl#*«x School of Medldno,

London. U.K.  -

h I* fl*n*r«ny accepted that thyroid hormone effect# on the CNS are re#tricted to the period of growth and development; the 
adult brain being oontldered an unretponclve organ. However, high levels of n udear and extranuclear 3,S.T*trOodothyronIne 
(Tj)-bJndlng sftes are present In aduft rat brain, and thyroid disease In adults may be associated with changes In CNS function. 
The aim of this study was to Investigate the role of synaptic membrane Tj-blnding sites on substrate transport processes.

Synaptosomes were prepared from the cerebral oortex of both euthyroid and hypothyroid rats by discontinuous sucrose 
density gradient centrifugation. Fractions were preincubated In Krebs-Ringer phosphate buffer tb T) for 1 h at 37 *0, 2-deoxy- 
D-{2.6-3h] glucose (2-00) was added, and accumulatfon determined a t appropriate time points. AI results are expressed as 
mean net uptake ± standard error of the mean.

Initial experiments demonstrated that aocunxlatfon was Snear up to 20 mln, all subsequent experiments being performed with a  
10 mln Incubation period. Uptake of 2-OQ Into synaptosomes Isolated from hypothyroid animals was found fo be Tj-responslve. 
Although uptake was significantly stfmufated by prelncubatlon with 10 nM T ; (0.87 ± 0.08 rvnd'm g protein for controls and 
1.65 ± 0.27 nmol/mg protein for T;-treated, n -  11; p < 0.05), prelncubatlon with 1 pM T j resulted In a  significant Inhibition 
of uptake (0.86 ± 0.12 nmd/mg protein for controls arfo 0.61 i  0.05 nmol/mg protein for T j-treated, n -  7; p < 0.02). 
Inhibition of uptake by T j may have been due to a  depletion of Intracellular ATP, necessary for phosphorylation of 2-DG. since 
Irxfuslon of 5 mM ATP In prelncut>atlon mixtures abolished this iffect (1.36 ± 0.31 runol/mg protein for controls and 1.24 1 
0,06 nmolAng protein for Tj-treated, n -  3; p > 0.1). In contrast. (10*l®-10‘̂  M) was found to be without effect on 2-DQ 
uptake Into synaptosomes Isolated from euthyroid animals.

Thyroid hormones may therefore exert direct effects on brain, Irxtependent of n udear T;-receptors, at least In hypothyroid 
rats. The absence of any observed effect In euthyroid synaptosom es may have been due to: effects of thyroid state on 
deiodinase actlvfty/synaptic membrane binding site number, and/or presaturation of synaptosomal Tj-bindlng sites with 
endogenous thyroid hormone.

142  PHOTOAFFINITY LABELING OF RAT BRAIN CYTOSOLIC THYROID HORMONE BINDING PROTEIN.
A M. Lennon. INSERM, U96, Hôpital de BIcétre, 94275 Le Kremltn Blcêlre, France.

The charactertsallon of cytosolic thyroid hormone binding protein (CTBP) by photooffinity labeling 
with underlvallzed thyroid hormone has Deon studied in ret brain cytosol.

Irradiation in the near IfV (about 300 nm) of rat brain cytosol was performed after incubation with 
1 nM '^1  Thyroxine (Tri) or '^1  Triiodothyronine (T3). Denaluratlng gel electrophoresis and 
autoradiography of the photolabeled cytosol indicated the presence of one binding protein of a 
molecular mass of 3 1.000. The specificity of the photoaffinity labeling was verified in competition 
experiments in the presence of increasing concentrations of unlabeled L-T3 and unlabeled 
iodothyronine analogs. D-T3 was the best competitor followed by L-T3, L-Tri and TRIAD. A similar 

, specificity has been reported for the '^ i-T3  binding to the rat brain, liver and heart CTBP. 
Ctiromatography on Ultrogel ACA 34 of the ptotolabeled cytosol revealed one radioactive peak with 
an apparent molecular weight of 28.000. This photolabeled peak is smaller than the one obtained 
with non-Irradiated labeled cytosol (Apparent molecular weight 60.000). In addition if cytosol is 
Irradiated before the incubation with labeled hormone, the chromatography in the same conditions 
as above showed only one radlactive peak in the some position that the one obtained with 
photolabeled cytosol.

in conclusion: Photoafflnlty labeling of brain CBP seems to Indicate that this CTBP Is sliced by 
Irradiation and the binding residue is still able to bind the hormone. Photooffinity labeling should be 
a usefull tool in the study of CTBP binding site and its purification.
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PREFACE

Systematic screening for congenital hypothyroidism in the newborn was 
introduced some 15 years ago. The main, objective was the prevention of 
mental retardation due to thyroid hormone deficiency during the early 
months of life. During the past decade screening progrès have become 
routine throughout most of the industrialized world and many questions 
relating to implementation, organization and quality control of such 
programs have been largely resolved. Preliminary IQ and neurological data 
have indicated that screening and early treatment do, in fact, prevent 
mental retardation. However, a number of scientific questions related to 
congenital hypothyroidism remain unanswered and extensive research 
activities are ongoing in the field. The objective of the organizers of 
the Brussels workshop was to focus almost exclusively on these current 
research aspects of the screening programs.

This workshop is the third international conference specifically _ 
devoted to neonatal thyroid screening. The first was held in La Malbaie 
in Quebec in the fall of 1979. That meeting was well organized and highly 
productive. Its proceedings constitute a bible in the field. After the 
Quebec meeting, we witnessed major and rapid advances in our understanding 
of neonatal thyroid physiology as well as screening methodology, organiza
tion, data management, the significance of an approach to false negative 
and false positive results,patient follow-up, and assessment of follow-up 
and treatment, and the psychoneurological evaluation of affected infants. 
Some of these aspects were further developed during a second highly pro
ductive international conference organized in Tokyo in 1982.

About two years ago, the members of the Program Committee began 
planning a third workshop on congenital hypothyroidism to focus on current 
research in the field which would benefit from in depth discussion by a 
working group of about 100 merbers. Several topics were selected as 
indicated by the program, but there was the inevitable frustration of 
having to omit other topics of great potential interest such as calcium 
metabolism in congenital hypothyroidism, fetal growth in the absence of 
thyroid hormones, the critical analysis of the false negative and 
missed cases, etc...

The Program Committee is grateful to the 25 workshop speakers who 
accepted the invitation to participate and share with us their unique 
experience in the field. The Committee also appreciates the interest of 
others attending the meeting who. because of their experience 
field, and by poster presentations, contributed importantly to the success
of the workshop.

The Local Organizing Committee acknowledges the support of the 
several National and International Agencies which co-sponsored the meeting 
These include :

The North Atlantic Treaty Organization (NATO)
The Commission of the European Communities (CEC)  ̂ ,
Fonds National de la Recherche Scientifique (FNRS) of Belgium,



The proceedings of the workshop will be included anxsng thé Advanced '  ̂
Research Workshops of NATO. '

Finally, important parts of the meeting were made possible by contri
butions of several European and Japanese conçanies. ;

These proceedings include articles resulting from the plenary lectures 
and.their discussions prepared by the editors from the tapescripts of the 
workshop, abstracts of poster presentations, and the final conclusions 
and recommendations of the participants. The editors considered that this 
volume constitutes a significant step in the accumulation in knowledge on 
neonatal thyroid screening.

François Delange 
Delbert Fisher 
Daniel Glinoer
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ROLE O F  THE MATERNAL CARRIER PRO TEIN S IN THE SU PPLY O F  THYROID HORMONES TO 
TH E FETO-PLACENTAL UNIT: EVIDENCE O F  A FETO-PLACENTAL REQUIREMENT FO R 
THYROXINE

R oger Ekins, Arun S inha , M arla Ballabfo, Mark Pickard, Michael Hubahk,
Z aldan al MazWI.and M oham ed  K haled

D epartm ent of M olecular E ndocrinology

UntversHy C ollege a n d  M iddlesex  S choo l of M edicine
University of London, L ondon  V/1N 8AA, U nited Kingdom

INTRODUCTION

For a  n u m b er of y ea rs , th e  c o n se n su s  v iew  a m o n g st endocrino log ists h a s  b e e n  th a t thyroid 
ho rm ones of m aterna l origin neither c ro ss  th e  p lac en ta  in significant am o u n t^  n o r a re  Im plicated in the 
developm en t of th e  fe tu s In g en era l, o r of th e  fe ta l C N S In particular^. N everthe less , for a  nu m b er of 
re a so n s  (som e of which h ave  t>een d isc u sse d  In^), th e  validity of th is view a p p ea red  to u s  to  b e  o p e n  to 
doubt; w e  th ere fo re  initiated stu d ies (ca  1980) specifically In tended  to  verify o r  d isprove so m e  of th e  
experim ental ev id en ce  and  theoretical p o s tu la te s  on  w hich th is view  w as b a se d .

R esu lts  of o u r preliminary stud ies^  Im m ediately confirm ed th e  suspicion that p revious w ork on  
thyroid horm one (TH) transport from m o th er to  fe tu s  w a s  e ither Irrelevant to the  ev en ts  occurring In 
early  p reg n an cy  (having b e e n  confined to  an im al s tu d ies late  In p regnancy  - le following developm ent 
of th e  fetal thyroid gland) • or. in th e  c a s e  of th e  relatively few  s tu d ie s  con d u cted  during early 
p reg n an cy , h a d  b e e n  m isin terpreted  o r  Ignored .

A side from  th e  questionab le  n a tu re  of p a s t  experim ental ev id en ce  relating to  this issu e , th e  
principal exp lanation  offered for th e  su p p o s e d  a b s e n c e  of p lacen ta l TH tran sp o rt a p p e a re d  equally  
unso u n d , a lbeit superficially p e rsu as iv e . T h is re lied  o n  th e  proposition  th a t thyroxine binding globulin 
(TBG) an d  th e  o th e r  TH binding p ro teins (thyroxine-binding pre-album in (TBPA) a n d  album in) p re sen t 
In m atem al s e a im  prevent p a s sa g e  of TH from  m aterna l to  fetal circulations^. This concep t reflects a  
view widely h e ld  am o n g st endocrino log ists, le th a t TBG a n d  o th e r  specific frorm one binding pro te ins in 
sem m  se rv e  to  minim ise horm one lo ss  from th e  v ascu la r  com partm ent and , indeed , th at this 
constitu tes their principal physiological role®.

T he se m m  concentra tion  of TBG rise s  approxim ately  2 - 3  fold In h um an  pregnancy; th e  
concentra tions of so m e  of th e  specific s te ro id  binding proteins likewise rise, albeit -  in ce rta in  c a s e s  • to 
a  g re a te r  factorial ex ten t. S pecu la tion  o n  th e s e  p ro te ins ' physiological role h a s  therefore  inevitably 
cen tered  o n  th e  possibility th a t th ey  a re  in so m e  w ay  Im plicated In govem ing horm one transport during 
gestation , th e  notion th at th e  rise in TBG "pro tects" th e  fe tu s from  m atem al TH^ being a  prim e exam ple  
of su c h  c o n ce p ts . T h u s a lthough. In th e  co n te x t of th is Sym posium , th e  principal q u estio n s of In terest 
a re : do  thyroid horm ones trav erse  th e  p la c e n ta  a n d . if so , a re  th ey  of im portance to th e  full m aturation 
of the  fetal b ra in? , the  role of TBG an d  o th e r  thyroid binding p ro teins In TH transport - particularly during 
p regnancy  - clearly  constitu tes a n  Im portant c o m plem en tary  Issu e. Coincidentally It Is o n e  w hich, 
b e c a u se  of Its w ider re levance  to  endocrino logy  a n d  reproductive physiology, h a s  a ttrac ted  m uch 
recen t in te res t a n d  controversy .

In th is p resen ta tio n  w e h o p e  to  clarify th e  confusion th a t c en te rs  on  th e  role of binding pro te ins

m m # :



i.ijj Inter alia that, contrary to com m on opinion, blndmg pm te ins fac ilM aW ;# ^  
■/-; an a  oo noi mi nun, iiuiiiioiiy efflux from the vascu lar com partm ent. I r^ e e d  w e su g g est that T]Bü rnay. ; 
Î '  have evolved specifically to en su re  ad equacy  of a  m atem al thyroxine supply to  the  feto-placerrtalunlt, ;

fwssibly forming part of a  com plex feed -back  system  govem ing the  thyroid horm one environm ent to 
: “ which the  (early) fe tus Is ex p o sed . However, w e also p resen t d a ta  relating to the  m ore general 

‘ hypothesis^ that m atem al thyroxine not only trav erses  the placenta, but Is of croclal Im portance to  the 
developm ent of the  fetal CNS.

.... H orm one transport to  targ e t tis su es : th e  free  horm one hypothesis ■

T he "free horm one hypothesis" of horm one delivery Is widely accep ted  am ongst en d o 
crinologists. It ensh rin es th e  corrcept that. In the  c a se  of horm ones w hich exist In blood (largely) In 
proteln-tx)und form, the  se ru m  free  horm one concentration constitu tes th e  essen tia l determ inan t of 
horm one action. A corollary Is that only horm one In the  free sta te  Is able to  traverse  target tissue  
capillary walls an d  pen etra te  targ e t cells. T h ese  concep ts reflect the  observation  that. In c ircum stances 
In which se m m  protein-bound horm one levels differ significantly from norm al (eg  during pregnancy, or 
in c o n seq u en ce  of g enetic  abnormality), endocrine s ta tu s  a p p ea rs  to correlate  with the  serum  free 
concentration, not the  bourxJ. T he thyroW /pitultary/hypothalamlc feed b ack  sy s tem  provides th e  classic 
exam ple of th e se  propositions, the  system  appearing  to operate  In su ch  a  w ay a s  to maintain free 
thyroid horm one concentra tions a t a  (near) norm al level In the  face  of wide differences In th e  
concentra tions (or com positions) of the  thyroid binding proteins p re sen t In blood. Sim ilar co n cep ts  
apply In the  c a s e  of the  stero id  horm ones.

S u ch  observations underlie the  view that m easu rem en ts of se ru m  free  horm one are  
diagnostically m ore valuable th an  m easu rem en ts of bound (or total) concentrations. Clearly they  also 
imply that both th e  bound  horm one m oiety and  the  binding proteins th em se lv es a re  physiologically 
Irrelevant, the  latter view being  su s ta in ed  by the  fact that no physiological c o n seq u en ce  attributable to 
an  a b se n c e  o r elevation of th e s e  proteins h a s  ever b e en  observed . N everthe less , the  notion that the 
horm one binding proteins In serum  p o s s e s s  no physiological role Is difficult to accep t. C onsequently  
endocrinologists have frequently  sought explanations of th e se  p roteins' ex is tence  and  biological 
function.

A conventional view - the  "vascular retention hypothesis" - h a s  b een  that they  provide an  
Intravascular "buffer store" of horm one, attenuating  transient su rg es  of secretion  o r peripheral 
demand®-^, and  restricting horm one entry Into "sensitive" cells®. Illustrative of this concep t Is Osorio 
and M yant's suggestion  that TBG prevents TH transport from m other to fetus®, thus serving to isolate 
or "protect" the  fetus from th e  m atem al erxfocrine system .

Horm one transport to targ e t tis su e s : "txiund horm one" h y p o th eses

O ther Investigators have  sought explanations which challenge the  free horm one hypothesis.
For exam ple, following observation  of the  differential effects of corticosteroids on  the  Induction of 
hepatic and  pancreatic  am ino transferases In rats with altered serum  CBG levels, Keller, R ichardson arx 
Y ates su g g e ste d  that certain  t is su e s  a re  perm eable  to specific binding proteins®, and  thus accessib le  
to proteln-txjund horm one p e r  s e .  They therefore hypothesised  that CBG "increases th e  specificity of 
the  adrenocortical system  by targeting corticosteroids according to  fea tu res of micro-circulatlon".
T hough Keller e t a r s  hypo thesis h a s  subsequently  b een  largely d isregarded , sim ilar ideas have  nrwre 
recently b een  p roposed  by Sliteri et al® who claim to have observed  Intra-cellular localization of CBG 
and  SHBG, and  have su g g e s te d  that, following their structural modification, th e se  proteins convey 
horm one directly Into the  cell nucleus. However, a  major difficulty arising with all such  concep ts Is that 
physiological m anifestations of abnorm ality In blndlng-protein levels would t>e expec ted  to b e  evident 
m oreover they offer rro specific explanation of jh e  characteristic  c h ag g ^ s  of blndlrrg protein levels 
s e e n  In p regnancy . '

The ideas of Pardridge and  his colleagues In this area'®*^ i have com m anded particular 
attention during the  p as t d e c a d e , a n d  a re  currently the  subject of considerab le  controversy. They 
c en te r o n  the proposition th a t the  equilibrium constan t govem ing th e  protein binding of horm one Is 
a ltered  In the  m icrovasculature of target o rgans, causing the  Intracapillary free horm one concenlratior 
to b e  e levated  In su ch  tis su e s , and  large am ounts of (dissociated) bound  horm one to  be  selectively 
transported  to them . T hus Pardridge claim s that "the function of p lasm a  protein binding Is th e  se lects



delivery of ligands to tissu es In a  way ttwt varies from organ to o r g a n " Im p ly in g  - Ike Keller et al - that 
variation in binding protein levels a lte rs the'distritHJtion of horrrxjne throughout the  t>ody. However, 
though the  notion that binding proteins a f f ^  the  delivery of horm one in this w ay is com m on to all 
recent ch a llenges to the  free horm one hypothesis (including our own), w e  totally reject Pardridge’s  
ideas, believing them  to derive from an oversimplified theoretical analysis of the  kinetics of horm one 
efflux from target organ capillaries, coupled with crucial m isinterpretations of experim ental d a ta ’^. 
However, in part b e c a u se  of the  interest Pardridge's views continue to  provoke, bu t m ore particularly 
b ecau se  of th e  relevance of so m e  of Pardridge's experim ental d a ta  - w hen  correctly interpreted - to the 
subject of this Sym posium , this issue  m erits m ore detailed d iscussion  here.

P ardridge 's challenge of the  validity of the  free horm one hypothesis originally derived from a  
fundam ental m isurxJerstanding of the  hypothesis itself It m ust b e  em p h asized  that this d o e s  not 
propose th a t th e  am ount of horm one delivered to an  individual tissu e  is restricted to the am ount initially 
p resen t in th e  free s ta te  in the  afferent blood supply. Illustrative of m isunderstanding on this point, the 
oljservation that the "splanchnic extraction of tes to s te ro n e  or estradio l, o r  the  brain extraction of 
p rogesterone , is on  the  o rd er of 30-50% , which is 10-fold the  p e rcen tag e  of free horm one in serum "’ ’ 
w as originally viewed by Pardridge a s  contradicting the  hypothesis. This m isconception constituted the 
principal foundation of Pardridge's proposal of an  "apparent", in vivo, d issociation constan t (Kq ®PP) 

deviating from the "abâ)lu te" constan t (Kq) estim ated in vitro’®, and  w h o se  value w as supposedly  

given by K ^ e V . where (t) is the capillary transit time and (kp) the  capillary wall perm eation

constan t’®*’ ’. The claim ed m anifestation of this effect w as elevation of th e  "apparent" in vivo free 
horm one level in tissu es (eg the  liver) characterised  by "long" capillary transit tim es (i.e. tim es 
com parable with the  d issociation half-time of the  protein-horm one com plex), this phenom enon 
supposedly  accounting for the  high ra tes  of unidirectional (radiolabelled) horm one efflux o b served  in 
Oldendorf-type experim ents. However, following criticism of th e se  ideas and  their m athem atical 
basis’^, Pardridge and  Landaw fomaulated, in 1984, a  radically altered  hypothesis’®, albeit the  notion 
of a  tissue-specific  elevation of an  "apparent" dissociation constan t con tinues to feature in it. The 
revised hypothesis p ro p o ses that the  "major factor leading to the. rapid transport in vivo of protein- 
to u n d  ligands into tis su es  such  a s  brain is an  endothelial-induced d e c re a se  in the  affinity of the  p lasm a 
protein for th e  ligand"’® arising, for exam ple, from "a conformational ch an g e  in the  plasm a protein" a s  it 
transits the  target tissue.

T he b as is  for this new  proposal differs from that underlying Pard ridge 's  original hypothesis: it 
cen ters on  the  d iscrepancy  betw een  Pardridge and  LarxJaw's experim ental observations on 
radiolabeled horm one up take in brain and  o ther tissues, an d  theoretical predictions b a se d  on a  revised 
horm one efflux equation, descrlt>ed by th e se  au thors a s  the  Tnodified Kety-Renkin Crone" 
equation’®, which tak es the form:

t

F  E 1
1 +  K [P ]

(1 )

w here FE fractional efflux of radiolabeled horm one during a  single p a s s  through the
targe t o rgan
protein concentration
affinity constan t
capillary transit time
capillary wall perm eation rate  constant

Pard ridge 's  m ore recen t views d ep en d  crucially on th e  dem onstra tion  th at increase  in the  
protein co n ten t of the  injected labeled-horm one bolus u se d  in his organ-perfusion  experim ents d o es  
not cau se  a  reduction in tissu e  uptake of horm one of the m agnitude p red icted  by Equation 1 ’®. 
However, it is readily dem onstrab le  that this simplified equation (which is esentially identical to one 
proposed in o u r critique of Pardridge's earlier theoretical an aly sis’^) d e p e n d s  on  the  assum ption  that 
all kinetic ev en ts  occurring within, and  ad jacen t to, the capillary In the  co u rse  of unidirectional horm one 
efflux p ro ceed  a t Infinite sp e e d . I.e. that the  only constraint o n  th e  ra te  of horm one efflux is the rate 
constant govem ing capillary wall horm one perm eation.

T he Invalidity of this proposition can  readily be  dem onstra ted  by reference  to the  m ore correct
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: . -X r; efflux equation applicable to  Pardridge’s  experim ents, assum ing (for th e  sa k e  of clarity) that the  
extracapillaty free (labeled) horm one concentration rem ains essentially a t zero  a s  the  tracer tx)lus 

“ - -/ transits organ capinaries. and that intracapillary free horm one mixing an d  diffusion are  infinitely rapid 
(implying that the  free homnone concentration acro ss  th e  entire capillary rad ius Is uniformi^.i^):

 V

F E  . 

w here  ky

1 +  K [P ] +

1 - e  "  ( 2 )

d issociation rate  constan t of bound  horm one cozv^ex .

Clearly the simplified form of Equation 2 relied on  by Pardridge reflects the  assum ption  that ky « 
oo (le that the protein horm one complex d issociates infinitely rapidly), implying that kp/ky = 0. This 
assum ption  is clearly questionable. Moreover, Inclusion of a  term  In th e  efflux equation  reflecting 
bound horm one dissociation is sufficient to  explain all Pardridge’s  experim ental observations (see , for 
exam ple. Figure 1). It Is quite evident that the  Insignificant d isc repancies t>etween experim ental result: 
and th o se  predicted from Equation 2  provide no justification for the  postu lation  of hitherto 
un su sp ec ted  Intracapillary horm one re lease  m echan ism s of the kind p ro p o sed  by Pardridge.

A kinetic model of horm one  transport

Pardridge’s  experim ental results nevertheless confirm a  proposition th at we have  frequently 
advanced, I.e. that circum stances m ay arise in a particular target o rgan in which bound horm one 
dissociation exerts rate  limiting effects on  horm one deltvery’ -̂̂ ®. In sd b h tfrc u m sta n ce s , variation in th 
bound horm one level will affect horm one delivery to the  organ co ncerned , a s  Is; implicit in Equation 2. 
and  exemplified by the  d a ta  show n In Figure 1. This proposition underlies our own challenge to the  
free horm one hypothesis, an d  our su g g ested  explanation for the  evolution and  ex istence of serum  
binding proteins.

Though Equation 2 Is capab le  of explaining Pardridge and L andaw 's data , m ore com plete 
theoretical analysis of the kinetics of horm one efflux from target tissu e  capillaries su g g e sts  that 
additional param eters affect the  Intracapillary free horm one concentration (or, m ore particularly, the  
concentration at the  capillary wall, which govem s the rate  of horm one efflux Into adjacent tissue).

IlU
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Figure 1. Unidirectional extraction of [1251] T3 by rat brain plotted versus arterial aiburnin 
concentration (data reproduced from figure 5. Reference 18). Note the typically 
good fit of Equation 2 to the experimental data.
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^  T arget tlss iie  up take of fw rm one c a n  t>e stiow n to b e  a  com plex function of a  num ber of factors
(Including th e  ex trayascu lar free  ho rm one  concen tra tion , the capillary wall perm eation  ra té  c o n stan t. '

\  th é  ra te  o f Intracapillary free  horm one dHuslon a n d  mixing, th e  Intracapillary bou n d  tjorm one level, an d  
' th e  d issociation  ra te  of th e  bound  h orm one com plex) so m e  of w hich a re  " tissue specific". O ur analysis 

rev ea ls  th a t se ru m  binding p ro teins a s s is /  In sus ta in in g  a  high free  horm one concentra tion  a t th e  
' capillary wall In th e  face  of horm one efflux, th u s  en h ancing  (not, a s  com m only thought, restricting) 

horm one efflux from th e  capillary. M oreover It Is dem onstrab le  th a t a  rise In th e  serum  concen tra tion  of 
a  binding protein th at carries two h o rm o n es ( a s  d o e s  TBG) Is potentially cap ab le  of spedflcally  
e n h a n d n g  transport to  certa in  tis su e s  of o n e  relative to  th e  o th e r In c o n se q u e n c e  of d ifferences In 
their kinetic characteristics. Thus, fri th e  c a s e  of T4 an d  T3, a  rise In TBG Is likely to Increase  T4 
delivery to  target tis su es  In which th e  ra te  of horm one efflux p e r  unit a re a  of capillary wall Is high. This 
su g g e sfs  th a t, a lthough th e  free  ho rm o n e  co n ce p t m ay  broadly apply  th roughout the  body , binding 
proteins m ay  n ev erth eless se rv e  a  sub tle  role In directing particular h o rm ones to  particular targ e t 
o rg an s In particular physiological c ircu m stan ces  (albeit for re a so n s  quite  different from th o se  
previously ad v an c ed  by o th e r  Investigators).

.  T h e  m arked  c h a n g e s  In th e  co n cen tra tio n s of m any binding pro te ins s e e n  In p reg n an cy  
su g g e s t th a t th e  physicochem ical p h e n o m e n a  d isc u sse d  ab o v e  m ay specifically o p e ra te  to  regu late  
horm one su p p lies  to  t is su e s  Im plicated In th e  reproductive p ro c ess . M oreover, ev idence  th a t th e  fe to 
placen ta l unit m ay b e  of sp ec ia l significance In th is con tex t is provided b y  th e  hitherto unexplained  
observation  th a t a  pregnancy-induced  C B G  rise  Is s e e n  only In sp e c ie s  ch aracte rized  by hem ochorial 
a n d  hem oendothella l p lacen tae^^ . T he n â lù re  of barrie rs to  horm one transport t>etween m aterna l an d  
fetal c irculations m ay underlie th is u n e x p ec te d  correlation, d ifferences in th e  perm eabltty  of th e se  
barriers providing a  possib le  explanation  tx>th for sp e c ie s  d ifferences In th e  spec trum  of horm one 
binding pro te ins p re sen t In the  blood, an d  In th e  a lte ra tions In th e  levels of th e s e  proteins arising  In 
pregnancy . In th e  c a s e  of TBG, considera tion  of T4 an d  T3 binding kinetics su g g e s ts  that a  TBG rise 
results In preferential T4 delivery to an y  o rg an  in which there  Is a  high local ra le  of capillary efflux of TH. 
M eanwhile o u r results o n  placental transport of T4 Indicate that fetal T4 up take  In the  rat Is relatively 
high In the  first 9 - 1 0  d a y s  of fetal life, but th ereafte r falls to very low levels^. P lacental T4 accum ulation 
n ev erth e le ss  rem ains high th roughout p reg n an cy , th e  accum ula ted  tiorm one being d e g ra d e d  to  
iodine (an d  rev erse  T3). S u ch  degradation  clearly  p rovides a  rich p lacen tal so u rce  of iodine for the 
developing fetal thyroid • a  p h en o m en o n  likely to  b e  of spec ia l Im portance w hen  dietary Iodine (and 
h en ce  th e  Iodide level In m atem al blood) a re  tow. T h ese  obsenrations a re  clearly com m en su rate  with 
the proposition th at TBG Is physlcochem lcally  d e s ig n ed  to supply T4 to particular target tis su es .
%
N ev erthe less , although o u r ow n d a ta  an d  th o se  su b seq u en tly  ob tained  by o th e rs  (eg^^) h av e  show n 
th e  belief th a t th e  feto p lacen ta l unit d o e s  no t requ ire  T4 to  t>e q u estionab le , th ey  do  rwt directly 
nonflmri th e  proposition th at the  p re se n c e  of large  protein bound  T4 pool In m aternal blood se rv e s  to 

.en su re  a d e q u a c y  of a  feto  p lacen ta l T4 supply . N ev erth e less , the  sugg estio n  that this co n stitu tes the 
,)rimary role of TBG (and an alogous se ru m  blrxflng-protelns In o th er m am m alian sp e d e s )  acco rd s with 

'  observations that high levels of protein b o u n d  T4 a re  s e e n  only In m am m als, th at total TBG deficiency 
In m an Is essen tia lly  confined to  m ales (an d  is w ithout ap p aren t physiological co n seq u en ce), a n d  that 
th e  t>ound T4 level In se ru m  rise s  In p reg n an cy . M oreover, th e  p re se n c e  In b lood of a  specific protein 
cap ab le  of en h an c in g  T 4 availability to  th e  fe to -p lacen ta l unit m ight b e  ex p ec ted  to confer considerab le  
evolutionary ad v an tag e , particularly In conditions of Iodine scarcity, an d  In sp e c ie s  su ch  a s  m an  
characterized  by a  long gestational period. Likewise, th e  firxfing that lack of m atem al T4 In early  fetal life 
Is a s s o d a te d  with Irreversible neurological d a m ag e^ ^ , an d  th e  recen t observation  that T4 a lo n e  Is 
available to e n te r  the  fetal b ra ln ^ ,  a re  entirely co m m en su ra te  with the  Idea that T4 Is of specia l 
irriportance In reg ard  to th e  differentiation of th e  fetal C N S.

In the  following sec tions, w e  p re sen t further ev id en ce  supportive of th is v iew .

PLACENTAL TRANSFER AND FETOPLACENTAL METABOLISM O F THYROID HORM ONES AND 
IODIDE

O ur Initial experim ental ap p ro ach  w a s  to  Investigate th e  p lacental tran sfer of TH from m other to 
fetus, paying particular attention  to  early  p regnancy^  ^ t . in brief, ra ts  w ere  Injected with [^31 ijfodlde and 
e ither L-(3*-'*25|jt3  ©r L-(3*,5’-''25|]T4 a t various s ta g e s  of p regnancy , an d  th en  killed after 1 hour. 
Radioactivity w a s  determ ined In total, TCA soluble (Iodide an d  o ther c leav ag e  products) and  TCA



.V Insoluble (lodothyronines) fractions of m atem al blood and  tissues, p lacen tae  a n d  fetal tissu es. Due I 
/ c h a n g e s  In fetal w a ter content throughout pregnancy, concentrations of radioactivity w ere  expresse
’ • - a s  a  function of the  tissu e  protein content (radfoactlvity/g protein) and. In order to  stand ard ise  results
- V all values w ere finally expressed  a s  a  oerce n ta n a o t th e  radioactivitv assoc iated  with 1 o  of m atemal
" -  ̂ "'lapma orotein

’ At i n  d ay s gestation^ follçwing iniection of fetal concentrations of radioactivity In TC,
Insoluble an d  soluble fractions w ere 9 and 35%  of the  m atem al p lasm a concentration respectively^^ 
P lacen tal concentrations w ere similar a t the eartiest gestational a g e  at which they  w ere  exam ined (K  
d ays), but w h e rea s  they  Increased  throughout th e  rem ainder of pregnancy, fetal concen tra tions 
declined . Although fetal extraction of m atem al 1^2S|]J3 w as also observed  in early  pregnancy  - the 
respec tive  concentra tions of radiolabel In acid Insoluble and  soluble fractions being 17 and  73%  of ' 
m atem al p lasm a  concentration - the absolute am ounts of T3 transferred  rep resen t only a  minor supf 
relative to  T4, d u e  to  the  100-fold higher concentration of the  latter In m atem al blood. T h ese  findinc 
have  b e e n  conflm ied by Independent observations In a  variety of anim al species^

■ In o rd er to  Illustrate the  possible relevance of transferred  m atem al T4 to  fetal developm ent, 
concen tra tions of radioactivity In various m aternal o rgans and  fe tus w ere com pared^-^i. At 10 days 
g esta tional ag e , th e  concentration In the  fetal lodothyronine fraction w as equivalent to , or g rea te r  tl 
that In m atem al brain, ovary and heart, but less than  th at In m atem al liver and  kidney. The concentra 
in th e  fetal TCA soluble fraction w as only less than  that of m atem al kidney. Indicating efficient 
m etabolism  of accum ulated  T4. After mid gestation, the  fetal lodothyronine concentra tion  w as 
com parab le  only with that of m atem al brain, w h ereas TCA soluble m etabolites w ere higher than  the 
in m atem al brain and  heart. Thus, In early gestation, fetal concentrations w ere of the  sam e  order as 
th o se  found in m any m aternal o rgans. Implying that the  supply of m atem al T4 is sufficient to Influer 
fetal developm ent.

T he p re sen ce  of acid soluble radioactivity fe tu ses and  p lacen tae  indicates metatsoli
of m atem al T4. The ratio m m e I'CA SUluUle fiautionof iOxfav o kH etuses  w as greater th lr
of m atem al p lasm a, dem onstrating local dekxJination of m atem al T4. C hrom atography of fetal 
ex tracts^’ revealed  that. In early pregnancy, 35%  of transferred radiolabel w a s  p resen t a s  T 3 ,22%
In the  fomr> of rT3 arxl 43%  rem ained a s  T4. In late pregnartcy only 3%  w as recovered  in the T3 frac 
w h e rea s  66%  co-m igrated with rT3. In the  placenta, relatively little T4 w as converted  to T3 followin 
o n se t of Independent fetal thyroid function, m ost of the  radiolabel (ca 70%) appearing  a s  rT3. The 
findings a re  co nsisten t with our observations of feto-placental 5*-deiodinase; activity of this enzyrr 
high in early p regnancy  but declines after mid g es ta tio n a l. T he assoc ia ted  ch an g e  in metalx>lic p? 
m ay serve  a  dual role: to limit the supply of m atem al T4, while at the  sam e time ensuring adequacy 
iodide supply for fetal T4 synthesis.

Table 1. Uptake of by matemal tissues and the feto-placental burden

T issu e n Ratio %  Dose of 131 I/organ

Liver 12 46  ± 4 3 .4 3
K idney 12 6 6 ± 5 0 .6 3
Ovary 12 42 ± 1 2 0 .0 6
Brain 12 6 ± 2 0 .0 4
H eart 13 28 ± 7 0 .1 3
S p le e n 13 38  ± 4 0 .1 2
Thyroid 12 6400 ±4300 1 .1 7
M atem al total 5 .5 8

F etop lacen ta l burden 4 7 .1 9

Palk) -  %  dose/Q  wet weight % io o  
%cfaee Art plasma



■ y^ ' W e have a lso  investigated placental transfer of m atem al Iodide throughout gestation , dem on
strating su b stan tla [l3 f I accum ulation in both fetus and  p lacen ta  1 hour a fter Injectlon^i. Iodide 

■ accumulation by th e  fètb-plàcëntal ünit Increased throughout gestation , reaching a  peak  afte r 
establishm ent of au tonom ous fetal thyroid function. At 20  d a y s  gestation , the  com bined I content 
of the total feto-placental burden w as higher than that In all m atem al o rg an s studied (thyroid Included) 
(Table 1). Under norm al conditions, although an  Iodine deficiency s ta te  m ay  prevail during pregnancy  ‘ 
(due to Increased  renal clearance), the  feto-placental unit is able to com pete  efficiently with m atem al 
tissues for Iodide.

placental Control of Feto-M atem al ThvroM Hormone Econom y

T he particular relevance of TH with respect to the  m aturation of a  variety of tissu es an d  the 
organism  a s  a  whole, and  the especially severe,'potentially irreversible dam aging effect of their 
deficiency on developing fetal brain and  nervous system , constitute th e  b as is  for the  co ncep t of a  
specific p lacental coritrol of m atem al thyroid function. This proposition Is consisten t with certain  indirect 
evidence suggestive of a  nonpituitary regulation of TH corrcentratlons in pregnancy and  is cen tred  on 
the hypothesis of a  p lacen ta  functioning a s  a n  integrated  an d  au tonom ous endocrine system , 
interconnected both with the  fetus and  the  m other. As in th e  c a s e  of stero id  horm one production (eg 
estrioi) by the  je ta i  adrenals , gonads arxl placenta, a  complex function endocrine role m a y b e  
postulated for the  p lacen ta , the  o rgan controlling TH tvom eostasls through the syn thesis an d  secretion  
of a  placental thyro- tropin, independently from the  m atem al hypothalamus-pituitary axis. This putative 
placental control system  would b e  expected  to respond to different an d  specific feedback  signals both 
from the fetal (T4, TSH ?) and  the m atem al (T4, TBG ?) com partm ents, fulfilling the critical role of 
monitoring the changing feto-placental requirem ents for T4 and  ensuring  an  appropriate T4 
environment for optim al fetal developm ent (Figure 2).

,  Clin'ical eviderrce su g g ests  that the  increase  In m atem al thyroid activity con seq u en t upon 
higher circulating TBG levels m ay not be m ediated through pituitary TSH, w hose circulating levels in 
early pregnancy have b een  descrit^ed, in m ost reports, a s  lower o r unchanged . The possibility of a  
non- pituitary control of TH secretion through a  putative placental txjrm one h a s  recently received 
renew ed attention, speculation centering either on  the  ex istence  of a  specific chorionic thyrotropin 
(hCT) or, alternatively, a  secondary  biological activity of chorionic gonadotropin (hCG) (which Is known 
to induce clinical hyperthyroidism in patients with hydatidiform mole o r choriocarcinom a). While there is 
no agreem ent concem ing the existence, o r chem ical and  immurx>logical properties, of hCT, the  thyro
tropic activity of hCG h a s  b een  dem onstra ted  under severa l in vitro co n d itio n s^ . The molecular tasls  
of this p h ero m en o n  m ay be  fourxl in the significant d eg ree  of structural homology with TSH. In our 
experience, the intrinsic thyrotropic activity of 1 lU of partially purified hC G  Is equivalent to 0.11 pU of 
TSH using, a s  a  b ioassay  system , the functional p a ram eter of Iodide up take in rat thyroid FRTL-5 
cells^^. This implies that hCG concentrations of 50-80 lU/ml normally found in the first trim ester of 
pregnancy would co rrespond  to physiologically significant am ounts of TSH, able to su p p re ss  pituitary 
TSH secretion. N evertheless, speculation regarding the  physiological relevance of the thyrotropic
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activity m ea su re d  In vitro rriû à  tak e  Into à ô o ù r i t ;  am ong o th e r  factors; th e  o bserv a tio n  th a t hC 
o th e r g lycoprotein h o rm o n es (eg  TSH , FSH) e n c o m p a sse s  a  "family" of structuraH y-related 
iso h o rm o n es with differing biological p o ten c ies  an d  half-lives; th e  m olecu lar com position  o f h( 
th u s  innuence  its Interactions w ith th e  h u m an  thyroid. A lthough thyroid stim ulating  activity anc  
Immunoactivity co e lu te  In ge l filtra tio n ^ , th e  occurrence  of particular hC G  va rian ts  (with h ighe 
of glycbsyiation o r  m odifications In th e  M rtx)xy-term inal region) might, In o u r  view , specW kaliy 
for a  regulation  of thyroid function In p regnancy .

^ j ^ g f r i N i t t n n  a n d  M efabo ltfim of "Hwrnid H orm one& In^fetalB at Brain

T he tran sfer of T4 from  th e  m atem al circulation to  th e  feto-placental unit ind ica tes th a t ! 
t is su e s  a re  e x p o se d  to  TH of m atem a l origin before  th e  o n se t  of a n  au to n o m o u s thyroid func 
C om parison  of th e  distribution p a tte m  of radioactivity in fetal a n d  m atem al o rg a n s , following ir 
d a m s with [^25ijt4 , revea led  localisation of activity in fetal b ra in  In early p reg n an cy  (10 d a y s  gc 
In th e  fe tus , th e  c oncentra tion  of radioactivity asso c ia ted  w ith th e  lodothyronine fraction  w a s  r 
h igher In th e  liver relative to  b ra in , w h e re a s  in th e  m other, th e  h epatic  co n cen tra tio n  w a s  12-f 
th an  that in b ra in ^ f.

C urren t v iew s regard ing  TH action  c e n te rs  o n  th e  p roposition  th a t th e s e  h o rm o n es  m 
their effects by  Interaction with n u c lea r recep to rs . W e th ere fo re  ex am in ed  th e  subceliu lar loc 
transferred  m atem al T 4  in fetal brain a n d  fiver. L arge p e rc e n ta g e s  of rad io labelled  kxJothyror 
recovered  In th e  n u c lear fractions of bo th  fiver a n d  brain, with substan tia l am o u n ts  a lso  p resc  
cytosol (Table 2).

E xpression  of co n cen tra tio n s of radioactivity In th e  b ra in  relative to  th e  corresponding  
v a lu es  (brain/liver ratio) for m o th er a n d  fe tus, indicated  a  m ore  favourable distribution of iodc 
In subcefiular fractions of fetal b ra in  a s  com pared  to  m atem al brain (Table 3). T h e  fetal brain  a 
bo th  to  accum ula te  T 4 an d  to  actively metatJoKse it to  free  iodide, T3 a n d  rT3, a s  confirm ed t  
chrom ato- g raphic  analysis of th e  subceliu lar fractions. T h e s e  o b servations a cc o rd  with th e  
dem onstra tion  of 5  - an d  5-deiod inase  activities In fetal ra t b rain

T he p re se n c e  of lodothyronines In o rg an elle s  o th e r  th a n  th e  n u c leu s, ra is e s  th e  p o s  
ex tran u clear-m ed ia ted  e ffec ts of TH, a t lea s t during d ev elo p m en t. N ev erth e le ss , it sh o u ld  b 
e m p h a sise d  th a t th e s e  o b se rv a tio n s m ust b e  view ed with c au tion  a t th is s ta g e ,  s in ce  a  d eg r 
translocation  of TH; d u e  to  th e  subceliu lar fractionation n ro n ed u re , can n o t b e  ru led  out.

y i^ le  2. Percentage distribution of TCA soluble and Insoluble radidacuvity In 
subceliular compartments of fetal liver and txaln.

U ver Brain
Fraction so lu b le Insoluble so lu b le in so lub le

Nuclei 2 0  ± 1 9 3 9  ± 2 2 1 7 ± 1 5 2 8  ± 2 3

L y so so m e s 9 ± 5 2 ± 1 6 ± 3 3 ± 2
M itochondria 17 ±  28 2 4  ± 1 9 21 ± 1 3 1 6 ± 1 0

M icrosom es 5 ± 5 3 ± 2 5 ± 8  . 5  ± 7

C ytoso l 49  ± 2 5 28  ± 8 51 ± 2 0 4 8  ± 3 2

? 3. BraJn/llver ratios of TCA soluble and Insoluble radioactivity In adutt and fetal

Adult F e tu s
Fraction so lu b le inso lub le so lu b le  ’ in so lu b le

• N uclei 0 .0 2  ±  0 .0 3 0 .2 6  ±  0 .0 6 1 .75  ± 0 .4 0 0 .9 4  ±  0 .0 7
L y so so m e s 0 .0 5  ±  0 .04 0 .0 5  ±  0.01 0 .8 4  ±  0 .0 7 0 .7 0  ±  0 .0 5
M itochondria 0 .1 6  ±  0 .0 2 0 .0 5  ±  0 .0 2 2 .8 3  ±  0 .2 2 0 .9 5 1 0 .0 4
M icrosom es 0.31 ±  0 .0 6 0 .0 3  ±  0 .0 2 0 .8 5  ±  0 .0 5 0 .1 4 ± 0 .1 0
C ytoso l 0 .1 4  ± 0 .0 9 0 .0 4  ±  0.01 1 .4 5  ± 0 .1 2  - 0 .9 4 ± 0 .0 7
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Figure 3. Brain protein concentration in adult progeny of N and TM dams

EFFE C T S O F  EARLY MATERNAL HYPGTHYROXINEMIA ON CELLULAR FUNCTION IN THE C N S OF 
THE PROGENY

Following o u r Initial h y p o th es is , w e  in v estig a ted  th e  c o n s e q u e n c e s  of m atem al 
hypothyroxinem ia in earfy p reg n an cy  o n  brain  function in p ro g en y  at various s ta g e s  of p o stn a ta l life. 
D am s w ere  partially thyro idectom ised  (para thyro id -spared) arxf m ain tained  u n d e r norm al an im al h o u se  
conditions with food a n d  w ate r a d  libitum. T he total daily iodine intake w as  sim ilar to control d am s, at 34 
p g  p e r  day . T h e se  an im als w ere  se v ere ly  hypothyroxiném ie, Ixit T3 levels w ere  within th e  norm al 
ran g e . C ontrol (N) an d  thyro idectom ised  (TM) d a m s  w ere  m a ted  an d  p u p s  w ere  s ta n d a rd ised  to a  
co n s ta n t litter s iz e . Both contro l a n d  experim en ta l p ro g en y  w ere  stu d ied  at different p o stn a ta l a g e s , 
from  14 d a y s  to 7  m on ths. S e ru m  levels of T4 an d  T3 in p rogeny  of thyro idectom ised  an im als w ere  
found to b e  within th e  norm al ran g e .

In 14 d ay  old an im als, body a n d  b rain  w eight w ere  red u ced  by 15 a n d  35% . re sp e c tiv e ly ^ . 
A lthough prelim inary d a ta  ind icated  no c h a n g e  in b rain  DNA c o n te n t^ ,  m ore  recen t s tu d ie s  haVe 
d e m o n s tra te d  a  18%  reduction . T he to ta l p ro te in  co n ten t of brain  w a s  re d u c e d  by 20% , an d  
sub frac tionation  re v e a le d  a  s e v e re  d e p re ss io n  (60% ) in cytosolic p rotein , w h e re a s  inso lub le protein  
frac tions w ere  u n c h a n g e d ^ .  T he g lycopro tein  co n ten t of th e  cytoso lic  fraction w a s  found  to be  
in c rease d  by 46% , w h e re a s  that of particulate  frac tions w a s  d im inished. Acid p h o sp h a ta se  an d  R-D- 
g a la c to s id a se  activities w ere  bo th  re d u c e d  by 35% , a n d  a  le s s  se v e re  (17% ) d e c re a s e  w a s  o b se rv e d  in 
aryl su lp h a ta se  activity.
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Figure 4. Brain DNA concentration in adult progeny of N and TM dam s
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Figure 5. Brain LDH activity in adult progeny of N and TM dams

In adult an im als (7  m on ths), th e  significant reduction  In b rain /body  w eigh t ratio  p e rs is te d . I 
d e c re a s e  in txa in  w eight w a s  le s s  th an  tha t In 14 d  old a n im ak ^ P m tg jp  m n m n ira tin n  w ac  
b ra in  reg io n s s tu d ied , but only significantly so  in ce reb ra l cortex  a n d  m idbrain (F igure 3). D N A _  
co n cen tra tio n  w a s  d im in ished  in c e re b ra l gnrtev m ifth rak ian ft n w tiin a  (by 3 8 .2 5  a n d  55% . 
respec tively ) (F igure 4). while no c h a n g e  w a s  o b se rv e d  in RNA co n cen tra tio n s . Protein/D N A  ratk 
indicator of cell size) w a s  in c re a se d  in ce reb ra l cortex , m idbrain a n d  m edulla, bu t d e c re a s e d  in 
ce reb e llu m  an d  p a leo co rtex . RN A /protein ratio (an  indicator of pro tein  sy n th e tic  capac ity ) w a s  on ' 
significantly  c h a n g e d  in p a leo co rtex .

T h e se  o b se rv a tio n s  in tx)th  young  an d  adult an im als a re  indicative of g ro s s  b iochem ical 
c h a n g e s  in b ra in . In particu lar, red u c tio n s iQ p ro te in  co n cen tra tio n  m ay  reflect co m p ro m ised  enz> 
s yn thes is .  T his possibility  w a s  in v estig a ted  in m ore detail in adult p rog en y  by d e te rm in a tio n  of sp 
activ ities of s e le c te d  e n z y m e s  a s so c ia te d  with a  ra n g e  of cellu lar functions.

_ ic ta te  d eh y d  
(Figure^jTafRfNatK

w a s  significantly re d u c e d  In all reg io n s e x c e p t c e re  
ad iv ity  w a s  significantly d e c re a s e d  in p a leo co fjex (F igure 6). In

c o n tra s t, no  c h a n g e s  WSre o b se rv e d  in e ith e r  su c c in a te  d e h y d ro g e n a se  (a  m itochondrial m arlter 
en zym e) o r M g^^-A T Pase activities.

■ N
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• p <0.05

Figure 6. Brain Na^,K*^-ATPase activity in adult progeny o f N and TM dam s
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Figure 7. Brain B-D-galactosidase activity in adult progeny of N and TM dams

l ysosom al enzym es

No significant c h a n g e  in bo th  6 -D -g lucosidase a n d  aryl su lp h a ta se  B activities w a s  o b se rv e d  
Specific activities of 6 -D -galac tosidase  (Figure 7) a n d  aryl su lp h a ta se  A (Figure 8) w ere  significantly 
dim inished in all reg io n s, e x cep t cerebellum . Acid p h o sp h a ta se  activity w a s  a lso  significantly red u cec  
in paleoco rtex  an d  m idbrain.

N eurotransm itter e n zv m es

M atem al hypothyroxinem ia re su lted  In a  differential effect on  e n z y m e s  a s so c ia te d  with 
neu ro transm itte r function; ace ty lcho line  e s te r a s e  (AChE) activity w a s  red u ced  in c e reb ra l co rtex , 
paleocortex , m idbrain an d  m edulla  (F igure 9), w h e re a s  no  c h a n g e s  w ere  o b se rv e d  in choline acety l 
tran sfe ra se  activity. A m inergic tran sm itte r function w a s  unaffec ted , s in c e  m on o am in e  o x id a se  activity 
rem ained within the  norm al ran g e  in all brain  regions.

Calm odulin Calcineurin S y ste m s

During early  p o s tn a ta l d ev e lo p m en t, ca lc iu m -d e p e n d e n t, ca lm odu lin -ac tiv a ted  p h o s p h a ta s e  
activity (calcineurin) a p p e a re d  to b e  d im inished in TM d a m s  a t pH  4 .0 , w h e re a s  a  significant increase 
w as o b se rv ed  a t pH 7.0. At se v e n  m on ths, a  significant in c re a se  of th e  acidic co m p o n en t w as  
o b se rv ed  in ce reb ra l cortex . T herefo re , a  ra n g e  of ca lc ineurin  d y sg e n e s is  a t different a g e  po in ts a re  
ev iden t.
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Fgure 8. Brain aryl sulphatase A activity in adult progeny of N and TM dams
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Hgure 9. Brain AChE activity in adult progeny of N and TM dams

TiARUA Culture Systems as Models

Studies on  the  progeny of thyroidectom ised rat d a m s revea led  both g ro ss  and  specific 
biochem ical deficits in the postnatal brain. However, the  in vivo m odel p re sen ts  restrictions whicr 
m ake difficult identification of the specific m echanism s responsib le. Chief of th e se  is the  inability i 
specifically attribute any biochemical alteration to a  lack of availability to the fetus of TH in utero.

In order to obviate th ese  problem s, In vHro techn iques have also b een  em ployed. It is 
recognised that neural cells in culture behave similarly to cells in vivo in their re sp o n ses  to hormo 
nuclear binding of T3, and developm ental profiles. The u se  of tissu e  culture In a  chem ically defin 
medium  elim inates interference from m aternal and  extraneural so u rces , permitting Identification c 
primary effects of TH. This approach has often b een  p roposed  a s  a  useful model of neurological 
developm ent and  allows the  intrinsic properties of neural cell ty p es and  the  specificty of TH actio 
investigated in a  well controlled m anner.

Initially, the  effects of TH on protein syn thesis in neu rons w ere exam ined^s, revealing tha 
- 30  nM) stimulated leucine uptake and subseq u en t incorporation into TCA-precipitable material 
Stimulation of both uptake and incorporation w as maximal (149 and  35%  over control va lues, 
respectively) at 10 nM T3. Stimulation of leucine up take w a s  rapid (<1 hour), but the effect w as 
abolished in the p re sen ce  of inhibitors of protein syn thesis, indicating that it w as secondary  to  a  
pleiotrophic re sp o n se  of the  cells. Although leucine incorporation w a s  stim ulated to similar degr 
soluble and insoluble (m em brane-associated) protein fractions (respective values w ere +127 a r  
116%  over controls), it is a s  yet unknown if this reflects a  blanket stimulation of protein synthesi;

G lucose is considered  to be the primary energy  su b s tra te  in the  CNS: therefore, any  cha 
g lucose utilisation m ay profoundly effect brain developm ent. W e have previously show n that T: 
e n h an c es  2-deoxyglucose uptake in neurons in primary culture, and  have also o b served  slmila 
in astrocytic cultures. Neuronal cultures w ere found to b e  u n responsive  to  insulin, indicating thi 
m ay be important in regulation of energy m etabolism  during th e  period of neuronal proliferation 
early differentiation in utero.

Much in vitro work h a s  concentrated on neuronal, o r m ixed neural cell cultures, yet the  
im portance of astrocytes, in term s of neuronal migration an d  survival,'neurlte outgrowth and 
differentiation, and  in the  control of oligodendrogfial proliferation and  trophic grovirih (specificar 
pertinent to earfy neurogenesis) h as b een  acknow ledged. TH a re  known to regulate  the 
m orphogenesis and  cytoskeletal organisation of a stro cy tes , a n d  to control glutam ine syn theta  
activity, with co n sequen t repercussions for inhibitory neurotransm itter availablity. A strocytes ar 
known to m igrate, though the region specific control of their production an d  m echanism  of the 
migration" rem ain unknown.
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Figure 10. Effect of T3 on [3H]fucose Incorporation into glycoproteins in astrocytes

Preliminary d a ta  obtained in vivo indicated differences in quantity and  localisation of Con A 
binding glycoproteins in the  brains of progeny from hypothyroxinémie rat d am s. A lterations in the 
expression of important glycoprotein cell surface m arkers early In developm ent m ay have  long term  
c o n seq u en ces  resulting from Interference wHh normal cell developm ent, connectivity and  
establishm ent of neural circuitry. In addition, m any enzym es Important In brain developm ent are  
glycoproteins. W e have therefore Investigated the effects of TH on  glycoprotein sy n th esis  In cultured 
astrocytes, using the incorporation of ^H-fucose a s  a  marker.

Addition of T3 (10 nM) resulted In significant stimulation of fucose Incorporation at 48  and 96 
hours (32 and  39%  over control values, respectively) (Figure 10). No im m ediate difference in free 
cytosolic ^H-fucose w as noticed. Implying a  lack of a  direct effect of T3 on uptake, nor w as the effect 
due to a  blanket increase  In protein synthesis.

T he stimulation of fucose incorporation into glycoproteins m ay b e  accoun ted  for by an  increase  
in the production of a  peptide precursor o r precursors, an Increase  in production of the enzym e 
responsible for fucosylation, or by a stabilising effect blocking tum over. The long time lag occuring 
before a  significant effect w as apparent su g g ests  that, in this c a se , TH do not act directly on  translation 
or fucosylation, and Implies a nuclear m ediated  effect. S tud ies currently in p ro g ress a re  Intended to 
answ er th e se  questions, and provide information on the specificity of the effect

Neurological developm ent is well coordinated, both tem porally and  spatially, and  the  existence 
of developm ental "windows" for the  action of exogenous controlling factors such  a s  TH se e m s  
plausible. T hese  "windows" m ay differ t>etween cell types, and  result in long term  effects by acting at 
the levels of the  system ; controlling the establishm ent of neural circuitry, or the cell; inducing, for 
exam ple, a  ca sca d e  of sequential gene  expression.

CONCLUSIONS

In recent years, studies from several laboratories have shown that, at least in early rat pregnancy 
m atem al T4 c ro sse s  the  placenta and is available to the developing fetus. In late pregnancy, m atem al 
T4 transfer Is reduced, coincident with the  establishm ent of Independent fetal TH econom y. T hese  
observations challenge the notion of minimal transplacental p a ssa g e  throughout p regnancy  and  
suggest a  possible fetal need  for m aternal TH during critical p h a se s  of fetal grpwth. The high deg ree  of 
localisation of transferred  T4 in fetal brain, relative to the distribution pattem  in the  m other, su g g ests  a  
specific role in developm ent of the fetal neural system . Indeed, the fetal brain ap p ea r to p o s s e s s  the 
capability to utilise m atem al T4 in early pregnancy, since both T3 and  rT3 have b een  recovered  from 
subceliular organelles, indicating the  p re sen ce  of functional 5 ’- an d  5-deiodinase enzym e system s.

T he predom inant pattem  of feto-placental T4 m etatxjlism  ch an g e s  from 5*-deiodination in early 
pregnancy to  5-deiodination in late p regnancy. The observation  that this switch p re c e d e s  the
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estab lishm ent of independent fetal thyroid function, coupled  with the  observations th a t feto-placen 
de lod inase  activities are  predominantly localised within the  p lac en ta ^ i, su g g est a  d e g re e  of fetal 
control over Its own TH environment, m ediated at the level of the  p lacenta . S ince high levels of r I3  r, 
se rv e  to inhibit local 14  to 13  conversion In fetal tissu es, this (hypothetical) signal m ay se rv e  to  prote 
the  fe tus from high levels of 13  (derived from both m atem al and  fetal sources), while concurrently 
maintaining a n  ad eq u a te  iodide supply. C onsequently, fetal T4 p e r  s e  m ay play an  Important role In I; 
developm ent.

T he Identification of a  thyroid stimulating function In chorionic gonodotropin a lso  su g g e sts  ar 
Integrated system  for TH econom y In the mother, fe tus an d  p lacen ta . Control of m atem al 
hypolhalamlc-pituitary-thyrDid s ta tu s  by a  placental factor h a s  b een  Indicated in th e  literature, since 
placental carcinom atous conditions, hydatldform mole, hyperplasia an d  o ther p lacen tal dysfunction 1 
b e e n  reported  to impinge upon m aternal thyroid function.

U se of a  rat model h as permitted the Influence of m atem al T4 on fetal brain developm ent to b 
stud ied  In detail. A wide range oLbiocbamiflal riflfirHg h a s  b e e n  o b se rv ed  In brains  from  both young
a n d  ad u lt DiQoenvjai-nvDothvroxInemjc rat d a m s . D e c re a s e s  In proteirVUNA ra tio s  arVLUMA -
copcen lrationsind icate  disturbance.s Jnceli.<uza.andciTrio55i in particular, the.«slpnifk^nt reductions 
s e e n  in B-D-galactosidase activity a re  Indicative of neuronal loss. Protein content a p p e a rs  to be  
reduced , and  m ore specific stud ies have su g g ested  com prom ised  brain cell function In th e  progeny 
hypothyroxinémie dam s. Alterations a re  also observed  In th e  activities of se lec ted  ftnyymAg 
wjth param ete rs  such  a s  ënëTbÿTnetapousm. Ivsosdiiial funcliuiirSvnâôîic fu n c tk ^  rnvAiin 
andlcaK lijm m etabolism. T hese  dif?e7gnees persist up  to 7 m ontns oi ag e  and , tnere to re , cannot be 
co rrected  by a  norm al thyroid sta te  In the progeny. T h ese  observations accord  with th e  ex is tence of 
specific p h a se s  in (early) brain developm ent, characterised  by abso lu te  requirem ents for m atem al T 
Failure to provide an  adequate  supply of TH during such  periods m ay th u s result In Irreversible brain 
d am ag e  in postnatal life.

O ur findings provide a  possible explanation for the  t>ehaviouraI and  cognitive deficits observ  
in children bom  to euthyroid but severely  hypothyroxinémie m others In Iodine defic ien t regions. It 
should be  em p hasised  that not all enzym es studied w ere affected  In iho anim al nw-roi 
w ere region-specific, analogous to the  selective dysfunctions o b se rv ed  in h u n ia n g ^

It m ay be a rgued  that effects observed in the in vivo rat m odel m ay be  secondary  to placental 
dysfunction or m atem al nutritional d isadvantage. T h ese  possibilities, although clearly pertinent to 
observations in hum ans, have been  minimised In o u r experim ents, since the  rat d a m s w ere  eulhyro 
(T3 levels w ere in the normal range) and food consum ption (including Iodine Intake) w a s  normal. 
Although an  effect of d ec reased  m atem al T4 on p lacental function p e r s e  cannot b e  entirely njled c 
our experim ents with primary cultures of neural cells a re  supportive of a  specific role for TH in cellulai 
proliferation and differentiation of the  CNS.

In conclusion, w e have p resen ted  a  basic  m odel for deta iled  Investigation of th e  influence of 
m aternal TH. especially T4. in early neu rogenesis and  the  c o n se q u en c es  for the  functional efficient 
of the adult brain In iodine deficient regions.
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DISCUSSION

BRAVERMAN (Worcesterÿ : I would like to make 4 brief
comments : 1) l^elson's study on sch izophrenia is irrelevant
because the data were questionable; 2) You do not take into 
«recount the intersitial space; 3) if TBG enhances transport 
in man, there is ho TBG in any of the rodents studied; 4)
Caya.lieri and others have clearly shown that addition of
proteins decreases the entrance of T4 both in perfused
liver systems and in hepatocytes.

EKINS (London) i Of course when you add TBG or a binding
protein acutely you obviously reduce the free hormone 
concentration of the sample to which it. is added and that 
reduces hormone transport into any target cell. But the 
homeostatic system which >exists in man keeps the free
concentration constant. The experiment you are referring to 
is not appropriate. What happens in man is that the total 
hormone level rises and the free concentration remains 
roughly constant. Therefore, the coexistence of a more or 
less constant free concentration of thyroxine and an 
increased bound hormone concentration enhances hormone 
transport. Concerning the possible role of the binding 
prote ina in hormone delivery to the f e t u s , we must assume 
that there are species differences in the placentas. I am 
only suggesting that a high level of bound hormone due to 
high TBG levels assists hormone transport to the
fetal-placental unit.
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103 BRAIN T3 RECEPTOR OCCUPANCY AND T3 LEVELS IN PLASMA AND BRAIN CYTOSOL DURING DEVELOPMENT 
IN THE RAT.
P asto r  R. and .Ferre iro  B .- Endocrinologla Experimental, I n s t i t u t e  de Investigaciones Bio- 
médicas, CSlC & Facultad Medicina UAM and Opt Bioqulmica, Hospital "Gregorio Maraftôn" de 
la Comunidad AutOnoma de Madrid (Spain) .

In s p i t e  of the importance of thy ro id  hormones in b ra in  development, the timing of 
ac t io n  i s  not well known. Previuos works have shown th a t  th e  T3 recep to r  Increases during 
th e  neonatal period in the  r a t .  To know whether th e r e  are  a lso  changes in recep to r  occupan
cy, we have measured t h i s  parameter during th e  neonatal per iod ,  and c o r r e la te d  i t  with 
to t a l  and f ree  T3 leve ls  in plasma and c y to so l .  Occupied and unoccupied recep to r  s i t e s  
were measured by binding assays a t  two temperatures (0® and 20®C). Total T3 leve ls  were 
measured by RIA, and f r e e  T3 le ve ls  by equil ib r ium  d i a l y s i s .

Total receptor concentra tion  increased s l i g h t ly  during the neonatal per iod , with a max
imum a t  6 days of age (682 fmol/mg DNA). Receptor s a tu ra t io n  a lso  increased from.39% a t  
th e  end of the fe ta l  period to  52% a t  15 days. This increased recep to r  occupancy was pa r
a l l e l  to  an increase in plasma t o t a l  T3 (from 0.18 nM to  1.0 nM) and f ree  T3 (from 1.2 pM 
to  6.0 pM) and of cy to so l ic  to t a l  T3 (from 1.0 nM to  7.5 nM) and f r e e  T3 (from 8 pM to 
59 pM). By taking in to  account rec ep to r  Kd and f r a c t io n a l  s a tu ra t io n  we c a lc u la ted  th a t  
th e  in t ranuc lear  f r ee  T3 increased from 40 pM a t  the  end of the f e t a l  period to  107 pM 
a t . 15 days of age. Receptor s a tu ra t io n  and to t a l  and f ree  T3 concentra tions  decreased 
about 30% by 30 days.

The r e s u l t s  demonstrate th a t  maximal recep to r  occupancy and T3 concentra tions  are 
reached in brain a t  about 15 days of p ostna ta l  age, j u s t  a f t e r  onset of myelination.

1 04  MATERNAL HYPOTHYROXINEMIA MAY CAUSE DEFICIT IN GLUCOSE METABOLISM IN THE CORTEX OF 1 HE 
ADULT RAT PROGENY.
Sinha A. Pickard M. Ballabk) M. Hadîrarieh M. Hubank M Khaled M Gullo D. Ekins R. • Department o( Molecular 
Endocrinolooy, UCMSM, Mortimer Sircel. LONDON W1N8AAUK

Maternal hypothyroxinemia has long been correlated with neurological cretinism and psychomotor disorders in children. 
The biochemical and metabolic cau ses  underlying these  CNS dysfunctions have onty been  scantily investigated 
although som e reports exist pointing to metat>olic dysfunctions in Ifie brain of rat progeny tx>rn to hypothyroxinémie 
dam s. We present here our investigation into the glucose m etabolism  in the cerebral cortex of adult progeny of 
hypothyroxinémie rat dams.

Partially thyroideetomised Sprague-Dawley (Tx) and control rat dam s (C) were maintained under normal animal house 
. conditions with an  iodine supplem ented diet. The serum  levels in C and Tx dam s before mating, were found jo be 

66.3111.0 and 7.3+6 nmoles per litre for T4 and 1.510.4 and 1.010.8 nmoles per litre for T3 respectively. The arymais 
were mated, the litter standardised to 8 pups which were killed by decapitation at seven months of age. Slices of cortex 
were incubated in 2.0 ml KRP buffer pH 7.4 containing 10 mM glucose and 0.125 pci U^^C glucose at 37°C for 60 min 
with O2  a s  g as phase. i^CQZ production, protein. Gpid and arhino acid synthesis from i^C  glucose were m easured by 
conventional radiotracer techniques. The results w ere expressed a s  dpm/mg protein/hriSEM of six experiments.

i^C 0 2  production w as found to be depressed  in the experimental animals by 29%. The values were 542.5+61.4 for C 
and 383160 for Tx. Similarly incorporation of 1<C from glucose into protein w as also found to be depressed  by 3 1 % 
(16.1512.4 (C) vs 11.1311.7 (Tx)). The lipogenesis also apeared  to be reduced in the cerebral cortex (11.7512.8 (C) vs 
7.311.3 (Tx)). Synthesis of amino acids from glucose rem ained unchanged. Small deficits w ere also observed in 
glutamine synthetase, AAT, GAD, and GABAT enzyme activities in the cortex of the Tx progeny.

These metabolic and enzymic dysfunctions are unlikely to be due to placental dysfunctions since wet weight, protein, 
DNA, Pi concentrations, P D glucuronidase and acid phosphatase activities did not change in the placenta at term. Post 
partum nutritional disadvantage a s  a cause can also l>e eliminated.

In summary, our results suggest that m aternal hypothyroxinemia and therefore the early fetal thyroid hormone 
environment, may have irreversble metabolic consequences in the CNS of the adult progeny independent of placental 
and environmental effects of hypothyroxinemia on the mother.
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'14 4  PROTEIN KINASE C MODULATION OF ADENYLATE CYCLASE ACTIVITY IN PIG THYROID CELLS

S. Mac Neil and M. Wagner; Department of  Medicine,  Cl i n i ca l  Sciences Cent re,  Northern 
General Hospi ta l ,  Sh e f f ie ld  S5 7AU

In some c e l l s  a c t i v a t i o n  of  p r o te in  kinase C with the  phorbol e s t e r  12-0- te t radecanoy l -  
phorbo l -13 -ace ta te  (TPA) has been repor ted  to s t im u la te  and in o t her s  to  i n h i b i t  
ago n is t - s t im u la te d  cyc l i c  AMP production.  Our o b je c t i v e  was to examine whether the 
responsiveness  of  pig thyro id  c e l l s  to ag o n i s t  s t i m u la t i o n  i s  inf luenced by pro te in  
k inase C a c t i v i t y .

The e f f e c t  of  TPA was examined on TSH-stimulated c y c l i c  AMP product ion in 17 con
se cut iv e  primary pig thyro id  c u l t u r e s  s tud ied  a t  a range of ce l l  d e n s i t i e s .  The 
response to TPA (100 nM) was found to be ext remely v a r i a b l e : -  in 9 c u l tu r e s  of  sub
co n f luen t  c e l l s  TPA s i g n i f i c a n t l y  s t imula ted  TSH (1 mU/ml) s t imula ted  cAMP production 
in 5 ( to  177+15, x+SEM of the cont rol  response)  and was wi thout  e f f e c t  in the o th e r  Az
in 8 c u l t u r e s  which had been con f luen t  f o r  a t  l e a s t  24 h PMA had no s i g n i f i c a n t  e f f e c t  
in 6 and s i g n i f i c a n t l y  i n h i b i t e d  c y c l i c  AMP accumulation in 2 ( to  56 and 57% of 
c o n t r o l ) .  TPA had no e f f e c t  on basal c y c l i c  AMP product ion under any cond i t ions  
s tu d ied .  The maximum s t im ula tory  e f f e c t  of  PMA occur red a t  100 nM and developed within 
20-60 min of  p re incubat ion  of  c e l l s  with PMA. In subconf luent  c e l l s  PMA a lso  increased  
fo r s k o l i n  (10" M)stimulated c y c l i c  AMP product ion ( to  227 and 340% of  control  
response) ,  implying t h a t  the e f f e c t  on the cyc lase  i s  no t  confined to the TSH r ecep to r .

In conc lus ion ,  pharmacological a c t i v a t i o n  of  p ro t e in  kinase  C can a f f e c t  TSH-stimulated 
cy c l i c  AMP product ion in pig c e l l s  but  the r e l a t i o n s h i p  between the two enzymes appears 
complex as both s t i mula t ion  and in h i b i t i o n  can be observed.  Our pre l iminary  da ta  would 
suggest  t h a t  the in f luence  of  p ro t e in  k inase C on the adenylate cyc lase  enzyme may 
change with ce l l  d e n s i t y / c e l l  d i f f e r e n t i a t i o n .  This could explain  much of  the 
v a r i a t i o n  found in the c ur re n t  l i t e r a t u r e .

EFFECTS OF THYROID HORMONES ON ^H-LYSINE UPTAKE AND INCORPORATION INTO PROTEINS IN 
NEURONAL CULTURE.
M Khaled, A Sinha, M Pickard, M Hubank and RP Ekins
Department of Molecular Endocrinology, U^MSM, Mortimer Street, London WIN 8AA, UK,

Thyroid hormones (TH) play an acknowledged role in early neurogenesis in  u tero . However the precise biochemical mechanisms by 
which TH exert their control in development remains unknown. In order to further investigate the nature of TH influence on amino
acid availability and protein synthesis in developing brain, we have studied the effects of T4 and T3 on ^H-lysine uptake and 
incorporation into soluble and insoluble proteins in neuronal culture.
Seventeen day old fetal brains were dispersed by tituration in Coon's modified F12 medium containing 2.5% calf serum and plated 
with a density of 2x10^ cells/well. After 4 days, the medium was replaced with serum free medium for a further 8 days. The cells 
were then prcincubated at 37°C for various lengths of time (2-24 hrs) ± 10 nM T3 or ± 100 nM T4 in serum free medium followed 
by incubation at 37°C with KRP (pH 7.4) containing 10 mM glucose and ^H-Iysine (I jiCi /well, 1 mM total concentration) for 1 
hour. Cells were washed with ice cold buffer, then harvested and sonicated. Aliquots were removed for total uptake and protein 
determination and the remainder centrifuged (2000 g) to separate soluble and insoluble proteins, which were precipitated with 10% 
TCA and counted. Results were expressed as nmol/mg protein/hr ± SEM .
After 2 hours of preincubation with T4, lysine uptake was reduced (161 ± 3.0 v 0142 ± 3.9, p<0.01) which is reflected in soluble 
protein synthesis (6.9 ±0.61 v 4.7 ± 0,37, p<0.02), but not in the insoluble fraction. Preincubation with T4 for longer than 2 
hours did not influence uptake or incorporation into either of the protein fractions, until 24 hours of preincubation at which point 
uptake was again reduced (172 ± 2.1 v 154 ± 3.2, p<0.02). Two hours preincubation with T3 resulted in a depression of lysine 
uptake and soluble protein synthesis was significantly reduced (6.5 ± 0.19 v 3.6 ± 0.25, p<0.(X)l). After 4 hours prcincubation with 
T3, soluble protein synthesis was increased (3.2 ± 0.7 v 5.5 ± 0.6 p<0.05). Uptake and incorporation into insoluble protein 
remained unchanged until 8 hrs preincubation after which time both increased significantly (152 ± 0.7 v 168 ± 5.7, p<0.05 and 2.01 
± 0.001 V 3.02 ± 0.193, pcO.Ol respectively). No change in the synthesis of either protein fraction was observed after 24 hours 
preincubation while lysine uptake was significantly depressed (p<0.02).
Our results provide evidence that TH in early neurogenesis may have a crucial influence on the regulation of amino acid uptake and 
protein synthesis.
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P Ekins, A K Sinha, M R Pickard, M Ballabio, M Hubank, M‘Khaled, M Hadjzadeh; Department of 
lolecular Endocrinology, University College and Middlesex School of Medicine, Mortimer Street, London 
/1N8AA

/e have constructed a working hypothesis based on the following observations:

Childr^ of in iodine^deficient regions of the globe display a high incidence of neurological
cretinism, diminished intellectual and motor performance. Evidence suggests that such neurological 
damage is sustained early in pregnancy. Mothers - albeit euthyroid - are characterised by low plasma T4 
and normal T3. "

I The physiological role of hormone-binding proteins in serum is unknown. Analysis of the 
physicochemical reactions occurring in the microvasculature suggests that a high concentration of 
binding proteins sustains a high rate of hormone efflux  from tissue capillaries. The existence of high 
protein-bound T4 levels in mammalian blood, and the increase in binding proteins during gestation in 
certain species suggest that the physiological role of some hormone binding proteins mav relate to 
mammalian reproduction.

3 Certain proteins secreted by the placenta - possibly constituting component(s) of hCG - simulate thyroid 
activity. During pregnancy the maternal thyroid displays increased activity though serum TSH levels 
appear to be depressed. We postulate: a) T4 is a crucial requirement of the developing fetus throughout 
pregnancy and b) deficiencv in the fetorplacental 14 supplv earlv in gestation exerts long-term damage 
on the fetal ncurofogicaljystfim. c) that TBG serves to sustain a supply of maternal T4 tolRc tcto  ̂
pîai:enialn»^throngtïïîurp^ and d) ihat-^alacenuUhyxQitLstrmiUatorsJ^ of a ^ mplcT
seconda^ feedback ^stcmconffolling maternal T4j.ecretion-andihs^eto-placcntal T4 supply! ^

Evidence relating to this working hypothesis will be presented.
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Regulatory effects of thyroid hormones on amino acid 
metabolism in the brain: The influence of maternal 

hypothyroxinemia on brain biochemistry of adult rat progeny

Mark R. Pickard, Arun K. Sinha, Damianb GuIIo*, Mohamed M. Khaled 
and Roger P. Ekins

Department o f  Molecular Endocrinology, University College and Middlesex School o f  Medicine,
London WIN 8AA, U.K.

Abstract

The effects of maternal hypothyroxinemia during pregnancy on brain amino acid metabolism in adult rat 
progeny were investigated. Normal and partially thyroidectomised dams were mated and the progeny 
allowed to grow to adulthood. [U-'^C]Glutamate, [U-l^C)glucose and [4,5-3H]leucine metabolism were 
determined in cerebral cortical slices, and enzymes associated with glutamate metabolism were assayed in 
cerebral cortical homogenates.

In the case of the thyroidectomised dam progeny, reductions were observed in the incorporation of 
radioactivity from [U-l^C]glucose into the following intracellular fractions: glucose/tricarboxylic acid 
intermediates (by 45%, ?<0.005), 00% (by 33%), amino acids (by 48%, ?<0.01) and protein (by 31%). 
Only minimal changes were observed in glutamate metabolism, as evidenced by tissue slice studies and 
enzyme activity measurements. Thus, de novo synthesis of amino acids from glucose is compromised in the 
experimental progeny, whereas glutamate catabolism is essentially unchanged.

Incorporation of [4,5-3H] leucine into protein was depressed (by 20%) in experimental progeny, whereas 
accumulation of total intracellular radioactivity was unchanged. It is feasible therefore, that the synthesis of 
selected proteins/enzymes in amino acid metabolism is altered in adult progeny as a consequence of 
maternal hypothyroxinemia during pregnancy.

Introduction

Iodine deficiency is endemic to vast areas of the third world, with isolated pockets 
also present in Europe and the U.S.A. It has been estimated that as many as 1 
billion people live in such areas and are therefore at risk from iodine deficiency 
disorders [ 1 ].

An increased incidence of sporadic ‘neurological’ cretinism is observed in 
offspring bom in iodine-deficient regions. This condition is irreversible and is 
manifested in most severe cases by mental retardation, deaf-mutiSm, spastic 
diplegia and often strabismus [1,2]. Although the incidence of such overt ‘neuro
logical’ cretinism is relatively small (10-15 % of total live births per year), much 
larger numbers of the population suffer from less visible, more insidious effects,

* Wellcome Trust research fellow from the Department of Endocrinology, University of Catania, Italy.
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including psychomotor incompetence, cognitive dysfunction, low IQ, partial hear
ing loss and poor school performance [3,4].

Early field studies in Papua New Guinea demonstrated that the incidence of 
‘neurological’ cretinism can be reduced by iodine administration to mothers [5]. 
For therapy to be completely successful, it must be initiated prior to conception, 
implying that the fetal damage occurs very early in pregnancy (most likely the first 
trimester), before the development of independent fetal thyroid function [5]. On 
the basis of these studies, it has often been suggested that the fetal damage results 
from an insufficiency of iodine per se, independent of its requirement in thyroid 
hormone synthesis [2,5]. However, a role for elemental iodine in brain develop
ment remains unproven. Rather, we believe that a decreased fetal supply of 
matemal thyroxine (T4 ) may be largely responsible for the defects [6 ]. In iodine- 
deficient endemias, levels of matemal serum T4  (total and free) are often below the 
normal range, whereas those of 3,5,3'-triiodothyronine (T3 ) are normal or raised 
[7,8].

The role of thyroid hormones in the development of the central nervous system 
(CNS) has been studied in detail and extensively reviewed [9-12]. Almost all such 
investigations have been confined to the period following the establishment of 
independent fetal thyroid function, reflecting the hitherto widely-held belief that 
matemal thyroid hormones are neither available nor necessary for the development 
of the fetal CNS. In the last few years, we and others have shown with the aid of a 
rat model that thyroid hormones cross the placenta, are available to the fetal CNS 
in significant quantities in early pregnancy, and are localised in the fetal brain 
[13-17].

More recently, we showed that matemal hypothyroxinemia results in a wide 
range of biochemical deficits in brains of immature and adult rat progeny [15,18]. 
Apart from decreased DNA and total protein concentrations, we reported altera
tions in the activities of selected enzymes associated with parameters as diverse as 
synaptic function, myelin metabolism, calcium homeostasis, energy metabolism 
and lysosomal function [15,18]. In general, changes are often brain region-specific, 
and not all enzymes studied are affected by matemal hypothyroxinemia [15]. 
These findings are analogous to the selective dysfunctions observed in humans in 
the iodine-deficient regions.

In this communication, we have extended the above studies to include enzyme 
activities associated with glutamate metabolism. We also report on the effect of 
matemal hypothyroxinemia on glutamate metabolism, amino acid synthesis from 
glucose, and amino acid (leucine) uptake/incorporation into protein in tissue slices 
from cerebral cortex of adult progeny.
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M aterials and  M ethods

M aterials

L-[l-*^C]GIutamic acid (specific activity 58 mCi/mmol), L-[U-*^C] glutam ic acid  
(specific activity 280 m C i/m m ol), D-[U-*^CJglucose (specific activity 270 m C i/ 
m m ol), L-[4,5-^H ]leucine (specific activity 70  Ci/mmol) and N C S tissue solu
biliser were obtained from Amersham International (Aylesbury, Bucks, U.K.)* 
Analytical grade cation exchange resin (AG  50W -X 8, 20—50 m esh) was supplied  
by Bio-Rad (Watford, Herts, U .K .). A ll biochemicals were from Sigm a (Poole, 
Dorset, U .K .). General laboratory chem icals were purchased from B D H  Ltd. 
(Dagenham, Essex, U .K .) and were o f  AnalaR grade, whenever possible. Scintilla
tion fluid was supplied by National Diagnostics (Aylesbury, Bucks, U .K .).

Animals

Partially thyroidectomised (parathyroid-intact) and control Sprague-Daw ley rat 
dams were maintained on a standard sm all laboratory animal diet (iodine-suffi
cient) in the local animal house facilities. B lood samples were obtained from a tail 
vein prior to mating with normal males and the animals were allow ed to g ive birth. 
Progeny were standardised to a litter size o f  six at birth and allow ed to grow to 
adulthood. Food intake was found to be similar for both sets o f  dams and for both 
groups o f  progeny. Before sacrifice, age-matched progeny were normally w eighed  
and, in certain cases, blood sam ples were collected. Brains were rem oved, w eighed  
and cerebral cortices dissected on ice.

Tissue preparation

For enzym e assays, hom ogenates (10% w /v in 0.25 M sucrose) o f  cerebral cortex 
were prepared.. For metabolic studies, tissue slices were prepared: the cerebral 
cortex was washed in Krebs Ringer phosphate buffer (KRP; com position: N aCl 
(118 mM ), K Cl (4 .74 mM ), CaCl2  (1 m M ), KH 2 PO4  (1.185 m M ), M gS 0 4  (1 .185  
m M ) and sodium  phosphate buffer pH 7 .4  (16.15 mM )) and longitudinal free-hand  
slices were cut with a Stadie-R iggs blade ( 2  slices per hemisphere). Each slice  was 
added to a separate flask containing the appropriate incubation m edium  (4°C ).

M etabolic studies

For determination o f  g lucose and glutamate metabolism, cortical slices were 
incubated in flasks containing either 0 .125  jxCi [U-^'^Cjglucose and 10 m M  carrier 
glucose or 0.5  pCi [U-*^C]glutamate, 10 mM carrier glutamate and 0.1 mM  
glucose. A  w ell containing a filter paper w ick moistened with hyam ine hydroxide 
was suspended in each flask to absorb liberated CO 2 . Flasks w ere gassed with  
oxygen, tightly capped and then incubated at 37®C (or 4®C for controls) for 1 h. A t
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the* end o f  the incubation procedure» flasks were chilled on ice and immediately 
processed.

For determination o f  leucine uptake and incorporation into protein, incubation • 
nxrdium consisted o f  2  ml KRP containing 1 p,Ci [4,5-^H]leucine, 2  mM carrier 
leucine and 10 mM  glucose. Incubations were conducted as described above, 
except the CO2  trapping w ells were omitted.

Sample processing

Filler paper wicks were removed from the appropriate flasks and prepared for 
liquid scintillation counting (LSC). Tissue slices from all incubations were trans
ferred to centrifuge tubes and pelleted (2000 g, 10 min, 4®C). Pellets were washed 
twice with 2  ml ice-cold incubation medium (minus radiotracer) and then hom og
enised in 2 ml water (4®C). Aliquots o f homogenate were removed for determina
tion o f  total accumulation o f  radioactivity and protein. The remainder o f  the 
sample was precipitated with an equal volum e o f  1 M perchloric acid and, after 
centrifugation (2000 g, 20 min, 4®C), the pellet was washed with 2 ml perchloric 
acid (0 .2  M). Combined supernatants were neutralised and stored a t—20°C , prior to 
further processing. For leucine and glucose experiments, insoluble material (pro
tein) was extracted (twice) with chloroformimethanol (3:1; 2  ml) and the delipi- 
dated pellet was digested with NCS tissue solubiliser (0.2 ml). This was then 
prepared for LSC.

The perchloric acid-soluble material was neutralised with KOH and then passed 
through a 2 ml column o f  cation exchange resin (AG 50W -X 8, hydrogen form).. 
The columns were washed with five bed volumes o f  water and then eluted with five 
bed volum es o f  1 M  ammonia. Aliquots o f the water wash (which contain glucose 
and tricarboxylic acid cycle intermediates) and ammonia eluates (amino acid 
fraction) were counted (LSC).

Enzyme assays

Glutamate decarboxylase (EC 4.1 .1 .15) activity was determined by assay o f  •'*C0 2  

release from [ 1 - *"*C]glutamate [19]. Glutamine synthetase (EC 6.3.1.2) w as assayed  
by a colorimetric procedure [20]. In GAB A  transaminase (EC 2.6 .1 .19) assays, 
succinic semialdehyde formation from G A B A  was determined by reaction with 
3.5-diaminobenzoate [21]. Glutamate dehydrogenase (EC 1.4.1.2) activity was 
determined by measurement o f  N A D H  oxidation in the presence o f  ct-ketoglutarate 
and ammonia [22]. A  malate dehydrogenase-coupled procedure [23] was used for 
.Lspartate aminotransferase (EC 2.6.1.1) assay.

Determination o f  thyroid hormones

Plasma total T4  and T 3  were determined by 'in house* radioimmunoassay pro
cedures.
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Protein determination

Protein was assayed by a dye-binding procedure [24].

Statistical analysis

Statistical significance o f the results was evaluated by the paired Student’s t test. 
All results are expressed as mean ±  standard error of the mean (S.E.).

Results

Thyroid hormone status of animals

Plasma total T4  levels in thyroidectomised dams were severely reduced compared 
with normal dams: values (mean ±  S.E., n = 5) were 13.5 ±  3.9 nM and 44.7 ± 9 .1  
nM, respectively (p<0.02). Plasma total T3  levels were reduced to a lesser extent in 
thyroidectomised dams (0.84 ±0.11 nM and 1.22±  0.16 nM, respectively), but this 
difference was not statistically significant.

In adult progeny (n = 8 ) from normal and thyroidectomised dams, both plasma 
total T4  (37.3 ±  4.9 nM and 38.3 ±  6.2 nM, respectively) and total T3  (1.07 ±  0.10 
nM and 1.00 ±  0.13 nM) levels were similar. Thus, matemal hypothyroxinemia 
during pregnancy was without effect on the thyroid status of the progeny at 
adulthood.

Brain and body weights of adult progeny

The body weights of male progeny from thyroidectomised dams were increased by 
23%, compared with control progeny (p<0.02; Table 1). The body weights of 
female experimental progeny were also increased, but by only 1 1 %, and this 
difference was not statistically signiEcant. No difference was apparent in brain 
weights o f control and experimental progeny (Table 1).

Table I . Body and brain weights o f  adult progeny from normal and thyroidectomised dams. Data are mean 
±  S.E. o f  ten animals

Sex D am  type Body weight (g) Brain w eight (g)

Male Normal 471.0 ±  19.6 2.03 ±  0.07
Thyroidectom ised 578.8 ±34.1® 2.07 ±  0.07

Female N orm al 286,4 ±  12.3 1.95 ± 0 .0 6
T hyroidectom ised 316.1 ± 8 .4 1.96 ±  0.03

•p<0.02; control progeny versus progeny o f  thyroidectomised dams. Student’s t. test.
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Table 2 . Specific activities o f  enzym es associated w ith glutamate m etabolism  in cerebral cortex from adult 
progeny o f  norm al (N ) and thyroidectom ised (TX ) dam s

Specific activity
Enzyme -----------------------------------------------------

N -dam  T x-dam
progeny progeny

G lutam ate decarboxylase 0.60 ±  0.07 0.55 ±  0.0
G lutam ine synthetase 36.4  ± 3 .1 33.1 ± 3 .2
G A B A  transam inase 5.23 ±  0.22 4.85 ±  0.43
A spartate am inotransferase 568 ±  34 520 ±  48
G lutam ate dehydrogenase 41 .4  ± 2 .5 43 .8  ±  5.6

Hom ogenates o f  cerebral cortex w ere prepared in 0.25 M  sucrose and a  variety  o f enzym es assayed as 
described in M aterials and  M ethods. A ctivities (m ean ±  S.E. m inim um o f five anim als) are expressed as 
nm ol/m g protein/m in. N o significant d ifferences w ere found between the tw o groups (S tudent’s t test).

Enzyme activities associated with glutamate metabolism

The specific activities o f a variety o f  enzymes associated with glutamate metabo
lism were assayed in homogenates o f  cerebral cortex from control and experi
mental adult progeny (Table 2). In thyroidectomised dam progeny, a slight 
increase (6%) in glutamate dehydrogenase activity was observed, whereas all other 
enzyme activities were decreased (by approximately 10%). None o f  the above 
changes were statistically significant.

Table S. G lutam ate m etabolism  in tissue slices o f  cerebral cortex from adult progeny o f  norm al (N) and 
thyroidectom ised (TX) dam s

Fraction
Radioactivity

N -dam
progeny

T x-dam
progeny

C O 2 4842 ±  443 4344 ±  453
G lucose/tricarboxylic acid interm ediates 5178 ±  987 5200 ±  1198
A m ino acids 6181 ± 3 7 2 6086 ±  909

Slices were incubated in K R P containing 10 m M  [U -'^C ]glutam ate and 0.1 m M  glucose at 37®C (o r 4®C for 
controls). L iberated CO 2  was trapped in a w ell containing hyam ine hydroxide. A fter 1 h, w ashed tissue was 
hom ogenised in w ater and then precipitated w ith perchloric acid. N eutralised soluble m aterial was 
fractionated on a cation exchange colum n to yield  glucose/tricarboxylic acid interm ediate (w ater wash) and 
amino acid (am m onia eluate) fractions. R esults (m ean ±  S.E. o f  six anim als) represent radioactivity 
(dpm /m g protein) associated w ith the specified fractions after correction fo r control (4®C) values. No 
significant differences were found betw een the tw o groups (Student’s t test).
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Table 4. G lucose metabolism in tissue slices o f cerebral cortex from adult progeny o f normal (N) and 
thyroidectomized (TX) dams

Fraction n
Radioactivity

N-dam
progeny

TX-dam
progeny

CO 2 6 666 ±  87 443 ± 5 5
Glucose/tricarboxylic acid intermediates 6 2105 ±  185 1155 ± 8 7 *
Amino acids 4 268 ±  29 138 ±  12b
Protein 4 1 6 ± 2 11 ± 2

Slices were incubated in flasks with KRP plus 10 mM [U-l^CJglucosc and a well containing hyamine 
hydroxide to trap CO 2  After 1 h at 37®C (or4®C for controls), washed tissue was homogenised in w ater and 
protein precipitated with perchloric acid. The pellet was delipidated before counting. Neutralised soluble 
material was fractionated on a cation exchange column to yield glucose/tricarboxylic acid intermediate 
(water wash) and amino acid (ammonia eluate) fractions. Data (mean ±  S.E.) represent radioactivity 
(dpm/mg protein) associated with the specified fractions, after correction for 4®C control values. The 
number o f anim als studied (n) is indicated.
*’p<0.01, ®p<0.005; control progeny versus progeny o f thyroidectomised dams (Student’s t test). 

Glutamate metabolism in tissue slices

Glutamate metabolism in adult progeny was further evaluated by incubation of 
cerebral cortical slices with [U-^'^Cjglutamate (Table 3). No obvious difference 
was observed between control and experimental progeny with respect to labelling 
of the total amino acid pool or the glucose/tricarboxylic acid intermediate pool, 
whereas a slight ( 1 0 %; not statistically significant) decrease was observed in the 
labelling of CO2  in thyroidectomised dam progeny (Table 3).

Glucose metabolism in tissue slices

Glucose metabolism in vitro was studied by incubation of cerebral cortical slices 
with [U-'"*C]glucose. Statistically significant reductions were observed for thy
roidectomised dam progeny in the labelling o f the glucose/tricarboxylic acid 
intermediate fraction (45%, p<0.005) and the total amino acid pool (49%, p<0.01) 
(Table 4). Although the reductions in label associated with the CO2  and protein 
fractions o f experimental progeny were also large (>30%), these differences were 
not statistically significant.

Leucine accumulation and incorporation into protein in tissue slices

Only a slight decrease was observed in total radioactivity in slices from thyroid
ectomised dam progeny, whereas a much greater (2 0 %) reduction was observed in 
the labelling of the protein fraction (Table 5). This latter difference was not 
statistically significant.
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Table S. Leucine accumulation and protein incorporation in tissue slices of cerebral cortex from adult 
progeny o f normal (N) and thyroidectomised (TX) dams

Radioactivity
Fraction •  ̂ ------------------------------------------------------------

N-dam Tx-dam
progeny progeny

Total accumulation 12475 ±  530 11732 ± 6 0 6
Protein 244 ± 2 1 194 ± 1 3

Slices were incubated in KRP containing 2 mM [4,5-^H]leucine and 10 mM glucose for I h at 37®C (or 4®C 
for controls). Washed tissue was. homogenised in water and total radioactivity determined. Protein was 
precipitated with perchloric acid and the pellets were delipidated before counting. Results (mean ±  S.E. of 
seven animals) represent radioactivity (dpm/mg protein) associated with the specified fractions after correc
tion for 4*C control values. No significant differences were found between the two groups (Student's t test).

Discussion

In this study, we observed an increase in the body weight of adult progeny of 
thyroidectomised dams compared with offspring of normal dams. In the case of 
male progeny, the increase (23%, p<0.02) was greater than that for female progeny 
(11%, not statistically significant). Several other studies have also reported signifi
cant changes in body weight of progeny from severely hypothyroid [17] and 
hypothyroxinémie dams [25], but values were found to be decreased. The dis
crepancy may be related to the age of the progeny studied: in the latter reports, 
foetuses and suckling animals were investigated, whereas in the present study, 
adult animals were used. Although the reasons for the increase in body weight of 
adult progeny are not known, it should be mentioned that food intake in control and 
experimental progeny after weaning was similar.

Age differences also exist with respect to the effect of maternal thyroidectomy 
on the brain weight of the progeny. Brain growth of young progeny has been 
reported to be compromised as a consequence of matemal hypothyroidism [17] and 
hypothyroxinemia [25], whereas the brain weight of the adult progeny studied here 
appeared normal. Longitudinal studies are therefore required to clarify the effects 
of matemal thyroidectomy on both brain and somatic growth of progeny.

We have previously reported that maternal hypothyroxinemia during pregnancy 
results in a spectrum of biochemical changes in brains of young and adult progeny 
[15,18]. We have now extended these studies to include amino acid metabolism. 
Initial experiments revealed only slight changes in enzyme activities associated 
with glutamate metabolism, and this was subsequently confirmed by analysis of 
glutamate metabolism in cerebral cortical slices. Although none of the observed 
changes were statistically significant, a 10% reduction in the activity of glutamate 
decarboxylase is consistent with a 10% decrease in labelling of the CO2  pool from 
[U-*'*C]glutamate.
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Cerebral cortical m etabolism  o f  g lucose in progeny from thyroidectomised dams 
was severely affected. Incorporation o f  the glucose carbon skeleton into total 
am ino acids was greatly reduced (by 48% , p<0.01) and it is not surprising 
therefore, that subsequent incorporation o f  radioactivity into protein also differed 
(decreased by 31% , but not statistically significant). In addition, glucose oxidation  
was depressed, as evidenced by a decrease in the labelling o f  the CO 2  fraction (by 
33%, not statistically significant). Together, these findings indicate a decreased 
rate o f  turnover o f  glucose in the experimental progeny. Such a proposal is 
consistent with previous work in this laboratory demonstrating a reduction in the 
activity o f  lactate dehydrogenase in cerebral cortical hom ogenates from adult 
progeny [15]. H ow ever, since the findings in the present study were associated  
with a significant reduction in the labelling o f  the intracellular glucose/tricarbox
ylic acid intermediate fraction (by 45% , p<0.005), then the results may also be 
explained by a decrease in the size  o f  the intracellular glucose pool, possibly  
m ediated by impaired transport function. Direct measurement o f  the intracellular 
glucose pool in progeny from thyroidectomised dams should help clarify this 
issue.

Irrespective o f  the identity o f  the metabolic steps that are compromised in adult 
progeny, the above results indicate that de novo synthesis o f  amino acids from  
glucose is reduced, whereas am ino acid catabolism (at least in the case o f  
gliitamate) is essentially unaffected. Such findings are consistent with the selective  
pattern o f  damage observed for other biochem ical parameters in the CNS o f  adult 
progeny from thyroidectom ised dams [15]. For exam ple, in the case o f  acetyl
choline metabolism, degradation (acetylcholine esterase activity) is impaired in 
cerebral cortex, whereas synthesis (choline acetyltransferase activity) is normal 
[15]. S ince glutamate may serve as an important respiratory and metabolic sub
strate in the brain, it is possible that normal glutamate catabolism  may alleviate the 
damage resulting from com prom ised glucose catabolism.

In an attempt to gain a better understanding o f  the mechanisms responsible for 
the above effects, w e designed experiments to investigate protein synthesis in the 
experimental animals. A lthough labelling o f  the protein fraction from glucose was 
reduced in experimental progeny, it is difficult to draw firm conclusions since 
labelling o f both the total glucose and the total amino acid pools was also affected. 
Therefore, cerebral cortical slices w ere incubated with radiolabelled leucine, under 
flooding conditions, and the total accumulation o f  and its incorporation into 
protein determined. Although total accumulation was similar in both types o f  
progeny, protein incorporation was reduced by 20% in the experimental group. 
Although this decrease was not statistically significant (0 .1>p>0.05), the co 
efficient o f variation between slice  preparations from different animals was high 
(approximately 20%). W e believe, however, that this may represent a real result, 
based on previous measurements o f  enzym e activities in brains from adult progeny 
o f  thyroidectomised dams [15]; statistically significant degrees o f  change normally 
fall within the range 20—40% . Furthermore, not all enzym e activities studied are 
affected and, in a few  cases, activities are actually increased.
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The mechanisms by which matemal hypothyroxinemia during pregnancy result 
in compromised brain function in progeny are not understood. We have previously 
demonstrated that the thyroid hormones stimulate both glucose uptake and leucine 
incorporation into protein in neuronal cultures derived from fetal brain [26,27]. It is 
feasible, therefore, that a decreased supply of matemal T4  during pregnancy will 
result in defects in these parameters in progeny. What is surprising though, is the 
fact that an altered pattern of metabolism is observed in the progeny at adulthood, 
despite their apparently normal thyroid status (as judged by total T4  and total T3  

measurements). Thus, the effects we observe are irreversible.
Many workers have shown that hypothyroidism and hyperthyroidism exert 

deleterious effects on postnatal brain development [9-12]. These effects can 
normally be reversed by correction of the thyroid status of the animal, providing 
that this is performed early in development (before 10-14 postnatal days in the rat) 
111 ]. Our results imply the existence of similar critical time period(s), with 
requirements for an adequate supply of (matemal) thyroid hormones, much earlier 
in development, most likely before the onset of independent fetal thyroid f^unction 
( 17.5 gestational days in the rat). If these developmental stages are missed, then 
subsequent correction of the thyroid status of the progeny will be without effect. 
I'urthermore, the degree of dependence upon thyroid hormones and the timing of 
ihcse critical periods may vary for different proteins. Although it has been reported 
ihai glutamate-metabolising enzymes are under thyroid hormone control in neural 
cell cultures systems and developing brain [28-32], these enzyme activities were 
apparently normal in adult progeny of thyroidectomised dams.

Work is currently in progress to investigate the effects of maternal hypo
thyroxinemia on the ontogenesis of amino acid metabolising systems in progeny, 
in order to ascertain the controlling influence of thyroid hormones on CNS cell 
types.
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Recent controversy has again centred on the role o f  thyroxine binding protein in thyroid hormone 

transport (Pardridge W  M, Plasma protein-mediated transport o f steroid and thyroid hormones. 

Am J Physiol 252 (Endo and Metab 15): E l57 (1987); Letters to the Editor, Am J Physiol 255/3: 
Pardridge W M and Landaw E M, E 405-6 ,408: Ekins R P and Edwards P R, E 403-405,406-408 

(1988)). Experimental data obtained by Pardridge and co-workers suggest that the free hormone 

hypothesis is invalid (Pardridge W  M and Landaw E M, Tracer kinetic model o f blood-brain 

barrier transport o f  plasma protein-bound ligands. Empiric testing o f  the free hormone hypothesis. 

J Clin Invest 74: 745 (1984)).; furthermore these authors have proposed that special catalytic 
mechanisms exist in tissues to promote enhanced dissociation o f  hormone from the circulating 

plasma protein pool.

However, when interpreted in the light o f a more comprehensive physico-chemical model (Ekins R 

P, Edwards P R and Newman B, The role o f  binding proteins in hormone delivery. In: Free 

Hormones in Blood; A Albertini, R Ekins, Eds, Elsevier/North Holland, Amsterdam (1982), 

Pardridge e l aFs data reveal that plasma binding proteins may exert rate-limiting effects on 

hormone transport to individual tissues, and that a rise in binding protein concentration may have 

the effect o f sustaining the hormonal supply in the face o f an elevated local hormone demand.

These observations are commensurate with the hypothesis that TBG fulfils the role o f  maintaining 

a sufficiency o f T4 to the feto-placental unit during pregnancy, and is o f  particular importance 

when dietary iodine is low, implying that low levels o f  thyroxine are present in matemal blood. 

Furthermore, the failure o f  TSH to rise during pregnancy, coupled with the apparent secretion o f  

placental stimulators o f  matemal thyroid function, suggests the possible existence o f  a complex 

matemal control system govem ing the hormonal environment to which the fetus is exposed. This 

hypothesis underlies our current studies on the transport o f  matemal thyroxine to the fetus, and the 

effect o f  such hormones on fetal neurological development
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INTRODUCTION
Dhildren born in Iodine-deficient regions of the world are at risk 
rom a range, of neurological disorders, including neurological 
cretinism. Although the incidence of this d isease can be reduced 
)y iodine administration to mothers before, or early in, pregnancy 
1], a direct effect of this elem ent on brain development is 
jnlikely. On the basis of experiments demonstrating placental 
ransferof maternal thyroxine in rats [2], we have postulated that 
îarly maternal hypothyroxinemia may be responsible' for the 
)bserved defects [3].

Ve have demonstrated, using a rat model, that maternal 
lypothyroxinemia results in a wide range of biochemical deficits 
1 brains from both immature and adult progeny [4]. Apart from 
lecreased DNA and total protein levels, we h a v e ,-reported 
lefective membrane glycoprotein acquisition and alterations in 
le  activities of selected enzym es associated  with cellular 
jnctions as diverse as energy and calcium metabolism, synaptic 
nd lysosomal function, and myelin synthesis.

he complexity of the in vivo model make'^ difficult the 
iterpretation of the observed changes. In particular, we are 
nable to eliminate the involvement of maternal and fetal 
xtraneural factors which are themselves under thyroid hormone 
rH) control. In an attempt to gain a better understanding of the 
)le of (maternal) TH in brain development, we have employed 
1 vitro models.

jsyëcognised  that neural cells in culture behaveJn-.a-similar 
lahhef to cells in vivoi with respèclltb..Jthek_respônses_to 
kmone^Znucieilbir^
âvelopmèntal profiles [5,6]. m e u se  of tissue culture in 
iëmicâlïy defined medium permits identification of the primary 
fects of TH in. specificmeural cell types.



p this presentation, we report the effects oL T3_oo protein 
jynthesis and membrane transport function.in neuronal cultures, 
ind on glycoprotein synthesis in astrocytic cultures.



METHODS
Neurons were cultured In:
Coon's modified F12 medium, containing: glutamine (2 mM), 
MEM Eagle non essential amino acids (1x strength), penicillin 
(100 U/ml), streptomycin (100 pg/ml) and a hormone supplement 
[insulin (10 pg/ml), cortisol (10 nM), transferrin (5 ug/ml) and 
sornatostatin (10 ng/ml)].
Brains from 15 day old fetuses were dispersed in medium plus
2.5% newborn calf serum to a  density of 0,4 x 10® celis/ml, and
dispensed into 90 mm dishes (5 ml/dish). After 4  days, serum-
free medium was added, and the culture continued for a  further 4 
days.

A strocytes were cultured in:
Basal medium Eagle, containing: glutamine (2 mM), penicillin 
(100 U/ml), streptomycin (100 |xg/ml) and a hormone supplement 
(as for neurons).
Brains from 1 day old rats were chopped, dispersed in medium 
plus 10% fetal calf serum (PCS)(0.5 x 10® cells/ml), and 
dispensed into 90 mm dishes (4 ml/dish). Medium was changed 
every 4 days, and cells cultured for a total period of 10 days.

leucine uptake and incorporation fnto-protein.
Neurons were preincubated in serum-free medium (5 ml/dish) ±  
T3 (normally 5 nM) af37:°C. After 10 min, L-[4,5-3H]leucine (0.2 
(xCi/ml; 10 mM total concentration) was added, along with protein 
synthesis inhibitors (cycloheximide and actinomycin D; 1|xM of 
each) when required. After incubation (normally 1 hour), cells 
were harvested, w ashed , and an aliquot rem oved for 
determination of total uptake. The remainder was precipitated 
with 10% TCA, and incorporation determined after washing the 
protein pellets.



!-Deoxy-D-glucose (2-DG) uptake.
Jeurons were preincubated in phosphate buffered saline ± T3 or 
: insulin for 1 h at 37 °C. 2-Deoxy-D-[2,6-3H]glucose was added
0.5 p.Ci/ml; 50 pM total concentration), and incubation continued 
or 5 minutes. Uptake was measured in washed cells.

.-Fucose incorporation into glycoprotein.
Astrocytes were incubated (37 °C, 5% CO2 ) ±  T3 with [5,6-
Hffucose (0.5 pCi/ml; 10 ixM total concentration) in medium 
lupplemented with 10% thyroid hormone-stripped PCS. Cells 
vere removed to test tubes, w ashed, lysed in water, and 
lonicated. Protein was precipitated with 10% TCA, and the 
issociated radioactivity determined.

\II results are expressed as mean ± standard error.

RESULTS



Fig. 1: Effect of T3 (5 nM) on leucine, uptake and incorporation into 

protein in neurons - time course.
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Fig. 2: Effect of T3 on leucine uptake and incorpor 

protein in neurons - dose response.
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Fig. 3: Effect of protein synthesis inhibitors on T3-stimulation of 
leucine uptake in neurons.
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Fig. 4: Effect of T3 on 2-DG uptake in neurons - dose repense,
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Fig. 5: Effect of insulin on 2-DG uptake In neurons
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Fig. 6: Effect of T3 on fucose incorporation into glycoprotein 

in astrocytes.
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CONCLUSIONS
T3 stimulates leucine uptake and Incorporation Into protein In 
neurons (Figs. 1 and 2). Stimulation of leucine uptake was 
completely dependent upon protein synthesis (Fig. 3), 
indicating the absence of membrane-related phenomena. 
This observation, coupled with the superlmposlblllty of.the 
uptake and Incorporation time courses (Fig. 1), suggest that 
stimulation of uptake Is due to an increased protein synthetic 
demand for leucine (plelotrophic effect).

^ P G _w p taW p ..n e^  is resp_onslve to 13, but not to Insulin 
(higs. 4 and 5). TH may therefore-bè-ôf prlmary:lmpoptanee In 
regulating neuronal energy metabolism, at least durlnq^NS" 
development.

T3 stimulates fucose Incorporation Into glycoproteins In 
astrocytic cultures (Fig: 6). The effect Is only apparent after 
long incubation periods (> 48 h), suggesting the operation of 
a transcriptional mechanism. ------------

i



S U M M A R Y
3 directly regulates the metabolism of a range of substrates in 
leveloping cells of CNS origin. Decreased availability of the 
rohorm one T4, a s  a c o n se q u e n c e  of maternal 
ypothyroxinemia, may therefore be expected to affect fetal 
eurogenesis, irrespective of changes in other maternal/fetal 
Towth factors.
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