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ABSTRACT

Clinical evidence suggestive of a nonpituitary regulation o f thyroid 

homeostasis in pregnancy seems to indicate that the placenta may 

function as an integrated control system, responding to feedback

signals both from the fetal and the maternal compartments. This 

putative placental control system may be postulated to fulfill the 

critical role of ensuring an appropriate T4 environment for optimal 

fetal development through the synthesis and secretion of a placental 

thyroid stimulator. The aim of the study was to evaluate the thyroid 

stimulating activity (TSA) o f human chorionic gonadotropin and to 

characterize different molecular forms o f the hormone in relation to 

their ability to interact with thyroid tissue. The measurement of cAMP 

levels and I~ uptake in FRTL-5 rat thyroid cells have been used as i n 

v i t ro  parameters indicating interactions with the TSH receptor and 

TSH-like biological activity of hCG and its isoforms.

A dose-dependent response, paralleling that evoked by hTSH, was 

observed in a concentration range of 50-2,000 IU/ml o f different

preparations of hCG, 1 IU of hCG being equivalent to 0.13 pU of hTSH. 

TSA coeluted in a single peak with hCG immunoactivity at gel filtration 

and was not neutralized by monoclonal anti-hTSH antibodies indicating 

that it was not due to nonspecific protein or contamination by TSH.

At chromatofocusing urinary hCG was resolved into six isoforms

corresponding to pis of 5.2, 4.9, 4.5, 4.0, 3.6 + some more acidic hCG-like

material eluting in a final 1M NaCl step. All the fractions were active in 

the TSH bioassay but the B/I ratio differed among hCG components



ranging from 1.49±0.08 to 0.88+0.16, with the most basic component (pi 

5.2) significantly more active and the most acidic component (1M NaCl) 

significantly less active than the unfractionated preparation.

In parallel, hCG and TSH levels were measured in a longitudinal study 

of 32 normal pregnant women. In the 1st trimester samples, TSH levels 

were decreased and significantly correlated in a negative fashion with 

hCG levels (p<0.02). Seven 1st and 2nd trim, sera, out of ten cases 

studied, induced a significant increase in I~ uptake, while no 

stimulation was obtained with post-partum sera. Although the response 

to 1st trim, samples was higher than to 2nd trim, sera, TSA was poorly 

correlated with hCG values when considering 1st and 2nd trimester 

individually. In these seven cases, a difference in the composition of 

circulating hCG was also observed between 1st and 2nd trim., with a 

shift towards more acidic forms at the earlier stage of gestation.

This study has revealed a significant decrease of TSH levels in the 1st

trimester of pregnancy when, however, the secretory activity of 

maternal thyroid gland is increased, supporting the view that the 

thyroid gland is not primarily TSH-driven in early pregnancy. hCG

may represent the putative regulator of maternal thyroid function in 

pregnancy.

In this context, hCG m icroheterogeneity may influence its 

thyrotropic activity, and the occurrence of different hCG isoforms may 

represent physiologically important steps in the control o f the

maternal thyroid.
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CHAPTER 1

THYROID FUNCTION AND 
PREGNANCY



1 . 1 .  EFFECTS OF THYROID HORMONES ON DEVELOPMENT

Thyroid hormones (TH) are essential for a large variety of 

biological functions throughout life and their importance is

particularly vital during development. The role of TH in both 

aspects of growth (increased mass and body length) and 

maturational processes has been widely studied.

The process of growth (body size and weight, as well as

organ weights) is sustained by TH but also dependent on

interaction with growth hormone (GH) or other growth factors.

Conversely, the influence of TH on maturation of a variety of 

tissues and the organism as a whole is known to be critical. As 

one of many examples, skeletal maturation is known to be 

strictly dependent upon TH, the deficiency of which causes 

absence or delayed appearance of ossification  centers; 

moreover, the epiphyseal centers ossified during the period of 

untreated hypothyroidism continue to show an altered pattern 

(stippled epiphyses) after institution of therapy.

The brain is an especially critical organ for thyroid hormone 

action, and is affected by hypothyroidism  more profoundly 

than are any other tissues. Recently, the critical importance of 

thyroid horm one environm ent in u tero  for feta l brain 

development has become increasingly apparent and interest 

has focused on the control mechanisms allowing an optimal 

thyroid homeostasis in pregnancy.

In this chapter, the essential role of TH in the maturational 

process of brain is briefly discussed.



1 . 2 .  EFFECTS OF THYROID HORMONES ON BRAIN

DEVELOPMENT

A link between goiter and cretinism was already known to 

the people of ancient Rome: the word "cretin" may derive from 

the Latin word c r e t a , which means chalk, suggesting the 

pasty complexion associated with the condition. [Cretin also 

means "innocent", and cretins were thought to be untouched 

by sin, therefore near to God]. Curling (1850) first suggested, 

from autopsy data, the absence of the thyroid as the cause of 

the condition that he named "sporadic cretinism". During the 

latter part of the nineteenth century, the association of 

congenital hypo-thyroidism and the cretinous condition was 

further confirmed through the efforts of a number of the 

leading clinicians of that period. Neverthless, the fact that 

thyroid deficiency is rarely fatal has led to an almost total lack 

of autopsy examinations in neonates resulting in a paucity of 

data, especially on the effect of TH on the growth and 

maturation of the human brain.

The recognition that the rat pup is born in a relatively 

premature condition in comparison to the human neonate has 

provided an experim ental model for the understanding of 

developm ental relationships between brain and thyroid (1), 

and several aspects of the role of thyroxine (T4) and 

triiodothyronine (T3) in brain growth have been extensively 

investiga ted .
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In the rat, the most active phase of neuroblast multiplication 

takes place during the last days preceding birth and the "brain 

growth spurt" peaks at about the 2nd to 3rd postnatal week. 

In the hum an, these two im portant phases occur at 

midgestation (about 18-20 weeks) and during the first months 

after birth, respectively, so that the newborn rat is roughly 

comparable to the human fetus at midgestation regarding the 

onset of active neurogenesis.

When the rat is thyroidectom ized at birth, "everything 

appears to go wrong in the brain" (2), a common report being 

hypoplasia of the cerebral and cerebellar cortices. Cerebral 

ontogenesis is arrested at a primitive level in which axons are 

poorly m yelinated; how ever, the outstanding h isto log ical 

feature is the lack of proper development of the neuropil, 

altering synaptic interactions and the connectivity of cortical 

neurons. There is a measurable reduction in neuronal density, 

with rudimentary dendritic arborization. The connectivity of 

cerebral cortical pyram idal cells, indirectly  assessed by 

measuring the number of dendritic spines of the apical shaft 

and the distribution of their density along the shaft, is 

markedly affected by thyroidectom y, the greatest changes 

being observed distally to the cell body (3). Interestingly, the 

injection of T4 has no ameliorating effect on spine number or 

distribution when the onset of treatm ent is delayed, despite 

the norm alization  of other thy ro id  horm one-dependen t 

developmental processes such as body growth (4).

In the hypothyroid animal, axonal density is reduced by 30-
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40%, branching is severely reduced and the indiv idual

processes are shorter. This picture is most severe in the 

internal granular layer of the cortex. However, a marked

reduction in both dendritic arborization of the Purkinje cells

and synaptogenesis !s also notable in the cerebellum (5).

Recent data showing that the biosynthesis of nerve growth 

factor (NGF) is increased after TH administration (6), seem to 

suggest that microtubule polymerization is a critical step in 

brain  grow th under thyroid horm one contro l (7); in 

hypothyroidism, a defective microtubule assembly would lead

to impaired axonogenesis, synaptogenesis and neuronal spatial 

orientation (8).

Although the identification of a primary alteration as the 

basis for the neurological and mental disturbances of cretinism 

appears d ifficult, evidence has been provided that these 

cerebral abnorm alities resu lt from  altera tions in basic 

tra n sc r ip tio n a l and tra n s la tio n a l in fo rm a tio n  (9 ,1 0 ). 

U ndoubtedly, TH play a perm issive role in and have an 

initiating effect on the expression of genetic inform ation 

contained in the neurons and glia of the developing brain, thus 

controlling the activities of specific cerebral enzymes and 

regulating the synthesis rates of proteins, nucleic acids, and 

brain lipids. All these param eters are severely im paired in 

hypothyroid states (9,10).

In summary, it is now well known that TH are needed for 

the normal m aturation of brain cells, sustaining all the 

processes of development from proliferation to differentiation.
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The establishment of circuitry in the cerebral cortex appears 

to be essential for higher mental functions and alterations in 

neuronal connectivity  may be related to the perm anent 

defects in behaviour observed in hypothyroidism. An excess of 

thyroid hormones during a critical period would have the 

opposite effect, by signalling the cells to stop m itosis 

prematurely and initiate differentiation: the end result would 

also be an abnormal brain (11).

In the human, three main situations give rise to an 

association between anomalies of thyroid function and mental 

re ta rd a tio n  

° Severe endemic goiter 

° Congenital hypothyroidism

0 M a te rn a l h y p o th y ro x in em ia , w ith  or w ith o u t 

hypo thyro id ism .

Since the 16th century, severe endemic goiter has been 

known to be associated with the birth of deaf-m ute and 

imbecile children, so that the clinical condition of endemic 

cretinism is defined by three major features: a) its association 

with endemic goiter and severe iodine deficiency; b) its clinical 

m anifestations of mental deficiency, together with either a 

p red o m in an t n eu ro lo g ic a l syndrom e or p re d o m in a n t 

hypothyroidism and stunted growth; and c) its prevention by 

co rrec tion  of iod ine defic iency  and adequate iod ine  

prophylaxis of the mother before, or very early in pregnancy. 

Endemic cretinism  may affect up to 10 per cent of the 

population in an area where the incidence of endemic goiter is
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high (12).

As early as 1908, McCarrison postulated that two main 

c lin ica l form s o f endem ic cretin ism  may ex is t (13). 

N euro log ical cre tin ism  is essen tia lly  charac te rized  by 

dominant neurological disorders of hearing and speech (deaf- 

mutism), abnormal gait and neuromuscular abnormality such 

as spasticity , particu larly  involving the proxim al low er 

ex trem itie s , ex trap y ram id al d iso rd e r of r ig id ity  and 

bradykinesia, less frequently, strabismus. This clinical picture, 

with m inim al thyroid dysfunction, predom inates in the 

Himalayas, the Andes and the New Guinea Highlands, where 

daily iodine supply falls to very low levels, and it is 

considered to result from defects in brain maturation at an 

early stage during intrauterine life because of maternal iodine 

deficiency (14,15). The second (myxedematous) form mainly 

consists of clinical hypothyroidism (thyroid hypofunction with 

high TSH values) with dwarfism and epiphyseal dysgenesis.

An investigation  of the etio logy and the underlying 

mechanism of the brain damage found in each situation seems 

crucial since controversy exists as to w hether a full 

normalization of mental development can be achieved by an 

early diagnosis and treatm ent. Some evidence seems to 

suggest that the brain damage is irreversible and that the 

most serious mental and neurom uscular defects cannot be 

corrected even by an early treatment. In one report, for 

exam ple, signs of cerebellar dysfunction desp ite  early  

treatment have been described in one-half of a series of 50
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patients (16).

The critical importance of TH on fetal brain development has 

been recently underlined by the observation that, contrary to 

previously widely held belief, maternal TH are available to the 

developing embryo at very early stages, at least as far as the 

rat is concerned. Both radiotracer techniques (17) and direct 

m easurem ent of TH by RIA (18) have dem onstrated  

significant transfer of maternal TH (especially T4) during 

pregnancy. Transfer is high at the earliest time point studied 

(10 days of gestation). The feto-placental unit is able to 

compete efficiently with maternal tissues for TH, and in early 

gestation fetal iodothyronine concentrations are of the same 

order as those found in many maternal organs, implying that 

maternal TH can influence fetal development (17).

The maternal transfer is the main source of TH throughout 

early development up to the moment when the fetal thyroid 

function starts (17 days of gestation). It has been shown that 

severe maternal hypothyroidism results in undetectable levels 

of both T4 and T3 in embryotrophoblasts and embryos before 

the onset of fetal thyroid function (18). Once the fetal thyroid 

is active, TH are of both maternal and fetal origin until birth, 

though the relative importance of both sources has not yet 

been defined (19). S till, certain fetal tissues rem ain TH 

deficient until term; not all organs are affected to the same 

degree and it is interesting that, when the fetus is faced with 

maternal hypothyroidism, homeostasis of T3 and T4 appears to 

be achieved preferentially by the brain, and possibly by the



lung. At the same time, there is a developmental delay, not

completely overcome by the end of gestation, in terms of body 

and fetal organ weights, brain and liver being affected to a

greater degree than the total body weight. Also the placenta 

remains markedly deficient in TH throughout gestation and

DNA and/or protein concentrations are decreased (18).

M ore d e ta iled  s tu d ies  o f fe ta l d ev e lo p m en t in 

thyro idectom ized  rat dam s have shown tha t m aternal 

hypothyroidism during the first half of gestation impairs the 

anabolic changes that norm ally occur during this phase, 

therefore impeding the fulfillm ent of fetal m etabolic needs 

during the second half of gestation, a phase of maximal fetal 

growth when the fetal extraction of substrates from the

mother is maximal. A reduction in the availability of maternal 

TH for embryonic tissues during the first half of gestation, 

before the onset of fetal thyroid function, perm anently and 

negatively affects fetal development, reducing fetal pituitary 

GH content and body weight, which are not normalized by 

maternal treatment with T4 during the second half of gestation 

(20).

A less severe condition for rat dams is a low-iodine diet (LID) ' 

which results in maternal hypothyroxinemia (serum T3 levels 

are normal), reproducing the situation observed in iodine 

deficient regions. The embryonic tissues developing in such 

m others are m arkedly deficient in T4 and increasing ly  

deficient in T3 before fetal thyroid secretion begins. Fetal 

deficiency of T4 and T3 persists until term, since it is not
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corrected with the onset of fetal thyroid function which is also 

inadequate. In the progeny of LID dams, body weight is 

reduced to a lesser degree than in thyroidectomy; however 

brain weight, DNA and protein content are decreased until 

term (21).

From all these results, it can be inferred that early brain 

development is already dependent on TH of maternal origin 

reach in g  the fe ta l com partm ent. If  m aternal hypo- 

thyroxinem ia im pedes the transfer, the early  phase of 

neurogenesis is affected and some damages might become 

permanent by the time the fetal thyroid function mitigates or 

overcomes the early hypothyroid situation.

When the fetal thyroid function is also inadequate, as would 

occur in iodine-deficiency, such early alterations would not be 

corrected, and further damage, as a result of the continuing 

fetal hypothyroidism , would affect phases of g lial cell 

m u ltip lica tio n , neuronal d iffe ren tia tio n  and g lia l ce ll 

maturation. The damage is more severe and irreversible than 

that due to fetal and neonatal hypothyroidism alone, since the 

initial development is normal when the mother is euthyroid.

The availability of a rat model has prompted our group to - 

study in more detail the influence of maternal T4 on fetal 

brain developm ent. Both young and adult progeny from 

hypothyroxinemic (with normal T3 levels) rat dams has shown 

a wide range of biochemical deficits in several brain regions. 

The total protein content of brain appears to be reduced and 

subfractionation shows a severe depression (60%) in cytosolic
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protein (22). The observed decreases in protein/DNA ratios 

and DNA concentrations are indicative of disturbances in cell 

size and cell loss; in particular, the significant reductions seen 

in p-D -galactosidase activity indicate neuronal loss. More 

specific studies have suggested com prom ised brain cell 

function. M aternal hypothyroxinemia results in a differential 

effect on enzymes associated with neurotransm itter function: 

acetylcholine esterase (AChE) activity is reduced in cerebral 

cortex, paleocortex, midbrain and medula, whereas no changes 

are observed in choline acetyltransferase activity. Aminergic 

transmitter function seems to be unaffected, since monoamine 

oxidase activity remains within the normal range in all brain 

regions. A lterations are also observed in the activities of 

selected enzymes associated with energy metabolism (LDH and 

Na+, K+-ATPase) lysosomal function, myelin synthesis and 

calcium metabolism (23). These differences persist up to 7 

months of age and do not seem to be corrected by a normal 

thyroid state in the progeny. These observations support the 

hypothesis of the existence of specific phases in (early) brain 

developm ent, characterised  by absolute requirem ents for 

maternal T4.

S im ilar ind ications are suggested by studies on the 

ontogenesis of the high-affinity T3 receptors, documented in 

many subcellular fractions (nucleus, cytosol, mitochondria and 

membrane). The concentration of these specific binding sites is 

low in tissues regarded as insensitive to thyroid hormone 

action and high in sensitive organs such as liver and brain



(24). Scatchard analysis of the binding has shown that there is 

a transitory increase in the association constant (Ka) of T3 for 

the nuclear and cytosolic binding sites at about 12 to 15 days 

(25,26). In terestingly , this period is when a substantial 

increase in cerebral DNA concentration (6), m icrotubule 

assembly (9) and maximal cytodifferentiation in the brain (27) 

occurs, and may represent a limited stage critically dependent 

on an appropriate supply of thyroid hormones. Any delay or 

decrease in TH availability would result in irreversible brain 

damage in postnatal life.

1 .3 .  CONTROL OF FETO-MATERNAL THYROID HORMONE 

ECONOMY

The profound influence of the m aternal thyroid status on 

fetal brain and nervous system development em phasizes the 

need for a complete understanding of the control mechanisms 

regulating maternal thyroid function in pregnancy, especially 

in the first trimester.

In euthyroid nonpregnant subjects, T4 and T3 production by ‘ 

the thyroid is controlled by pituitary thyrotropin (TSH), which 

is then regulated by TH through a feedback to the pituitary 

gland. TSH output is also controlled by TRH produced by the 

hypothalamus, under the control of higher brain centers (28). 

Both T4 and T3 are carried in the blood bound to proteins 

thyroxine-binding globulin (TBG), albumin, thyroxine-binding
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prealbumin (TBPA)); the physiologically active moiety is the 

unbound or "free" fraction (29) and FT4 and FT3 are commonly 

measured as indices of thyroid function. Although T3 is known 

to be about 20 times more potent than T4 and considered the 

biologically relevant hormone, most of the T3 supplied to the 

body arises from peripheral deiodination of T4 by the liver 

and kidneys. The measurement of FT4, acting as a buffer to 

m aintain FT3 levels within the euthyroid range, is especially 

informative on thyroid gland functionality.

Im portant changes in thyroid physiology occur in early 

pregnancy. Serum total thyroxine (TT4) and triiodothyronine

(T T 3 )  increase progressively throughout the first half of 

pregnancy and rem ain elevated during the la tter half of

pregnancy, returning to normal 4 to 6 weeks postpartum. The 

increase is thought to be due to increased synthesis of TBG by 

the liv e r under p lacen tal oestrogen  stim u la tion  (30) 

accompanied by a subnormal concentration of serum albumin 

(31). The changes in serum thyroid hormone binding provide a 

perturbation of thyroid homeostasis to which the feedback

m echanism s respond increasing  the outpu t o f thyro id  

hormones by the gland in order to maintain a condition of

euthyroidism. The widely described enlargem ent of maternal 

thyroid gland reflects this enhanced maternal thyroid activity 

in pregnancy (32).

Although several clinical studies have been perform ed to 

clarify the physiological state of the pituitary-thyroid axis 

(through m easuring FT4 and TSH levels), only conflicting



results have been reported so far.

M aternal FT4 concentrations have been variously described 

as normal (33,34,35), increased (36,37) or decreased (38,39) 

during gestation, controversy being particularly  centred on

early pregnancy values, while a downward trend in late 

pregnancy has been more widely reported (39,40). These 

con trad ictory  reports may be related to m ethodological 

problems affecting several free hormone assay techniques, in 

particular analog methods which are influenced by changes in 

the concentrations of albumin, TBG and nonesterified fatty 

acids (41).

Circulating levels of TSH have been recently reported to be 

higher in late than in early pregnancy (40,42); however, its

concentrations in the first trimester have been shown to be 

higher (42,43), lower (37) or unchanged (44) relative to

normal nonpregnant levels. In these studies, the potential 

significant cross-reaction (45) of high hCG levels found in early 

pregnancy has not been ruled out. The reported diurnal 

variation in serum TSH (46,47) may also affect the evaluation 

of its basal levels unless the timing of sample collection is 

carefully considered. More generally, the choice of appropriate 

control groups appears critical to detect and evaluate small

changes in TSH concentrations still rem aining within the 

normal range.

In this context, suggestions have been put forth that the 

enhanced m aternal thyroid activ ity  in early  pregnancy 

consequent upon higher circulating TBG levels may not be
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sustained by pituitary TSH which is paradoxically decreased 

(48). It has been postulated by our group that an alternative 

control system m ight operate on the m aternal thyroid to 

ensure a higher T4 secretion at the com m encem ent of 

pregnancy when the most important changes in TBG and T4 

secretion are established, thus regulating the TH environment 

to which the fetus is exposed. The placenta has been 

hypothesized as a main component of this putative control 

system and thought to govern the functional status of the 

maternal thyroid through the secretion of a chorionic thyroid 

stimulator, distinct from pituitary TSH (23).

Several early studies reported the existence of a specific 

human chorionic thyrotropin (hCT), isolated from the placenta 

and characterized as structurally sim ilar to pitu itary  TSH 

(mol.wt. * 28-30,000 Da) but immunogenically close to bovine 

and not human TSH (49,50). The isolation of hCT has been 

subsequently denied, because of methodological artifacts (51), 

and doubts now exist on the existence of a distinct chorionic 

thyrotropin.

Conversely, the observations that pregnancy urine (52) and 

com m ercially  available hCG preparations (53) contain a ■ 

substance with thyrotropic activity has long been known as 

has the association of trophoblastic tumors with thyroid 

hyperfunction (54,55).

Thyroid hyperfunction , often severe and occasionally  

m anifested as thyrotoxicosis, occurs in pregnancies w ith 

trophob lastic  tum ors, e sp ec ia lly  hydatid ifo rm  m ole or
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choriocarcinoma (55,56,57) and it is attributed to the secretion 

by the tumor of a thyroid stimulator different from pituitary 

thyrotropin, possibly hCG which is present at very high 

concentration in the blood and urine of such women. However, 

some investigators have found a positive correlation between 

serum hCG concentratons and the level of thyroid function 

(represented by total or free T4 or total T3 levels) (58,59), 

w hile others have found none (60,61). Furtherm ore, the 

adm inistration in vivo of high concentrations of crude hCG to 

euthyroid men has failed to show appreciable stimulation of 

the thyroid (62).

Meanwhile, several studies have shown that hCG binds to the 

TSH receptor (63,64) and displays a weak thyrotropic activity, 

although controversial results concerning crude and pure hCG 

preparations have been obtained from different in vivo and 

in vitro bioassays.

It has been reported that all the thyrotropic activity of crude 

hCG preparations copurifies with hCG (65,66,67,68) and can be 

recovered after recombination of hCG subunits (69), strongly 

suggesting that thyrotropic activity is an intrinsic property of 

hCG. However, other studies have shown that crude hCG 

contains a bioactivity not present in pure hCG (70,71,72), thus 

im plying that certain  factors present in crude hCG and 

possibly removed during purification steps account for the 

thyrotropic activity observed, whilst hCG itself is inert.

Thyroid tissue from  d ifferen t species (m ainly bovine, 

murine, human) has been used for these studies and species-
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related differences in thyroid responsiveness to hCG might 

explain the apparent discrepancy. In this respect, observations 

on the effects of hCG in species other than man have no 

necessary relevance to the question of whether hCG or some 

other factors of trophoblastic origin is a stim ulator of the 

human thyroid. Only results obtained in the human species 

would be critica l to postu late a possible physio logical

relevance of hCG thyrotropic activity both in pathological 

conditions characterized by highly elevated hCG levels and 

during  p regnancy , p a rticu larly  in the firs t trim este r, 

explaining why the increase in maternal thyroid activity is not 

accompanied by higher TSH levels (36,37,73,74).

When using bioassay systems based on human thyroid 

tissue, a thyrotropic activity of purified hCG has been both 

confirmed (72) and denied (75). Various hCG preparations 

have been tested on human thyroid plasm a m em branes

measuring adenylate cyclase activity. Highly purified hCG was 

effective in the system, albeit at very high concentrations 

(3375 IU/ml), with a thyrotropic activity intrinsic to 1.0 IU 

roughly equivalent to 0.27 pU  of hTSH. The com ponent 

showing binding to human thyroid membranes was authentic ! 

hCG, as judged  by apparent m olecular size, subunit

com position  and testis  recep to r-b ind ing  ch a ra c te ris tic s , 

although the behavior of hCG and TSH in the bioassay was 

qualitatively different with respect to both maximal response 

and slope (72). Conversely, purified hCG was found to compete 

only very weakly with TSH for binding to human thyroid
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m em branes and com pletely failed  to activate adenylate 

cyclase, even at concentrations as high as 40,000 IU/ml. Crude 

hCG was moderately potent in displacing TSH and did not 

entirely lack adenylate cyclase-stimulating activity, which was 

very weak but significant (75). A clarification of the conflicting 

findings seems at the moment difficult. The low sensitivity to 

hCG of the bioassays based on human thyroid membranes and 

the necessity of using Graves’ thyroids (76), where the binding 

properties of the receptors may vary, may be in part 

responsible for the confusion.

Further research  is therefore required to confirm  the 

presence, identity and role of non-TSH thyroid stimulators in 

trophoblastic tumors and pregnancy, and to elucidate the 

entity and significance of hCG thyrotropic activity.

In this study, we investigate the role of hCG per se as a 

physiologically relevant thyroid stimulator in relation to its 

presence as major placental hormone in pregnancy and to its 

structural similarity to pituitary TSH. Meanwhile, we propose 

to clarify whether other hormonal factors, present in pregnant 

serum, may facilitate and enhance the thyrotropic activity of 

hCG in order to maintain thyroid homeostasis at a different set 

point (77).
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CHAPTER 2

HUMAN CHORIONIC 
GONADOTROPIN



2 .1 .  STR U C TU R E, SYNTHESIS AND SEC RETIO N  OF 

HUMAN CHORIONIC GONADOTROPIN

Human chorionic gonadotropin (hCG) is a major hormone of 

the first-trim ester placenta. It is a glycoprotein composed of 

two non-identical glycosylated subunits, designated a  and p, 

w hich are noncovalen tly  bound by e lec tro s ta tic  and 

hydrophobic interaction. Carbohydrates represent about 30% 

by weight of the molecule. The molecular weight of hCG is 

about 38,000 Da, while the two dissimilar subunits have mol 

wt of 15,000 Da (hCGa) and 23,000 Da (hCGP). The isolated 

subunits are not biologically active, but can be reassociated to 

regenerate approxim ately 100% of the original biological 

activity (78).

The a -su b u n it of hCG is virtually identical to pituitary 

glycoprotein hormones - LH, FSH and TSH; the p-subunit is 

structurally d istinct and confers im m unological and target 

organ specificity to each of the glycoprotein hormones. Thus, 

synthesis of the p subunit may reflect an expression of cellular 

differentiation within the glycoprotein hormone family (79).

The full amino acid sequence and carbohydrate structure 

have been determined only for hCG isolated from pregnancy 

urine; whether urinary hCG accurately reflects serum hCG is 

not yet known. The a  subunit contains 92 amino acid residues 

with two oligo-saccharide branched-chains attached by N- 

asparagine linkage at residues 52 and 78 (80). The secreted 

forms of the a  subunits, isolated from pregnancy urine, exhibit
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structural heterogeneity in the length of the amino acid chain 

at the amino-terminus. One variant, which represents 20% of 

the chains, appears to have lost the starting sequence Ala-Pro- 

Asp and commences with valine, while another 10% of the 

chains miss the Ala-Pro and start with Asp. Virtually the same 

type of heterogeneity has been reported to occur in other 

glycoproteins (hFS H a, ovine L H a, human placental lactogen, 

etc.) and may arise from either an in vivo catabolic event 

subsequent to secretion, or as an artifact of the purification 

process.

The hCGp subunit contains 145 aminoacid residues and six 

carbohydrate groups; two branched-oligosaccharide chains are 

attached to asparagines 13 and 30, and four small linear sugar 

groups are attached via O-serine linkages at residues 121, 127, 

132 and 138 (80). The hCGp sequence bears a marked 

homology with hLHP; approximately 80% of the residues are 

identical when the two protein structures are aligned from 

their NH2-term inal ends (F ig .l) . The only m ajor primary 

structural difference between the two P subunits is the 

presence of an additional peptide of 30 amino acids at the 

h C G p  C O O H -term inal w hich includes four add itional 

carbohydrate groups attached to serine residues.

This featu re is unique to hCG among the reported  

glycoprotein hormones and may im part additional resistance 

to proteolytic degradation, accounting for the nearly 10-fold 

increase in plasma half-life of hCG when compared with hLH 

(81).
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H2N -|SeifLys-[Gln-Pro-Leu-Arg-Prc|-Arg-|Cys)-Arg-[ft‘o-Ile-Asn-ala-Thr-Leu-Ala-

20 30
Val-Gln-Lys- Gin- Gly-Cys-Pro-Val-Cys-Ile-Thr-Val-Asn-Thr-Thr-Ile-Cys-Ala-

Gly-Tyr-Cys-Pro-Thr-Met Thr-Arg-Val-Leu-Gln-Gly-Val-Leu Pro Ala- Leu-Pro-

60______________________________________________________________ 70________

Gln-Vaj-Val-Cys-Asn-Tyr-Arg-Asp-Val-Arg-Phe-Gln-Ser-Ile-Arg-Leu-Pro-Gly-

-KL
Cys-Pro-Arg-Gly-Val-Asn-Pro-Val-Val-Ser- Tyr-Ala-Val- Ala-Leu-Ser-Cys -Gln-

90    un_______________________
Cys-Ala-Leu-Cys-Arg-ArgjSe^-Thr-Thr-Asp-Cys-Gly-Gly-Pro-Lys-Asp-His

110 120 
Pro-Leu-Thr-Cys-Asp-[Asp-Pro-Arg-Phe-Gln-Asp-Ser-Ser-Ser-Ser-Lys-Ala-Pro-

130 140
Pro-Pro-Ser-Leu-Pro-Ser-Pro-Ser-Arg-Leu-Pro-Gly-Pro-Ser-Asp-Thr-Pro-Ile-

Leu-Pro-Gln-COOH

Fig. 1 - Amino acid sequence of hCG p, showing the high 

homology with the LH p chain.
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The structu res proposed  fo r the asparag ine-a ttached  

carbohydrate side chains are complex biantennary N-linked 

oligosaccharides with terminal sialic acid. All four N-glycosidic 

carbohydrate units have identical structures, except that the 

two groups on hCG-p have an additional residue of fucose. The 

average com position of the asparaginyl oligosaccharide is 

GlcNAc:4, Gal:2, Man:3, with all sialic acid residues present as 

N-acetylneuraminic acid (NeuNAc) (Fig.2). Small fractions of 

hCG may be found which are richer in carbohydrate, having an 

additional pi — 2 branch (82). On the other hand, all four O- 

serine linked carbohydrates of hCGp have identical structures 

and are characterized by the presence of N-acetylneuraminic 

acid, galactose and N-acetylgalactosamine in a ratio of 2:1:1 

(Fig.3) (83).

hCG is norm ally  p roduced  and secre ted  by the 

syncytiotrophoblastic layer of the placenta. Its presence in the 

serum is already detectable 4-7 days after fertilization and its 

concentration reaches a peak level during the 8th-12th week 

of pregnancy. Considerable individual variations exist in peak 

values and peak times. Serum concentrations of hCG drop 

rapidly after the first trimester and remain at a more or less 

constant levels until delivery (about 10% of the peak value). 

Low values are recorded from 17-18 weeks on, with a nadir 

around week 24. Slight fluctuations are then observed until 

term, with a transient and non-significant increase around the 

32nd week.
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a p P
NeuNAc ►Gal — ►GlcNAc —►Man *

2 3 1 4  1 2  P P
Man— ► GlcNAc — ►GlcNAc —►Asn

a p P
NeuNAc — ►Gal — ►GlcNAc —►Man

2 3 1 4  1 2  Fuc

1 4 1 4 A 6

<  aI i

GlcNAc = N-acetylglucosamine 
Gal = galactose 
Man = mannose 
Fuc = L-fucose
NeuNac = N-acetylneuraminic acid

Fig. 2 - Proposed structure of the complex biantennary N- 
linked oligosaccharide chains attached to asparagine - 
residues 52 and 78 in the a-subunit, residues 13 and 
30 in the p -subun it.

NeuNAc GalNAc 
3 1 6

NeuNAc

GalNAc = N-acetylgalactosamine

Fig. 3 - Proposed structure of the carbohydrate chain attached 
to four serine residues in the P -subun it.
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The p-subunits are secreted and circulate during pregnancy 

in a manner sim ilar to native hCG, whereas free hCG a -  

subunits rise progressively until the third trimester. Free a  

and p subunits circu late in non-equim olar concentrations. 

S ince both subunits have com parab le  h a lf-liv es , the 

d iscrepancy could be explained by d ifferen tia l rates of 

synthesis and/or release by the trophoblast (84).

Independent b iosynthesis of the two subunits can be 

inferred from the isolation of a specific mRNA coding for a -  

subunit and a different specific mRNA coding for p -su b u n it 

(85). The complex series of post translational modifications 

required before secretion may also determine a different rate 

of release of the subunits, as will be explained in more detail.

The intracellular steps of synthesis and secretion of hCG 

have been studied by pulse-chase experiments in cultures of 

1st trim ester p lacental tissue. a -  and p -su b u n its  are 

syn thesized  independen tly  as p recu rso r m olecules that 

undergo a series of co- and post-translational modifications 

before assembly and secretion. The precursor forms of the two 

subunits contain two prepeptide sequences which differ in the 

content of charged amino acids. The prepeptide portion of pre- 

hCG a  is characterized by the presence of 11 (out of 24) 

charged amino-acids, while the p-subunit pre-portion contains 

only one acidic and no basic amino acid, a rather peculiar 

feature since basic am inoacids are usually found near the 

am ino-term inus of m ost signal peptides. The a  and P 

prepeptides are cleaved to a shorter form containing the
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authentic am ino-term inal sequence of the secreted form  

without any intermediate "pro"-form (86). It has been possible 

to iso la te  from  1st trim ester p lacen tal cu ltu res four 

intracellular forms of the a-subun it with different m olecular 

weights. These are considered to represent the precursor of 

the a -su b u n it  o f secreted hCG at d ifferen t stages of 

glycosylation. The smallest form appears to be carbohydrate- 

free and it is rapidly converted into glycosylated precursors, 

contain ing  m annose-rich partia lly  sia ly la ted  carbohydrate 

residues, successively processed to produce the mature a -  

subunit. However, the mature a-subunit does not accumulate 

in the tissue, suggesting that the formation of the mature a -  

subunit is immediately followed by the assembly with the P- 

subunit and the secretion of the hCG molecule. Therefore, the 

com pletion of the carbohydrate part of the a -su b u n it is 

possibly a signal for subunit assembly and secretion of the 

horm one.

In oligosaccharide processing, the rate-lim iting  step is 

probably related to the conversion from the high-m annose 

form to Man3G lcN A c2 through the a-m annosidase activity in 

the Golgi com plex. E ither the rate of transfer from  the 

endoplasmic reticulum (site of synthesis and initial processing) 

to the Golgi apparatus or a a-m annosidase activity  relatively  

low compared to the newly synthesized subunits could be the 

critical steps (87).

The fraction of the a-subun it not associated with the p- 

subunit is further glycosylated and secreted as free a  (88).
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The secreted free a-subun its have higher m olecular weight 

than the a-subunit dissociated from intact hCG, a higher sialic 

acid content and a different carbohydrate structure (with a 

high proportion not binding to Con A). These free a -su b u n its  

are unable to recombine with the p-subunit, possibly due to 

steric hindrance (89). Thus, the supply of combinable a  is a 

limiting step for the secretion of a complete hCG molecule, 

while hyperglycosylated a -  and excess p-subunits are secreted 

uncom bined.

The independent synthesis of a  and p subunits has been 

confirm ed by the isolation of separate mRNAs (85) and 

distinct genes (90,91) encoding each subunit. There is only a 

single copy gene encoding the a-subunit common to all the 

g ly co p ro te in  horm ones, w hich has been m apped to 

chromosome 6 and is expressed in both the pituitary and the 

placenta (90). The gene structure for the p-subunit of hCG is 

much more complex: p-hCG is encoded by eicjhb genes or 

pseudogenes located on chromosome 19. These genes are 

linked to the highly homologous single LH P-subunit gene in 

an unusual structural organization with genes arranged in 

tandem and inverted pairs. Four of the genes, 1/2 and 5/6, are 

found in inverted pairs. In both cases the genes are arranged 

in the order 5 '-3 \ space, 3’-5’ so that, assuming both genes are 

active, transcription would be convergent. DNA sequencing 

and restriction enzyme analysis has shown that these two 

pairs are very similar. In contrast, p-hCG 3/4 and 7/8 form 

tandem gene pairs (Fig. 4) (91).
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Fig. 4 -  Structural organization of the eight genes encoding 

the p-subunit of hCG. Four of the genes, p-hCG 1 and 2, 

and 5 and 6, are found in inverted pairs. The arrows 

point in the proposed direction of transcription.

All genes have two introns, named A and B, about 350 

and 230 nucleotides long.
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Comparison of the sequence for the single p-LH and for two 

of the P-hCG genes suggests that the p-hCG genes evolved from 

an ancestral LH-betalike gene by duplication followed by a 

series of selected changes which generated and fixed the new 

p-hCG function. Soon after the establishm ent of this new 

function, the p-hCG gene itself duplicated and rearranged to 

give the p resen t com plex o rganization . The sequence 

comparison also shows that the carboxy-terminal extension of 

the p-hCG subunit protein arose by a readthrough event in 

which the 3’-untranslated region of the p-LH gene became 

incorporated into the coding region. This readthrough has been 

caused by a single base deletion which put the p-hCG sequence 

out of frame with the last seven codons of p-LH (92).

The significance of these evolutionary changes is not 

obvious. LH and hCG bind to the same testicular and ovarian 

receptors and are very sim ilar both functiona lly  and 

structurally, although they are expressed in different tissues 

and at different physiological phases. W hereas pituitary LH 

has been conserved throughout mammalian evolution, CG is 

found only in the placentae of certain mammals such as 

horses, baboons and humans, and is thus considered to be the 

most recently evolved member of the glycoprotein hormone 

gene family. From the rapid rate of replacem ent relative to 

neutral changes, it seems likely that selection of a new 

function is the mechanism most consistent with the sequence 

differences. hCG is 10 times more stable than LH, due to the 

presence of the COOH-terminal extension, but it has been
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suggested that stability is not the only difference between the 

two hormones and that other, as yet unidentified, functional 

differences required the observed coding changes. Moreover, 

the finding that P-hCG is coded for by several genes requires 

the establishm ent of whether all the p -subun it genes are 

functional and, if  so, w hether there are any significant 

differences between them and between their products.

A lthough hCG is norm ally secreted by the placental 

syncytiotrophoblast during pregnancy, it is also produced in 

pathological conditions by gestational trophoblastic neoplasms, 

either hydatidiform moles or choriocarcinoma (93), and by a 

wide variety of m alignant tumors (carcinom as of lung, 

stom ach, pancreas and colon) (94 ,95 ,96). The ectopic 

polypeptide production was thought to represent activation of 

previously repressed DNA during the process of neoplasia. 

Interestingly, however, hCG -like im m unoactivity has been 

isolated from normal tissues, including pituitary (97), testis 

(98), liver and colon (99), and hCG has been found in the 

plasm a of norm al nonpregnan t sub jects (100). Thus, 

"derepression" of the genome for CG synthesis might also occur 

during normal cell replication, plasma concentrations of hCG 

being a sensitive marker of cell turnover and reflecting a 

condition of enhanced cellular proliferation. In this respect, 

the ectopic secretion found in tumors would simply be a 

quantitative deviation from normal.

It is important to consider, however, that immunoreactivity 

only establishes a polypeptide homology and does not imply a
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biological activity or physiological function. Thus, although 

hCG-like im m unoactivity might be consider ubiquitous and 

marker of several malignancies, as is the case of a - s u b u n i t  

production, the secretion of hCG in a regulated way and for a 

biological purpose seems unique to pregnancy.

2 .2 .  MICROHETEROGENEITY OF hCG AND OTHER GLYCO

PROTEIN HORMONES

Microheterogeneity of glycoprotein hormones (TSH, FSH, LH, 

hCG), with regard to both molecular charge and size, has been 

well established in several species by the use of separation 

techniques, such as ion exchange chrom atography, gel 

electrophoresis and isoelectric focusing. To some extent such 

polym orphism  seems to be due to transform ation of the 

glycoproteins during their life cycles from subunit precursors 

to hormones and to more or less catabolized forms. The 

chemical basis for this heterogeneity is unknown, possibly due 

to differences in either amide or carbohydrate content, to 

conformational dissimilarities or sequence heterogeneity.

Heterogeneous forms of TSH and its subunits, apparently 

d iffering  in the ir carbohydrate com position, have been 

detected during various stages of biosynthesis in mouse 

pituitary tumor cells (101) and in sera from tumor-bearing 

mice (102). The differential lectin binding of these forms 

indicates specific differences in the amount or availability of
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a-m annose, p Gal NAc and/or p Gal. Multiple components are 

recognized in bovine pituitary TSH by charge electrophoresis 

(103), isoelectric focusing (104), ion exchange chromatographic 

(105) and reverse phase chromatographic (106) experiments, 

and by high resolution analytical gel chromatography (102). 

This m icroheterogeneity is reflected in different biological 

potencies and immunological properties. The majority of the 

immuno- and bioactive forms have been resolved by gel 

filtration between the apparent molecular weight range of 

24,000-30,000 Da. These different forms of TSH, although 

ex h ib itin g  sim ila r im m unological and recep to r-b in d in g  

activ ities, d iffer w idely in biological activity (B /I ratio  

between 0.4 and 1.6). The low B/I forms have been shown to 

correspond to lower apparent molecular weights and to act as 

partial com petitive antagonists of more biologically active 

forms (102). Thus, it appears that the full integrity of the 

carbohydrate moiety is not required for receptor recognition 

and interaction, but seems to be necessary for stimulation of 

adenylate cyclase and expression of biological activity.

Endocrine factors (TRH and thyroid hormones) seem to 

regulate TSH synthesis at pretranslational, translational or 

posttranslational levels, resulting in changes in the apoprotein 

or carbohydrate moieties of one or both TSH subunits. TRH 

m inim ally  stim ulates TSH apoprotein  b io syn thesis but 

selectively increases the carbohydrate to amino acid ratio, so 

that the newly synthesized secreted TSH is more highly 

glycosylated after TRH treatment. Such alterations of TSH
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glycosylation  caused by TRH may reflect carbohydrate 

structural changes important for hormone release, biological 

activity or clearance (107).

In the rat, the content and distribution of individual 

com ponents of TSH in the pituitary are also affected by 

c ircu la tin g  thyro id  horm ones. D istinc t com ponents of 

immunoreactive TSH are present in the normal rat pituitary, 

mostly distributed over a region of isoelectric point (pi) 

between pH 6.6-8.3. Hypothyroidism is accompanied not only 

by changes in total TSH content but also by fluctuations in 

individual TSH components, due to differentially altered rates 

of secretion, synthesis and interconversion. The content of 

acidic TSH decreases to a greater extent than other forms, 

while it is alkaline TSH that reaccumulates earlier, suggesting 

that acidic TSH is more sensitive to the secretion-inducing 

effects of thyroid hormones, and alkaline TSH is more readily 

affected at the level of synthesis and processing. It is also 

possible that thyroid hormones influence the conversion from 

alkaline TSH to more acidic forms within the pituitary (108). 

The isoelectric focusing pattern of serum TSH resembles that 

of pituitary TSH, implying that every form of TSH is then 

released from the gland nonselectively.

In normal subjects and patients with different degrees of 

prim ary hypothyroidism , an inverse relationship has been 

found between the metabolic status in terms of circulating 

thyroid horm one levels and the b io logical potency of 

circulating TSH (109). Because of the known relationship
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between TSH bioactivity and glycosylation, as well as the 

evidence for thyroid hormone regulation of TSH glycosylation 

and metabolic clearance in the rat (110), it seems conceivable 

that, also in hum ans, thyroid horm ones regu la te  TSH 

carbohydrate structure and, consequently, its bioactivity.

In the case of FSH, ovarian hormones influence the charge of 

FSH forms circulating in blood. It has been shown that FSH 

circulating in young women is relatively more basic (p l« 4 .4 ) 

than in postm enopausal wom en and both norm al and 

castrated men (pl*4.1), suggesting a connection between this

alteration in charge and fertility. When estrogens are given to

men, less acidic forms of FSH appear in the circulation, 

implying that estrogen can modify the structure of FSH (111).

Differences in the content of sialic acid residues on FSH

account for the d ifferent charge, as the electrophoretic  

migration rate of FSH becomes the same after treatment with 

neuroaminidase. A consequence of a lower sialic acid content 

of FSH in premenopausal women is a more rapid metabolic 

clearance of the hormone which could be physiologically 

im portant in order to fac ilita te  the fine regulation  of 

hypophyseal control on the ovaries during the menstrual cycle 

( 112).

In animal models - rhesus monkey and rat - it has been 

possible to demonstrate that apparent m olecular size, ratio  

between biological and immunological activities and plasma 

disappearance rates of gonadotrophins are related to the sex 

of anim als, castration and treatm ent with sex stero ids
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(113,114) providing a first step in the investigation on the 

biological significance of the charge heterogeneity of these 

horm ones.

Several investigators have reported m icroheterogeneity or 

polymorphism of hCG and its subunits isolated from various 

sources (serum , urine, placental ex tracts, tum our tissue, 

lysates and media of established eutopic and ectopic cell lines), 

proposing differences in either amino acid or carbohydrate 

content as chemical bases for this heterogeneity. Variations in 

amino acid composition have been noted for hCG a  isolated 

from placenta (115), a gastric carcinoid (96) and cultured 

choriocarcinoma cells (116). On the other hand, multiple forms 

of hCG, differing in their net charge and sialic acid content, 

have been demonstrated in pregnancy urine (117). Urinary 

hCG appears to be less glycosylated in comparison to plasma 

forms, as shown by Concanavalin A affinity chromatography 

(118).

Regarding placental hCG, some forms isolated from the 

placenta have a lower glycoside content than serum hCG 

(119,120,121). These differences in the degree of glycosylation 

might be partially explained by the complex co- and post- 

translational processing required before a -  and (3-subunits are 

assem b led  and sec re ted . In  both  c u ltu re d  hum an 

choriocarcinom a cells (119) and fresh, non-cultured normal 

placental tissue (120), it has been shown that the major 

intracellular molecular species of hCG subunits exist as high- 

m annose sm aller precursors that m ust be trim m ed by
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endogenous glycosidases and modified by addition of terminal 

sialic acid-containing oligosaccharide units before or at the 

time of secretion. A dimer composed of small a -  and P- 

subunits has been also found in human choriocarcinoma cells 

and normal human placentae (121). This small hCG dimer has 

been characterized  after pu rification  from  hum an firs t 

trim ester placental tissues where it represents one of the 

principal forms of the hormone, possibly a key intermediate in 

the posttranslational biosynthesis of hCG (122). Its apparent 

molecular weight by gel filtration is 43,000 Da compared to 

58,000 Da for mature hCG, this being primarily attributed to 

the reduced size of the p-subunit. The pep tide backbone 

appears intact, whereas the sugar chains are incom pletely 

form ed w ith high-m annose core structu re  and a low 

hexosamine content. The p i of small hCG is around 10.0, 

similar to asialo-hCG, thus suggesting a deficiency of terminal 

sialic acid residues. A noteworthy finding has been the lower 

biological activity, although the receptor-binding activity was 

high, indicating that the sugar chains in the hCG molecule may 

not participate in its binding to the receptor, but seem to be 

essential for mediating biological activity (122).

The molecular size and charge of hCG from molar pregnancy 

has been shown to be different from norm al pregnancy 

urinary hCG, due to differences in amino acid sequence and to 

lower carbohydrate and sialic acid content (123). Isoelectric 

focusing results in at least eight d istinguishable peaks, 

corresponding to pis from 3.8 to 5.9 (124), their relative
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percentage varying at different stages of pregnancy and in 

hydatidiform  mole (125). Additional acidic forms have been 

specifically found in choriocarcinoma (pi = 3.2-3.7). In sera of 

patients with testicular cancer, hCG variants have been 

isolated by Con A-Sepharose chromatography, as they don't 

bind to Con A and mainly elute in the void volume (126,127), 

probably  because of a low m annoside con ten t (128). 

C haracteristic of patients with choriocarcinom a has been 

shown to be the excretion of desialylated forms, in a higher 

proportion than in normal pregnancy (129,130), possibly due 

to a defective sialylation mechanism, especially for N-linked 

side chains (131).

A lthough a greater variab ility  has been observed in 

trophoblastic tumours, molecular heterogeneity has also been 

described for hCG in normal pregnancy. In particular, hCG 

from the first trimester of pregnancy shows multiple peaks at 

gel filtration, with the dominant peak eluting with an apparent 

molecular weight higher than that of third trimester urinary 

and placental hCGs. Alterations in the carbohydrate portion of 

the molecule account for the observed differences, as they are 

minimized under denaturing conditions (132).

The forms of hCG produced early and late in pregnancy have 

been reported to differ qualitatively both with respect to their 

median charge and to metabolic clearance rate (MCR). The 

median charge is less negative late in pregnancy and hCG 

disappears faster from the circulation when tested in mouse 

(133). The production of isoforms with a higher MCR might
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partially explain the lower concentration of serum hCG in 2nd 

and 3rd trim ester of pregnancy, provided that these 

differences in MCR, dem onstrated in mouse, also exist in 

hum ans.

In teresting ly , structural polym orphism  seems to closely 

affect imm uno- and b io-activ ity ; B/I ratios change as 

pregnancy progresses and are different in hydatidiform mole 

and trophoblastic tumours com pared to norm al pregnancy 

(134,135). Very little  is known at p resen t about the 

relationship between immunoreactivity and bioactivity of hCG 

during pregnancy. The hormonal dom ains responsible for 

biological and immunological activity may be identical and 

antisera may thus recognize molecular domains different from 

those needed to elicit the biological response to hormonal 

stimulation (136). All immunoassays are based, as reference 

standard preparations, on hCG and subunits prepared from 

urine collected during the first trimester of pregnancy. Serum 

hCG from both early and late pregnancy may present different 

degree of cross-reactivity, thus altering its immunopotency. 

Furthermore the biological activity of the molecules seems to 

be influenced by the structural heterogeneity, probably linked 

to different glycoside and sialic acid contents (137), as 

reflected by the greater variability in hCG values measured in 

bioassay compared to immuno- or radioreceptor-assays (136).

The use of monoclonal antibodies, directed towards single 

epitopes, has been proposed as a useful tool in identifying the 

receptor-recognition and biological activity determ inants on
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the molecule, according to the differing degrees of inhibition of 

b ioactiv ity  obtained (138). Several hCG sites, although 

immunogenic, do not interfere with the receptor-binding part 

of the molecule (139). Particularly antibodies to the COOH- 

terminal region of the p-subunit fail to block hCG bioactivity 

and the removal of this fragment from hCG does not alter its 

in vitro biological activity (140).

The reported findings of a m ajor polym orphism  have 

prom pted several studies to investiga te  w hat are the 

structural domain(s) requisite for the biological functions of 

hCG.

2 .3 .  GONADOTROPIC AND THYROTROPIC ACTIVITY OF 

hCG

The principal biological role of hCG is thought to be the 

stim ulation of steroid hormone secretion by the ovarian 

corpus luteum at the beginning of pregnancy until placental 

function is completely established. hCG appears to act in a 

similar manner as hLH, from interaction at the same receptor 

sites, to activation of the membrane adenylate cyclase and 

initiation of steroid hormone biosynthesis. Its gonadotropic 

activity is studied in vitro as the ability to stimulate rat 

testicular tissues (141,142) and ovarian luteal cells (143,144).

With respect to the gonadotropic activity, the carbohydrate
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m oieties appear to be essential. The removal of sialic acid 

residues does not affect hCG activity in radioreceptor assay; on 

the contrary, desialylation results in a marked loss of in vitro 

b io log ica l ac tiv ity , m easured as cAM P form ation  and 

steroidogenesis both in rat Leydig cells (142,145) and luteal 

cells (144). When other sugar residues (galactose, glcNAc, 

m annose) are removed, all deglycosylated derivatives (hCG- 

doc+dp, hCG -a+dp, hCG-da+p) bind with the same affinity to the 

hCG receptor; however, the hybrids hCG-da+p and -a+ dp  only 

produce 15-40% of the maximal response and hCG -da + dp

barely elicits a response in terms of cAMP production and

steroidogenesis. All derivatives show essentially  identical 

immunoreactivity suggesting that there is no alteration in the 

polypeptide chain and that the carbohydrates of both or the 

individual subunits are not part of the antibody binding sites. 

Moreover, the deglycosylation of the subunits does not affect 

their ability to reassociate with each other or with the

corresponding native subunit. Thus, the deglycosylation of one

or both subunits leads to a drastic reduction in the biological 

activity only. The loss of biological, but not receptor binding, 

activity also imparts antagonistic properties to deglycosylated 

hormones in that they compete at the receptor level with the 

bioactive forms. Regarding the specific role of carbohydrate 

structures in a -  and P-subunits, it has been reported that only 

modifications of the glycosidic residues on the p-subunit affect 

the biological activity whereas the a-subunit is relatively inert 

(146).
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A com plete explanation and the precise site o f the 

carbohydrate action at the receptor level are not known. The 

loss of carbohydrate does not seem to change the conformation 

of the receptor binding site, since the deglycosylated hormone 

also binds to the receptor. It is possible that the carbohydrate 

moiety may play a key role in the transmission of the signal 

from the hormone-receptor complex to the interior of the cell, 

possibly in coupling the hormone-receptor complex to the G 

protein and the catalytic subunit of adenylate cyclase. A 

coupling factor which recognizes the carbohydrate might be 

involved in the interaction of the hormone-receptor complex 

with the G protein, otherwise the deglycosylated hCG may not 

induce the appropriate conformation in the hormone-receptor 

complex necessary for its interaction with the G protein (147). 

However, it must be underlined that, according to currently 

accepted models, polypeptide hormones (e.g. ACTH, glucagon, 

PRL and GH) bind to the receptor and activate the cyclic AMP 

pathway in several cell types, though lacking carbohydrate 

residues. Thus, the removal of carbohydrate may alternatively 

affect the ability of the hormone-receptor complex to diffuse 

laterally in the membrane or to form microaggregates (148), 

or to stim ulate m em brane phospholipid transm ethylation  

(149), all steps involved in the mechanism of action of 

polypeptide hormones.

Beside the primary biological activity, at least two more 

secondary functions, supposedly intrinsic to the hCG molecule, 

have been described. As the follicle-stimulating activity (FSA)
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found in pregnancy urine, does not appear due to contam ination by 

pitu itary  FSH (150) and copurifies w ith hCG  (151), evidence 

suggests that also the thyroid-stimulating activity (TSA) is accounted 

for by the hCG molecule. The interaction of hCG  w ith the TSH 

receptor and the in vitro TSA, dem onstrated in several species, 

have been already described in 1.3 (pp. 17-19).

The structural domain(s) involved in the receptor binding and the 

activation  of adenylate cyclase in thyroidal tissue have been 

investigated follow ing the same approach as fo r studying the 

gonadotropic activity. Preliminary experimental evidence seems to 

indicate that sialic acid is also a key com ponent o f the carbohydrate 

m oiety regarding the thyrotropic activity. The rem oval o f sialic 

acid residues greatly enhances the binding affinity of hCG  for the 

TSH receptor; however, asialo-hCG is not effective in eliciting a 

cAM P response and behaves as competitive antagonist of TSH  action 

on adenylate cyclase (152,153). The sialic acid  residues are 

negatively charged and this characteristic m ay be im portant in 

triggering the thyroidal adenylate cyclase. In this regard, it is of 

note that hLH and pTSH, which are able to bind to human thyroid 

m em branes and to stim ulate adenylate cyclase therein, do not 

co n ta in  term inal sia lic  acid on th e ir ca rb o h y d ra te  cha ins. 

N o n eth less, th e ir  te rm inal g roups are n eg a tiv e ly  ch arg ed  

(sulphates). Although opposite observations have also been reported, 

sialic acid in the p-subunit of hCG appears to have a predom inant 

role in these effects (154).

The carboxy-term inal pep tide o f the p -su b u n it, u n iq u e ly  

differentiating hCG from the other glycoprotein hormones, has also
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been studied in relation to the thyrotropic activity. The cleavage of 

carboxy-term inal am inoacid residues from  hC G -p subunit by a 

m ixture of carboxypep tidase  B and Y resu lts  in increased  

stimulation of adenylate cyclase in hum an thyroid membranes. The 

increase is enzym e dose-, incubation  tim e-dependent, and is 

associated to a slight decrease in apparent m olecular weight and a 

70% decrease in imm unopotency (155). The carboxy-term inus of 

the oc-subunit is protected against the action of carboxypeptidase 

(156). O nly a m inute am ount o f Ser, the carboxy-term inal 

aminoacid of hC G a, is released, thus implying that modifications in 

the P-carboxyterm inal peptide are responsible for affecting the 

thyrotropic activity, either directly  related to receptor-

recognition sites, or through indirect conform ational changes o f 

sites remote but functionally critical.

In conclusion, the m olecular bases for hCG  thyrotropic activity 

are still poorly understood. The divergent effects of desialylation 

(enhanced binding and dim inished thyrotropic activity) on the 

thyroid m em brane functions of hCG  m ay argue for the separate 

nature of these two functions in the structure of the horm one, 

suggesting that one structural domain is required for recognition by 

the TSH receptor and a second domain is essential for triggering the 

biological response. The carbohydrate m oieties m ight im pede the 

process o f recognition at receptor level, w hile prom oting the 

activation of the adenylate cyclase system . Likew ise, sialic acid  

residues in hTSH, essential fo r its b io log ica l ac tiv ity  (157), 

paradoxically  decrease its ability  to b ind  to hum an thy ro id
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receptors, desialylation of hTSH resulting in an enhanced receptor 

binding activity (158).

2 .4  O U T L IN E  O F  T H E  STUDY

The proposed study is specifically centred on the characterisation 

of a putative placental thyroid stimulator, possibly structurally and 

im m unologically related to hCG. Recent evidence suggests that, 

during norm al pregnancy, the control o f m aternal thyroid gland 

may, at least in part, be transferred from the m aternal pituitary to 

the placenta, as explained in 1.3 (pp. 15-16).

The Thyroid Stim ulating A ctivity  (TSA) intrinsic to hum an 

chorionic gonadotropin will be m easured by using a bioassay for 

TSH  of extrem e sensitiv ity  and reproducib ility , subsequently  

establishing the structural and imm unological characteristics of the 

thyrotropic factor (whether structurally related to TSH or hCG).

Part of our study will address the investigation o f structure- 

function relationships, within hCG m olecule, specifically related to 

its thyroid stimulating activity. Our purpose will be to investigate 

the effects of hCG structural microheterogeneity (as reflected by the 

presence of several isoforms w ith different pis) on its thyrotropic 

activ ity  and to establish  w hether d iscrete isoform s cou ld  be 

specifically responsible for TSA.

Finally, a clinical evaluation of m aternal thyroid function during 

the course of pregnancy will be perform ed in a group of norm al 

women, m easuring the circulating levels o f thyroid horm ones, both
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the total concentration and the free fraction, TBG, TSH and hCG. 

The relevance of charge m icroheterogeneity of hCG  at different 

stages o f gestation will also be addressed studying the elution profile 

at chrom atofocusing of circulating hCG both in the 1st and 2nd 

trim esters. The Thyroid Stim ulating A ctivity in norm al pregnant 

serum  sam ples w ill be m easured and related to serum  hCG 

concentrations, in an attem pt to establish what factors m ight be of 

physiological importance in regulating the maternal thyroid activity.
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CHAPTER 3

MATERIALS AND METHODS



3 .1  MATERIALS

General laboratory chemicals were purchased from BDH Ltd 

(Dagenham , Essex) and were of AnalaR grade w herever 

possible. All fine chem icals were obtained from  Sigm a 

Chemical Co. Ltd (Poole, Dorset). Coon's modified Ham's F-12 

medium, obtained from Gibco-Europe Ltd, Paisley, was used 

for growing FRTL-5 cells. Newborn Calf Serum and antibiotics 

were also purchased from Gibco. All hormones for medium 

supplementation were obtained from Sigma.

Standard preparations of bovine TSH (1st IRP, coded 53/11), 

human TSH (2nd IRP, coded 80/558), pituitary hLH (2nd IRP, 

coded 80/552) and highly purified hCG (1st IRP, coded 

75/537) were supplied by the National Institute for Biological 

Standards and Control, Mill Hill, London. Partially purified hCG 

was purchased from Sigma (CG-B; gonadotropic potency »

4,000 IU/mg) and from Serono, Welwyn Garden City (Profasi; 

gonadotropic potency « 9,000 IU/mg).

Details of any chemicals or equipment obtained elsewhere 

are given in the text.

3 .2  IN  VITRO  BIOASSAY

The measurement of TSH-like biological activity has been 

perfo rm ed  in vitro using a con tinuously  grow ing, u n 

transform ed cell line (FRTL-5 cell strain), derived from
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prim ary cultures of normal adult F isher rat glands. D etails about 

the characteristics of FRTL-5 cells w ill be given in 4.1.1. The 

functional properties of cyclic AM P accumulation and I" transport 

in FRTL-5 cells have been utilized as sensitive biological assay 

procedures for thyroid  stim ulators of both physio logical and 

pathological origin.

3.2.1 C ell c u ltu re  co n d itio n s 

FRTL-5 cells have been grown according to the optim al culture 

conditions described by Ambesi-Im piom bato et al. (159). Briefly, 

Coon’s m odified H am ’s F-12 medium supplemented w ith 5% calf 

serum has been used with the addition (6H medium) of TSH  -5 

mU/ml-, insulin -10 mg/ml-, hydrocortisone -10“^ M-, transferrin - 

5 mg/ml-, glycyl histidyl lysine acetate -10 ng/ml-, somatostatin -10 

ng/ml. Cells are cultured in 10 cm diam eter Petri dishes under 5% 

C O 2 in air in a w ater-saturated incubator, renewing the m edium  

tw ice weekly. At confluence, cells are passaged using a trypsin- 

collagenase mixure (trypsin 0.75 mg/m l, collagenase 20 units/m l 

and 2% heat-inactivated chicken serum in Ca" and M g ' free Hanks' 

Balanced Salt Solution), centrifuged at 300 g for 7 m in. and 

resuspended in medium containing 2mM EGTA. Vigorous pipetting 

insures dispersion as a single-cell suspension, before seeding at a 

density of 2x10^ cells/ml in 24-well tissue culture dishes. Cells are 

grown for 4-6 days to confluence in the full 6H medium, i.e. in the 

presence of TSH, then for further 7-10 days in 5H m edium , i.e.
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devoid of TSH, before testing their responsiveness to TSH and other 

stimulators.

3.2.2. Intracellular cAMP accumulation

The m easurem ent of extracellular cAM P has been performed by 

incubating the appropriate stim ulator in 10 mM HEPES buffered 

hypotonic HBSS, pH 7.4, with 0.4% BSA and 0.5 mM IMX, for 60 

min. at 37°C. The hypotonic medium (see Table 1) allows >95% of 

cAM P to move extracellularly (160). The reaction is terminated by 

aspiration of the surnatant liquid which is immediately analyzed for 

cAM P by RIA. Results are expressed as picomoles cyclic AMP/ml.

Tab. 1- Com position of H anks’ Balanced Salt Solution iso- and 
hypotonic, as used in cAM P bioassay. The reagents 
m arked (*) are not added to the hypotonic solution. 
HBSS is buffered with 10 mM HEPES at pH 7.3.

NaCl 137 mM *
KC1 5 mM

CaCl2 1.3 mM

M gS 04 0.4 mM

MgCl2 0.5 mM *

Na2HP04 0.34 mM

k h 2p o 4 0.44 mM

Glucose 0.1%

- 4 9 -



In order to evaluate possible differences in the number of 

cell originally plated in each assay well, DNA content is 

measured in the cell debris remaining in the plate by the

diphenylam ine method as described in (161) or protein  

concentrations are measured by a colorimetric method (162).

3.2.3. Uptake of inorganic iodide

The uptake of iodide by FRTL-5 cells has been studied

according to the following procedure. After exposing cultures

to the appropriate stimulator for 48 hrs. in the presence of

0.005 mM IMX, cells are washed twice with buffered HBSS and 

then incubated with 0.5 ml buffered HBSS containing carrier- 

free N a125I (0.2 pCi) and 10 pM  Nal to give a specific activity 

of 20 pCi/mmole. The reaction proceed at 37°C for 30-40 min. 

in a humidified atmosphere and is terminated by aspirating 

the medium and washing the cells with 1 ml of ice-cold 

buffered HBSS. The washing step is performed very rapidly, 

well by well, to avoid the rapid efflux of accumulated iodide. 

To determine the amount of 1251 associated with the cells, the 

cells are extracted with 0.5 ml of 10% trichloroacetic acid 

(TCA). In the absence of cells, fewer than 0.5% of the added 

counts are associated with the plate. Results are expressed as 

% of the radioactivity originally added. The dose-response 

curves have been analysized by the four-param eter logistic

model (163), in order to evaluate the response at 'O’ and 

'infinite' dose, slope of the curve and biopotency.
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3.3 GEL FILTRATION

Two different gel f ilia tio n s  have been performed with a 

Sephadex G-100 column and a HPLC system to initially

characterize the structural properties of Thyroid Stimulating 

Activity (TSA) in urinary hCG and to establish whether TSA is 

structurally related to TSH (molecular weight =28,000 Da) or 

hCG (molecular weight =38,000 Da).

3.3.1. Sephadex G-100 column

Sephadex G-100 Superfine gel, swollen and packed in a 100 

x 1.6 cm. column, was equilibrated with PBS (10 mM sodium 

phoshate, 0.15 M NaCl, 5 mM KC1, 0.1% BSA, pH 7.4). The

elution has been carried out at a flow rate of 5 ml/h, collecting

2-ml fractions under UV monitoring.

The column has been first calibrated by eluting standard 

proteins of known molecular weight (mol. wt.). Bovine Serum 

Album in (mol. wt. 67,000 Da), Ovalbum in (43,000 Da), 

Chymotrypsinogen A (25,000 Da) and Cytocrome C (12,500 Da) 

have been used as reference proteins, the useful mol. wt. 

fractionation range of the gel being 4,000-100,000 Da for 

globular proteins. Blue Dextran indicated the Void Volume 

(Vo).

On the basis of their elution volumes, the Coefficient of 

Partition (Kav) could be calculated for each standard:

Kav = (Ve - Vt) /  (Vt - Vo) 

where Ve is the elution volume of the standard considered, Vo
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the Void volume and Vt the Total Volume of the column. The 

ca lib ra tion  curve has been rep resen ted  by the linear 

regression between each Kav and the logarithm of mol. wt.

Standard hTSH (2nd IRP, 80/558) and hCG (1st IRP, 75/537) 

were both chrom atographed and their apparent mol. wt. 

established. Partially purified urinary hCG has been also 

chromatographed on the column. hCG concentration in each 

fraction has been m easured by im m unofluorim etric assay 

(Delfia hCG, Pharmacia/LKB). The ascending and descending 

parts of the peak have been pooled and then tested in the 

bioassay in sequential dilutions.

3.3.2. TSK-G 3000 SW

A TSK-G 3000 SW column in HPLC (Watson, Ltd.) (separation 

range: 1,000 - 300,000 D) was used to confirm the results 

obtained by Sephadex G-100 chrom atography, given the 

excellent separation efficiency of this system (high resolution 

and low absorption).

The separation has been carried out at a flow rate of 0.5 

ml/min, collecting 0.5-ml fractions under UV monitoring. The 

column has been first calibrated by eluting standard proteins 

of known mol. wt. (BSA, Ovalbumin, Chymotrypsinogen A and 

Ribonuclease A) as already described for gel filtration on 

Sephadex G-100.

The experim ental design was sim ilar to that followed for 

Sephadex G-100 column chromatography.
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3 . 4  CHROMATOFOCUSING

Chromatofocusing has been performed on Mono P HR 5/20 

colum n (Pharm acia, L td .). The colum n has been firs t 

equilibrated with Histidine-HCl 25 mM, pH 6.5 as starting 

buffer, before loading 1.5 ml sample, dissolved in the same 

buffer. The column has been then eluted with an amphoteric 

buffer giving even buffering capacity over a pH gradient 

between 6.2 and 3.2 (1:10 Polybuffer 74, Pharmacia Ltd.). 

After reaching pH 3.2, a final elution has been obtained using 

1M NaCl buffer in order to remove the most acidic proteins 

remaining bound to the column.

Fractions of 0.5 ml have been collected at a flow rate of 0.5 

ml/min under UV and pH monitoring. After measurement, pH 

has been neutralized by adding 5% vol/vol of Tris 0.5 M. In all 

the fractions, hCG concentration has been m easured by 

immunoassay (Delfia hCG, Pharmacia/LKB), so that fractions of 

defined pis could be pooled, concentrated by ultrafiltration in 

Amicon Centricon-10 micro- concentrators (nominal mol wt 

cutoff 10,000; Amicon Corp.) and equilibrated with HBSS (final 

volume: 1 ml). The relative percentage of hCG immunoactivity 

corresponding to discrete pis was calculated, together with the 

percentage of acidic forms arbitrarily defined as hCG eluting at 

pH < 4.0 = (pl<4.0/pl 3.2-6.2) x 100.

hCG components have been then subjected to Bradford assay 

for measuring protein concentration (in a range concentration 

of 20-200 pg/ml), and to bioassay for measuring iodide uptake
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as index of Thyroid Stimulating Activity. Their stimulatory 

activity was compared to that of unfractionated hCG, incubated 

for 30'-60* with polybuffer and equilibrated with HBSS by 

u ltra filtra tio n .

The reproducibility of the Mono P column in forming the pH 

g ra d ie n t has been ch eck ed  by b lan k  ru n s . The 

chrom atofocusing system has been calibrated with standard 

proteins of known pis (500 pg each of p-lactoglobulin A pi 5.1, 

glucose oxidase pi 4.2, amyloglucosidase, pi 3.6).

Partially  purified urinary hCG with different degrees of 

purity has been fractionated on Mono P column. A crude 

preparation (hCG 1 = CG-B from Sigma; biopotency * 4,000 

IU/mg) has been fractionated in a series of eight experiments, 

using different batches of the preparation. A more purified 

preparation (hCG 2 = Profasi from Serono; biopotency « 9,000 

IU/mg) has also been studied in a series of eight experiments.

In the second part of the chromatofocusing study, serum 

samples from 1st and 2nd trimester normal pregnant women 

have been loaded on Mono P column (100 p i of serum in 1.5 

ml Histidine-HCl buffer, 25 mM) and fractionated following the 

same procedure as for urinary hCG. hCG concentration in each 

fraction has been measured by im m unofluorim etric assay in 

order to establish the profile of circulating hCG according to 

pis. The percentage of hCG eluting at each discrete pi has been 

then calculated and a comparison has been made between 1st 

and 2nd trimester sera.
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3.5 CLINICAL STUDIES

A longitudinal study of maternal thyroid function has been 

performed in a group of 32 normal women during the course 

of pregnancy. Thyroid hormones, both the total concentration 

and the free fraction, TBG, TSH and hCG have been measured 

in serum samples obtained in the 1st, 2nd and 3rd trimesters 

of gestation and 4-6 weeks post-partum.

3.5.1 Immunoassays

Several immunoassay methods have been used during the 

course of the study.

The concentration of hCG was determined by "two-site" 

fluoro-im m unom etric assay based on a d irect sandw itch 

technique in which two monoclonal antibodies (one of them 

labelled  w ith an ED TA -Europium  ion-E U 3+ chelate) are 

directed against two separate antigenic determ inant (164). 

The Eu3+ is extracted from the bound antibody as a fluorescent 

complex and measured in an ARCUS 1230-time resolved 

fluorometer (Delfia hCG, Pharmacia/LKB). The intra-assay and 

inter-assy coefficient of variation approxim ated 4.2% and 

7.5%, respectively. The wide range of the standard curve (2-

10,000 IU/L) allowed us to dilute all samples 1:100-1:500 in 

the assay buffer, thus minimizing possible interference from a 

different matrix. However, sequential dilution of hCG both in 

HBSS and in PBS w ere tested and w ere com pletely  

superimposable to the standard curve.
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Total T3 and total T4 levels were assayed by commercial RIA 

kits (Amerlex-M, Amersham International).

FT4 was measured by a labelled hormone, back-titration 

method (in-house direct ’two-step' RIA) previously validated 

against an equilibrium dialysis reference method (165). High- 

affinity, solid-phase antibody was incubated with test serum 

at 37°C, the serum  was removed by washing and the 

unoccup ied  an tibody  b ind ing  sites w ere titra ted  by 

subsequent exposure to labelled thyroxine. All the samples 

were measured in the same assay; intra-assay variation over 

the range of measured concentrations was 4.8%.

The concentrations of TBG were measured in a 'in house' 

method by incubating test serum with solid-phased sheep 

anti-TBG, rem oving the serum by washing and incubating 

further with labelled thyroxine.

TSH was measured using the high-sensitivity DELFIA system 

(Pharm acia/LK B ), u tiliz ing  europium  chelates and tim e- 

resolved fluorom etry, as explained for hCG. The intra-assay 

and inter-assy coefficient of variation over the concentration 

ranges studied approximated 3.8% and 4.2%, respectively.

Two experim ents w ere perform ed to investiga te  the 

potential effects of hCG cross-reactivity on the TSH assay:

i) 0.5 to 50 mU/L of TSH (2nd IRP 80/558) were added to 

norm al non-pregnant, 1st trim ester and post-partum  sera 

with comparable TSH levels. The apparent 'recovery' of the 

added TSH was calculated by regression of the measured TSH 

concentration against the concentration of TSH added.
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ii) 50,000 to 200,000 U/L of hCG (1st IRP 75/537) were added to normal 

sera in which the TSH levels were 0.47 and 1.88 mU/L respectively; the 

TSH concentrations were redetermined in the presence of hCG levels 

commonly found in early pregnancy.

3.5.2 TSA in pregnancy serum samples

TSA has been measured in serum samples from 1st and 2nd trimesters of 

pregnancy and compared to the response obtained with post-partum 

serum. The sera have been pretreated with PEG 10% for 1 hr. at 4°C and 

then centrifuged to remove aspecific inhibitors known to be present in 

serum (166). 50-100 /d serum have been added to 5H medium (final 

volume 500 /d) and incubated with FRTL-5 cultures for 36 hrs; fresh 5H 

medium was renewed for 12 hrs, after that 125I-uptake was measured 

according to the procedure followed for urinary hCG.

3.5.3 Statistical analysis

Statistical analysis of the results was carried out by analysis of variance 

(ANOVA) for repeated measures in order to compare thyroid hormone and 

TSH concentrations during pregnancy with the post-partum values. 

Linear regression analysis was used to examine any relation between 

hCG concentrations and TSH or thyroid hormone levels.

Non parametric tests (Mann-Whitney U and Friedman test) were used 

when appropriate.
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CHAPTER 4

IN VITRO THYROID 
STIMULATING ACTIVITY 
OF URINARY hCG.



4 .1  INTRODUCTION

The presence of significant thyroid stimulating activity (TSA) 

has been investigated in preparations of urinary hCG, with 

different degree of purity, using a bioassay system for TSH of 

extreme sensitivity, i.e. cAMP accumulation and 125I uptake in 

rat FRTL-5 thyroid cell strain as functional parameters indices 

of interaction with the TSH receptor.

4.1.1. FR T L -5 r a t  th y ro id  cells as sensitive b ioassay 

for m easuring in vitro T SH -like ac tiv ity .

FRTL-5 cells are an untransformed cell line, continuously 

growing in vitro, cloned from the FRTL cell strain (Fisher Rat 

Thyroid cells in Low serum). A differentiated thyroid follicular 

cell population was derived from primary cultures of normal 

adult F isher rat glands using a hormonally defined culture 

medium, where the animal serum, required by normal cells, 

was substituted by the addition of hormones and growth 

fac to rs  [TSH , In su lin , T ra n sfe rrin , H y d ro -co rtiso n e , 

Somatostatin, Glycil-Hystidyl-Lysine], although very low levels 

of anim al serum (0.5%) were m aintained, mostly for its 

positive action on cell attachment (159). FRTL cells remain 

d iffe ren tia ted  in long-term  culture -they synthetize and 

secrete thyroglobulin and are able to concentrate iodide to 100 

tim es the external concentration and retain a principal 

d ifferen tia ted  characteristic  of fo llic le  cells: dependweon

thyrotropin for growth (159). The shift to a 5% calf serum
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medium has selected the FRTL-5 strain (Fig. 5), still presenting 

a strict dependence on TSH for growth and differentiated 

character, but with the advantage of a higher rate of growth 

(167). FRTL-5 cells are considered to be an untransformed 

and normal (i.e. diploid) population, as reflected by the lack of 

tumorigenicity when introduced into syngenic host animals 

(167,168).

Fig. 5 - Morphological characteristics of FRTL-5 cell strain 

under TSH stimulation.
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Their ability to express several differentiated functions is 

not closely correlated to cell morphology and function. In fact, 

FRTL-5 cells seem unable to reorganize into a three- 

dimensional "pseudofollicular" form in culture and pronounced 

differences from  in vivo rat follicular cells are observed in 

the ultrastructural characteristics. An im portant modification 

is the morphology of the rough endoplasmic reticulum (RER) 

which consists of elongated and collapsed cisternae, scattered 

throughout the cytoplasm, while normal thyroid follicular cells 

in vivo have a dilated RER. The Golgi apparatus is well 

developed, however no secretory vesicles (apical vesicles) or 

endocytic vesicles comparable to colloid droplets are seen. A 

reason for this could be the continuous TSH stimulation so that 

the vesicle discharge is very rapid, added to the lack of cell 

polarity and the very low thyroglobulin concentration in the 

culture medium. This morphological phenotype is rather stable 

over several cell generations (169).

It has also been shown that FRTL-5 cells produce an isotype 

of the glycohjtic enzyme enolase, m arker for neurons and 

neuroendocrine cells (NSE). This enzyme is not expressed in 

thyroid follicle cells in vivo, but it is expressed in the C cells, 

a neuroendocrine cell type, whose origin is not clear, also 

present in the thyroid gland and producing not thyroglobulin 

but calcitonin. U nlike many of the FRTL-5 differentiated 

functions, the NSE content is not modified by TSH. Although 

FRTL-5 is not a C cell (there is no evidence that C cells in vivo 

produce thyroglobulin), it may represent a state (possibly a
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precursor) in which the cell is bipotential with respect to the 

choice: follicle cell or C cell, thus implying an interesting form 

of regulation of differentiation in the thyroid gland (170).

Under TSH deprivation, FRTL-5 cells undergo a dramatic 

modification in cell shape, the most relevant change being the 

alm ost com plete loss of RER within 7 days. The acute 

readdition of the hormone shows, after a short lag-phase, an 

increase in population density, with a doubling tim e of 

approximately 36 hrs (167). The permissive effect of TSH on 

FRTL-5 proliferation appears to be mediated, at least in part, 

by cyclic AMP (171), although other intracellular signalling 

events have been implicated (172). Following the withdrawal 

and subsequent acute readdition of TSH to FRTL-5 cells in 

monolayer, numerous specific alterations in cell morphology 

occur, including rapid arborization of the cytoplasm, retraction 

of individual cell bodies, and the appearance of apical cell- 

surface microvilli (173). These effects are mimicked by the 

addition of dibutyryl cyclic AMP or forskolin (174), providing 

strong evidence for a central mediating role of cyclic AMP in 

these morphological changes, which are markedly sim ilar to 

those observed in primary cultures of thyroid cells (175).

FRTL-5 cells express many of the specific functional markers 

of the normal thyroid cell which are associated with a 

physiological response to TSH. These include adenylate cyclase 

ac tiv a tio n  and in trace llu la r cyc lic  AM P accum ulation  

(173,176,177), the uptake of inorganic iodide by active 

transport (178,179) and the synthesis and secretion of
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thyroglobulin  (180,181). U nder TSH deprivation, a rapid 

decline in intracellular cAMP content is observed within 3 hrs. 

By 24 hrs. and for as long as 10 days, FRTL-5 cells maintained 

in m edium  w ithout TSH are extrem ely sensitive to the 

addition of TSH, as measured by the ability of the hormone to 

acutely increase intracellular levels of cAMP (182). Likewise, 

FRTL-5 cells concentrate inorganic iodide up to 30-fold in 

excess of the extracellular level in response to TSH. The TSH- 

dependent uptake of iodide is mediated by cyclic AMP (183), 

is half-m axim al after approxim ately 48 hrs. (179), and 

involves d e-n o vo  protein synthesis (179,183). The process is 

dependent on active transport, extracellular N a + and K+ , pH 

and temperature, and is saturable with excess iodide (178).

The steady state of I" accumulation is reached within 30 

min, when influx and efflux are balanced. The mechanism of I" 

uptake is com parable to the N a+ -dependen t up take of 

aminoacids, and it is based on a cell-specific I" carrier.

I" uptake is directly proportional to the external N a+ 

concentration (from 20-140 mM) and linearly dependent on 

the external K+ concentration as it approaches 5mM, being 

optimal at physiological concentrations (5-7 mM). Initial and 

steady-state influx are m aximal at pH 6.5, and linearly  

dependent on temperature from 10-40 °C.

FRTL-5 cells exhibit a regulation of intracellular iodide level 

that is effected  by iodide itse lf  (184). The effect is 

concen tra tion -dependen t and, since it is not seen in 

m ethim azole-pretreated cells, is also dependent upon iodide
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organification. Thus, some of the iodide taken up by FRTL-5 

cells may become organified w ithin the cell. A lthough 

independent of TSH-activated adenylate cyclase, the effect of 

autoregulation is seen on the iodide uptake response, and the 

iodide efflux process is not involved.

The functional properties of cyclic AMP accumulation and 1“ 

transport in FRTL-5 cells have been utilized as sensitive 

biological assay procedures for thyroid stimulators of both 

physiological and pathological origin. The majority of FRTL-5 

bioassays have been designed to detect au toan tibodies 

stimulating thyroid cell growth and function, while the use of 

FRTL-5 cells as bioassay for TSH in human serum has proved 

more elusive because of strong interference of serum factors

(185). However, optim al bioassay conditions have been 

established for reference standards of TSH (186).

As anticipated for a system  based on cells grown in 

continuous culture, a notable characteristic of cyclic AMP 

accumulation in FRTL-5 cells has been the reproducibility of 

respose in consecutive subcultures. This is in marked contrast 

to equivalent data for primary cultures of human thyroid cells, 

when a between-culture variation of over 70% is observed

(186). M oreover, the FRTL-5 cell bioassay gives improved 

within-assay precision at relatively low TSH doses with a 10% 

error in TSH measurement at 50 pU/ml (176), while a much 

higher TSH dose (300 pU/ml) is required to attain this level of 

precision using cultured human thyroid cells (186).
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4.1.2. Experimental design

The Thyroid Stimulating Activity (TSA) intrinsic to human 

chorionic gonadotropin has been studied in highly purified hCG 

(1st IRP 75/537; assigned biopotency = 14,000 IU/mg) and in 

com m ercially  available, partia lly  purified  preparations of 

urinary hCG, differing for gonadotropic potency, in which the 

contamination by hTSH was negligible (0.21 |iU  TSH/5,000 IU 

hCG).. The assigned gonadotropic activities of hCG-1 (CG-B from 

Sigma) and hCG-2 (Profasi from Serono) were approximately

4,000 and 9,000 IU/mg, respectively.

Both functional parameters in FRTL-5 cell cultures (cAMP 

accum ulation  and 125I uptake) have been m easured, 

comparing the responses to hCG to the dose-response curves 

induced by bovine and human TSH, and testing sensitivity and 

reproducibility of the system to hCG. The bioassay based on 

125I uptake has been chosen for the subsequent studies 

because of its higher sensitivity and precision.

Human pituitary LH (2nd IRP 80/552) and human urinary 

FSH (Metrodin) have been also assayed in order to test the 

cross-reactivity of other glycoprotein hormone in our bioassay.

The stimulatory activity present in urinary hCG has been 

subsequen tly  characterized  by m eans of n eu tra liza tion  

experiments. Different concentrations of hCG (200-400 IU/ml) 

were pre-incubated for 2 hrs. at 37°C and/or 12 hrs. at 4°C 

with:
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(i) monoclonal antibodies (McAbs) towards hTSH,

(ii) polyclonal (Pc) anti-hCG serum,

(iii) McAbs to hCG

at a dilution range of 1:100-1:10,000, before studying the 1251 

uptake response. The antibodies were themselves devoid of

any stimulatory activity on iodide uptake. The responses to 

submaximal concentrations of bTSH and hTSH (100 p U /m l) , 

pre-incubated in the same experimental conditions, were used 

as controls.

A further characterization of TSA in urinary hCG was

performed by measuring the iodide uptake response, before

and after fractionation  of hCG on gel filtra tion  and

chromatofocusing columns.

The aim of the fractionation studies has been:

(i) to establish the mol wt of the substance accounting for 

TSA (structurally related to TSH or hCG?) and to verify 

w hether the stim ulatory activ ity  could be due to

contaminants aspecifically activating adenylate cyclase,

i.e. phenol, known to be present in some urinary

p rep ara tio n s.

(ii) to study the effects of hCG structural microheterogeneity 

(as reflected by the presence of several isoforms with

d ifferen t p is) on its thyrotropic activ ity  and to

investiga te  w hether d isc re te  isoform s could be 

specifically responsible for TSA.
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4.2 STANDARDIZATION OF THE BIOASSAY SYSTEM

4.2.1. Dose-response curves to human and bovine TSH

The bioassay has been calibrated with bovine TSH (1st IRP, 

coded 53/11, for bioassay) and human TSH (2nd IRP, coded 

80/558, for immunoassay). Increasing concentration of bovine 

and human TSH induced a dose-dependent response, both in 

terms of cAMP accumulation (a) and I" uptake (b).

(a) cAMP accumulation

In our system, a significant accumulation of cAMP above 

basal levels has been observed at a dose of 2.5 pU /m l for 

bTSH, and 5.0 pU/ml for hTSH. At the highest dose tested (500 

fiU/ml) cAMP levels were increased 50-fold over basal values. 

The dose-response curves obtained with bovine and human 

TSH were comparable and parallel (see Fig. 6).

The accum ulation  of cAM P induced  by inc reasing  

concentrations of hTSH was studied in 4 sequential FRTL-5 

subcultures, in order to verify the reproducibility  of the 

bioassay.

Table 2 shows basal cAMP levels and responses to 5-500 

pU /m l of hTSH, which appear to be reproducib le and 

com parable in the sequential bioassays. The in ter-assay 

coefficient of variation (CV) was 10% at the lowest detectable 

hTSH dose (5 pU/ml) and decreased to 5% at the higher doses.
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Fig. 6 - Dose-response curves induced by bovine and human 
TSH at a dose range of 2.5-500 and 5.0-500 pU/ml, 
respectively. Values represent means±SD obtained 

testing each dose level in triplicate. Basal cAMP 
levels were 9.4±0.9 pmol/ml.
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Tab. 2 -In trac e llu la r  levels of cAM P (pm ol/m l) a fte r 
stimulation by increasing concentrations of hTSH in 4 
sequential FRTL-5 subcultures. For each dose level, 
the response has been tested in triplicates, the mean ± 
SD of which are given.

( I ) (2) (3) (4)
basal 10.3±1.5 9.6±1.4 8.5±0.8 8.5±0.6
5 pU /m l 23.0±2.0 2 6 .0 ± 2 .1 25.7±2.4 20.6±0.8
10 pU /m l 55.0±5.0 52.0±5.9 4 9 .0 ± 5 .1 53.4±5.7
100 pU /m l 236 ± 1 2 270 ± 12 253 ± 7.9 245 ± 15
500 pU /m l 478 ± 47 476 ± 56 456 ± 28 436 ± 51

The w ithin-assay precision, expressed as the percentage 

error of TSH measurement, was always less than 10%. Only 

basal cAMP levels showed a higher variability (CV = 14%).

(b) / '  uptake

The uptake of iodide represents a second functional 

parameter for measuring TSH biological activity in FRTL-5 

cultures. A sigmoidal dose-response curve was obtained with 

bovine and human TSH in a concentration range of 1.5-200 

and 2.5-200 pU/ml, respectively. A plateau value was reached 

at a dose of 100 pU/ml for both hormones.
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In Fig. 7 the biological response induced by bTSH and hTSH 

in one FRTL-5 culture is shown. The lowest detectable doses 

were 2.0 and 2.5 pU /m l, respectively , and the percentage 

error was less than 8% at each dose level tested. An improved 

sensitivity to hTSH was thus observed in comparison to the 

bioassay based on cAMP measurement (2.5 vs  5.0 p U /m l) , 

associated to a better precision in m easurem ent of TSH 

b ioactiv ity .

An analysis with the four-param eter logistic model, as 

suggested by De Lean et al. (163), was performed in order to 

compare the characteristics of bTSH and hTSH stimulation, 

evaluating the response at 'O' and 'infinite’ dose, slope of the 

curve and biopotency.

The dose-response curves were constrained to be parallel 

and to share both basal and maximal iodide uptake response, 

w ithout significantly altering the goodness of fit (F=2.25; 

P=0.10). The basal iodide uptake was 4.3%±0.1 (m ean±SD ), 

while the plateau response was 27.4% ±0.2 for bTSH, and 

25 .3% ± 0.2  for hTSH. The ED50 value, expressing hormonal 

biopotency, was 34 pU/ml for bTSH and 48 pU/ml for hTSH, 

respective ly .
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Fig. 7 - Stimulatory effect of bTSH and hTSH on iodide uptake 

in one FRTL-5 culture. The iodide uptake response is 
expressed as a percentage of 125I activity originally 
added to each culture. Hormone concentrations are 
expressed as pU/ml. Each dose level has been tested in 

triplicate, the SD of which is represented by the solid 
bars .
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4 .2 .2 . B etw een -cu ltu re variation  in I" uptake 

response to TSH

The reproducibility of the bioassay was tested by measuring 

the response to varying doses of bovine and human TSH in 5 

sequential subcultures of FRTL-5 cells. The dose-response 

curves obtained in these experiments were analysed with the 

four-param eter logistic model (163) and proved to share 

slope, ED50 values and maximal responses for both bTSH and 

hTSH (see Table 3).

Tab. 3 - Analysis of bTSH and hTSH dose-response curves in 5 
sequential bioassays.

Param eters shared bTSH hTSH

All by c 1.06 (P=0.430) 1.78 (P=0.186)
All by Cy d 1.86 (P=0.091) 2.86 (P=0.057)
All dy by Cy ^ 3.79 (P=0.002) 4.77 (P=0.009)

The parameters shared are indicated in the first column. In column two
(bTSH) and three (hTSH), the F test for the effect of the constraints on 

the residuals is indicated together with the level of significance. 
a: 'O' response; b: slope; c: ED5 0 ; d : maximal response. The curves are 
constrained to be parallel and to share ED5 0  and maximal response, 

without altering the goodness of fit for the curves. When all a are set 
equal, the F test is highly significant.
Use of constraints is intended for comparing and pooling curves from 

different experiments.
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The basal I" uptake (response at "0" dose) showed a certain 

degree of variability (from 2.6% to 6.6%), possibly due to 

differences in the number of cells per well in each subculture; 

this experim ental variability, however, did not affect the 

reproducibility of the system, as dem onstrated by the other 

common param eters.

Since the dose-response curves obtained in different cell 

subcultures appeared to be reproducib le , a com parison 

between the activity of bTSH and hTSH in the system was 

made pooling the curves obtained in the 5 experiments and 

calculating the relative biopotency at ED50, as summarized in 

Table 4.

Tab. 4 - Characteristics of dose-response 
hTSH in 5 sequential bioassays.

curves for bTSH and

bTSH hTSH

Slope 1.19±0.1 1.44±0.1

E D 50 30 ±3.2 50 ± 5 .2

Max. response 31.6±1.2 2 6 .3 ± 2 .1

Slope, ED5 0  and maximal response have been calculated pooling curves 

from the 5 experiments using the four-parameter logistic model as 

explained in the text. ED^q is expressed as p.U/ml, the maximal response 

as percentage of iodide uptake ± SD.
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The bioactivity of 1 jxU of bTSH was equivalent to that of

1.67 |iU  of human; however, when calculated on a equimolar 

basis, bTSH was 2.6 times more potent than hTSH in 

stimulating iodide uptake in the system.

The comparison between the two biological systems (based, 

respectively, on cAMP accumulation and I” uptake), showed 

that the sensitiv ity  and precision of the bioassay were 

improved when measuring the uptake of iodide as functional 

parameter. This system was therefore priviledged as reference 

bioassay in the subsequent experim ental design, although 

cAMP accum ulation was measured in few experim ents as 

further control.

4 .3  I N  VITRO  TH Y R O ID  STIM U LA TIN G  A C TIV ITY  

(TSA) OF URINARY hCG

4.3.1 D ose-response curves to u r in a ry  hCG

All hCG preparations, irrespective of their degree of purity, 

induced a dose-related increase both in terms of cAM P 

accum ulation (Fig. 8) and of I" uptake (Fig. 9) in a 

concen tra tion  range of 50-2000 IU /m l, paralle ling  the 

response to bovine and human TSH.

The I" uptake dose-response curves to urinary hCG, studied 

in 5 sequential FRTL-5 cell subcultures, were analyzed by the 

four-parameter logistic model (163), as already represented in
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Fig. 8 - Dose-response curves induced by human TSH (2nd 
IRP 80/558) and partially purified hCG (hCG-1) at a 
dose range of 2.5-500 p.U/ml and 20-1,000 IU/ml, 

respectively . Values represent means±SD obtained 
testing each dose level in triplicates in two sequential 
subcultures. Basal cAMP levels were 5.0±0.5 and
11.4±0.9 pmol/ml, respectively.
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originally added to each culture. Hormone doses are 
expressed as pU/ml for TSH and IU/ml for hCG. Each 
dose level has been tested in triplicate, the SD of 

which is represented by the solid bars.
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Table 3 for bTSH and hTSH. The I" uptake responses to hCG 

were shown to share slope, ED50 and maximal response (except 

for one experim ent) w ithout sign ifican tly  a ltering  the 

goodness of fit of the curves (F=1.42; P=0.265). The

characteristics of dose-response curves to bTSH, hTSH and hCG 

are sum m arized in Table 5, which also shows a higher 

maximal response to bTSH.

The relative biopotency, established at ED50 after pooling 

curves from the different experiments, indicated that 1 IU of 

hCG was equivalent to 0.08 pU of bTSH and to 0.13 pU of hTSH. 

When calculated on a equimolar basis, hCG was 20,000 and 

7,500-fold less potent than bTSH and hTSH, respectively, in 

this bioassay.

Tab. 5 - Characteristics of dose- 
and urinary hCG.

response curves to bTSH, hTSH

bTSH hTSH hCG

Slope 1.19±0.1 1.44±0.1 1.62±0.2

E D 50 30 ±3.2 50 ±5.2 380±45

Max. response 31.6±1.2 2 6 .3 ± 2 .1 22 .3± 1 .0

See Legend to Table 3. ED5 0  is expressed as pU/ml for bTSH and hTSH, 
and IU/ml for hCG ± SD.
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Highly purified hCG 75/537 also induced a dose-dependent 

increase of I" uptake response; however, the maximal uptake 

response was not established, since the highest dose we could 

test was 300 IU/ml (Fig. 10, upper panel). In all the 

preparations tested, TSA was always proportional to the 

concentration of hCG added, as shown in Fig. 10 (lower panel).

However, when expressed on molar terms, some difference 

in thyroid stimulating activity were observed and TSA varied 

in relation to the gonadotropic potency, so that the most 

purified preparations (1st IRP 75/537 and hCG-2) were about 

2.6- and 2.8-fold more active than hCG-1 (Fig. 11 a).

TSA did not appear to be a contam inant of urinary 

preparations, but was specifically present in urinary hCG. In 

fact, a preparation of urinary hFSH, at concentrations up to 5- 

fold higher than hCG, failed to produce any significant 

stimulation of iodide uptake (Fig. 11 b).

The uptake of iodide was also stim ulated in a dose- 

dependent m anner by p itu itary  hLH (2nd In ternational 

Standard 80/552). However, the thyrotropic activity of LH 

seemed to be proportional to the contaminating am ount of 

hTSH contained in the preparation, as determined by specific 

immunoassay (Fig. 12).
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Fig. 10 - Upper panel: I" uptake response to highly (1st IRP
75/537) and partially purified hCG (Profasi).

Lower panel: 1“ uptake response to partially purified

hCG with different gonadotropic potency (see text)), 
com pared to the response induced by hTSH. 

Hormonal concentrations are expressed as pU/ml for 
hTSH and IU/ml for hCG.
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Fig. 11 -(a): 1“ uptake response to differently purified hCG 

preparations expressed on molar terms. The molar 
amounts of hormones were calculated assuming an 

activity of 14,000 IU/mg for pure hCG.

(b): I" uptake response to urinary hFSH compared to 

the response induced by urinary hCG. hFSH was 
tested at up to 5-fold higher concentrations than hCG.
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4.3.2 Additivity between TSH and hCG stimulation

The effect of simultaneous stimulation by bTSH and hCG on 

I ” uptake is represented in Fig. 13 a and b. The addition of 

200 IU/ml of hCG showed a shift to the left of bTSH dose- 

response curve, due to an additive effect of the two hormones 

on I" uptake. When a maximal concentration of hCG (1,000 

IU/ml) was added to increasing doses of bTSH, a maximal 

stim ulation was observed at each point level (25 .3% ± 2.5 ,

2 6 .2  %±  1.5, 27.1 1-1); however, I ' uptake did not increase

further when maximal doses of both bTSH and hCG were 

simultaneously used. In fact, 100 pU/ml of bTSH induced an 

uptake of 28.9%±2.4, while the value obtained with the same 

dose plus 1,000 IU/ml of hCG was 27.9%±1.5 (Fig. 13 a).

W hen bTSH (20 p U /m l) was added to in c reasin g

concentrations of hCG, a shift to the left of the dose-response

curve was also observed; moreover, a higher response was

observed when bTSH was added to a maximal dose of hCG 

(1,000 IU/ml) as compared to hCG alone (24.5% ±0.6 v s  

20.3%±1.2) (Fig. 13 b).
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4 .4  IM M UNOLOGICAL CHARACTERIZATION OF TSA IN 

URINARY hCG

4.4.1 M onoclonal an ti-h T S H  an tib o d ies  (M cA bs) 

Incubation with M cAbs to hTSH did not affect the

stim ulatory ab ility  o f urinary hCG, indicating  that the 

observed results were not due to any contamination by hTSH. 

No significant difference in iodide uptake was found after pre- 

incubation of hCG (400 IU/ml) with antibody dilutions from 

1:10,000 to 1:100. A lm ost superim posable resu lts were 

obtained after both a 2 h- and a 12 h-incubation (Fig. 14 a).

The same pretreatm ent, at 2 h-incubation, resulted in a 

dose-dependent neutralization of the response induced by a 

subm axim al concentration (100 pU/m l) of hTSH , while a 

com plete suppression to basal levels of I" uptake was 

observed at 12 h-incubation. The response evoked by bTSH 

was not abolished by pretreatm ent with anti-hTSH McAbs 

(Fig. 14 b).

4.4.2 M onoclonal and po lyclonal an ti-h C G  an tib o d ies

The b io log ica l resp o n se  to hCG was tested  a fte r 

neutralization with McAbs specific for hCG (not cross-reacting 

with hCG-P and a-subunits, LH, FSH and TSH), and polyclonal 

(Pc) anti-hCG serum (also interacting with LH, FSH and TSH). 

The cross-reactivity of Pc anti-hCG serum was 58%, 26% and 

29% for hLH, hFSH and hTSH, respectively.
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Fig. 14 - (a) 1“ uptake response to urinary hCG (400 IU/ml) 
after pretreatment with anti-hTSH McAbs for 2 h at 
37°C and for 12 h at 4°C (1:10000-1:100).

(b) I" uptake response to hTSH and bTSH (100 pU /m l) 
after 2 h-incubation with McAbs to hTSH. Responses 
significantly different from those induced by the* 
hormones alone (represented at the left end of the 

curves) are marked by asterisks * P <0.05; ** P <0.005.

- 85 -



An overnight incubation of urinary hCG with serial dilutions 

of Me and Pc anti-hCG Abs (from 1:10,000 to 1:100) resulted 

in a neutralization of hCG immunoreactivity according to Ab 

dilution and hCG concentrations. An example of this procedure 

is given in Fig. 15 representing the progressive reduction of 

hCG immunoactivity (from 40 to 100%) obtained at 1:100 titre.

On the contrary, no significant m odification of thyroid 

stimulating activity was observed when 400 IU/ml of urinary 

hCG were pre-incubated for 2 hrs. at 37°C with Me anti-hCG 

Abs at a dilution range of 1:10,000-1:100. In a second 

experiment, a lower dose (200 IU/ml) was pretreated for 12 

hrs. at 4°C, but this procedure was not effective in neutralizing 

TSA either (Fig. 16 a). Neither hTSH nor bTSH responses were 

affected (Fig. 16 b).

Similarly, the pretreatment with Pc anti-hCG serum did not 

neutralize the thyrotropic activity of urinary hCG. However, a 

trend towards a reduction of the I" uptake response, although 

not significant, was observed both after 2 h- and 12 h- 

incubation when a low dose of hCG (200 IU /m l) was 

pretreated with the highest anti-serum concentration (1:100) 

(Fig. 17 a). It is worth noting that this procedure resulted in a 

dose-related reduction of the I" uptake induced by 50 p U /m l 

of hTSH which was suppressed almost to basal levels at 1:100 

dilution. The biological activity of bTSH remained unchanged 

(Fig. 17 b).
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as percent of the in itial dose. The calculated 
percentage of neutralization is indicated on the y-axis.
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Fig. 16 - (a) I" uptake response to urinary hCG after

pretreatment with anti-hCG McAbs for 2 h at 37°C 
(400 IU/ml of hCG) and for 12 h at 4°C (200 IU/ml). 

(b) I" uptake response to hTSH and bTSH (100 
pU/ml) after 2 h-incubation with anti-hCG McAbs.
The responses to the hormones alone are indicated at 
the left end of the curves.
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Fig. 17 - (a) I” uptake response to urinary hCG after 

pretreatment of 200 IU/ml with Pc anti-hCG serum 
for 2 h at 37°C and for 12 h at 4°C (dilution range: 

1:10,000- 1:100).

(b) I" uptake response to hTSH and bTSH (50 pU /m l) 

after 2 h-incubation with Pc anti-hCG serum.
The responses to the hormones alone are indicated at 
the left end of the curves. The significance is marked 
by asterisks * P <0.05; ** P <0.005.
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4 .5  STRUCTURAL CHARACTERIZATION OF TSA BY GEL 

F ILTR A TIO N

Gel filtration, as a simple and reliable chrom atographic

method for separating molecules according to size, has been 

applied to initially characterize the structural properties of 

Thyroid Stim ulating Activity (TSA) in urinary hCG. Two 

different gel filtrations have been performed with a Sephadex 

G-100 column and a HPLC system. Both techniques give good, 

predictable separations of molecules in order of decreasing 

m olecu lar size and high ac tiv ity  y ields in order to 

subsequently process fractions in the biological assay.

The columns have been first calibrated by eluting standard

proteins of known molecular weight (mol. wt.) and plotting K av  

(calculated on the basis of elution volum es) versus the

logarithm  of mol. wt. The curve obtained (selectiv ity  or 

calibration curve), approximately linear in the middle part, 

has allowed the estimation the mol. wts. of unknown components 

simply by measuring their elution volumes. At least 10% 

difference in mol. wt. is considered necessary for a good 

separation by gel filtration; in this respect, the aim of our 

study has been to establish whether TSA was structurally

related to TSH (mol. wt.=28,000 Da) or hCG (mol. wt.=38,000 

Da).
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4.5.1. S ephadex  G-100 co lum n

The standardization of the column has been perform ed 

eluting Blue Dextran to indicate the Void Volume (Vo), and 

BSA (67,000 Da), Ovalbumin (43,000 Da), Chymotrypsinogen A 

(25,000 Da), Cytocrome C (12,500 Da) as known standard 

proteins, the useful fractionation range of the gel being 4,000- 

100,000 Da for globular proteins. The elution profile of the 

standard proteins on Sephadex G-100 column is shown in Fig. 

18a and the calibration curve is represented in Fig. 18b.

Standard hTSH (2nd IRP, 80/558) and hCG (1st IRP, 75/537) 

were both chrom atographed and their apparent mol. wt. 

established. As shown in Fig. 19, hTSH and hCG peaks were 

clearly distinguished, TSH eluting at Kav = 0.31 and hCG at 

Kav = 0.16. Their apparent mol. w ts., calculated on the 

calibration curve of the column, were 36,000 Da and 63,000 

Da, respectively . The gel filtra tion  perform ed was thus 

effective in separating hTSH and hCG, and appropriate for an 

initial characterization of TSA.
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Fig. 18 -Elution profile of BSA, Ovalbumin, Chymotrypsinogen 

and Cytochrome C on Sephadex G-100 (a). The value 
of Kav is indicated for each standard and plotted 

versus the logarithm of mol. wt. (b).
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4.5.2. TSK-G 3000 SW (HPLC)

HPLC size exclusion colum ns provide a straightforw ard 

purification and characterization of biom olecules based on 

m olecular size, with the advantage of excellent separation 

efficiencies and low absorption. The high resolution of the 

system has been achieved with the developm ent of small, 

rigid, hydrophilic, porous particles. The silica support provides 

for a non-adsorptive, inert stationary phase which results in 

high yields of bioactivity.

A TSK-G 3000 SW column in HPLC (Watson, Ltd.) (separation 

range: 1,000-300,000 Da) has been used to confirm the results 

obtained by Sephadex G-100 chromatography. The calibration 

of the column is represented in Fig. 20, showing the more 

narrow peaks of all standard proteins and the clear-cut 

separation on the baseline obtained.

The separation efficiency of the column, which depends on 

selectivity, as measured by the volume between the peak 

maxima of two adjacent sample com ponents after passing 

through the column, and the band-broadening properties of 

the system, was much higher for the TSK-G 3000 SW than the 

Sephadex G-100 column. In fact, the number of theoretical 

p lates expressing the efficiency [N = 1 6 ( tj/w j)2, where w 

represents the peak width] was 12,000 for TSK-G 3000 SW 

column, compared to N=5,000 for Sephadex G-100 column.

Standard hTSH and hCG eluted in distinct position at Kav = 

0.34 and 0.15, respectively, corresponding to an apparent mol. 

wt. of 34,500 Da and 75,000 Da (Fig. 21).
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Fig. 21 -Elution of standard hTSH and hCG on TSK-G3000 SW 

column. TSH and hCG concentrations are expressed as 
(j.U/ml and IU/ml, respectively. Vo and Vt of the 
column are indicated by the arrows.
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4.5.3 TSA of u r in a ry  hCG  a fte r  gel f iltra tio n

A significant stimulation of iodide uptake was recorded in 

the fractions corresponding to hCG immunoreactivity after gel 

filtra tion  on both Sephadex G-100 and TSK-G3000 SW 

columns. No distinct peak of TSA was found in any other 

region of the chromatogram, including the elution region of 

TSH (Fig. 22). However, a slightly increased iodide uptake with 

respect to basal values was m easured in a broad region 

corresponding to a low apparent mol.wt. (15,000-25,000 Da), 

probably representing a non-specific interference on iodide 

uptake by the elution buffer.

When serial dilutions of the active fractions were tested in 

the bioassay system , the stim ulation  of iodide uptake 

superim posed the dose-response curve induced by non 

chromatographed hCG. No fraction seemed to be more active 

than unfractionated  hCG in stim ulating  iod ide uptake. 

However, a biopotency estimate, based on the four-parameter 

logistic model, could not be perform ed, since a maximal 

response was not reached (Fig. 23).
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separation on TSK-G 3000 SW column, compared to 

that obtained for unfractionated urinary hCG.
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CHAPTER 5

MICROHETEROGENEITY OF 
hCG AND IN VITRO TSA



5 .1  INTRODUCTION

Structural heterogeneity is known to affect both immuno- 

and bio-activity of hCG and other glycoprotein hormones, as 

described in 2.2.

It is then feasible to hypothesize that distinct hCG isoforms 

m ight present varying thyrotropic activ ities, if  structural 

differences affect a region of the molecule involved in the 

recognition by and interaction with the TSH receptor. In order 

to test this hypothesis, a separation of hCG isoforms according 

to their p is was performed by chromatofocusing and TSA 

then assessed.

A second objective of the study was to verify whether only 

few components of hCG were specifically responsible for TSA 

and, in that case, whether they were present in differently 

purified preparations of urinary hCG, thus copurifying with 

the gonadotropic activity.

Finally, we wanted to examine the thyrotropic activity of 

desialylated hCG by performing an enzymatic desialylation by 

neuram inidase and testing the substance obtained in our 

b ioassay .

5 .2  CHROMATOFOCUSING TECHNIQUE

Chromatofocusing is a column chromatographic method for 

separating proteins on the basis of their isoelectric points (pi)
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(187,188). A pH gradient can be produced on an ion 

exchanger by the buffering action of its charged groups. A 

buffer, initially adjusted to one pH, is run through an ion 

exchange column, initially adjusted to a second pH, and a pH 

gradient is formed just as if two buffers at different pH were 

gradually mixed. When such a pH gradient is used to elute 

proteins bound to the ion exchanger, the proteins elute in 

order of their isoelectric points. The pH interval is chosen so 

that the isoelectric points of the proteins of interest fall 

roughly in the middle of the pH gradient.

The column is equilibrated with start buffer at a pH set 

slightly above the upper limit of the pH gradient, while the pH 

of the eluent (Polybuffer) is adjusted to the value chosen for 

the lower limit of the pH gradient. After applying the sample, 

the column is eluted with polybuffer forming automatically 

the pH gradient as the eluting buffer titra tes the ion 

exchanger. The formation of an internal pH gradient also 

enables a focusing effect. Details concerning the experimental 

conditions have been given in 3.4 (pp. 53-54).

The reproducibility of the Mono P column in forming the pH 

gradient has been checked by blank runs, both before and 

during the series of chromatofocusing experiments, as shown 

in Fig. 24.

The calibration of the system by eluting standard proteins of 

known pis according to the pH gradient, is shown in Fig. 25.
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Fig. 24 -pH  gradient in blank runs performed both before (a) 
and during (b) the series of chrom atofocusing 
experiments in order to check the reproducibility of 

the system.
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Fig. 25 - Chrom atofocusing profile of standard proteins in 

relation to the pH gradient, showing the good 
separation  obtained w ith M ono P colum n, p -  
lactoglobulin eluted at pH 5.0, glucose oxidase at pH 
4.26, amyloglucosidase at pH 3.65, in strict accordance 

to their known pis (5.1, 4.2 and 3.6, respectively).
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5.3 CHROMATOFOCUSING PROFILE OF CRUDE AND 

PARTIALLY PURIFIED hCG.

5.3.1 Charge isoforms in partially purified hCG 1

In a series of eight experim ents, d ifferen t batches of

partially purified hCG (preparation 1 = CG-B from Sigma) were 

fractionated by loading 10,000 units of hCG (*2.5 mg) on Mono 

P 5/20 column and eluting them under a pH gradient from 6.2

to 3.2. pH was immediately neutralized to 7.0 to minimize any

possible effect on bioactivity and hCG concentration was

m easured by im m unoassay in each frac tio n s . D etails 

concerning the experimental design have been given in 3.4 

(pp. 53-54).

hCG im m u n o ac tiv ity  e lu ted  in fiv e  m ajor peaks 

corresponding to pH 5.2-4.9-4.5-4.0-3.5 and in the final step 

with 1M NaCl buffer which removed the most acidic proteins 

bound to the column, as shown in Fig. 26 and 27.

The profile of hCG 1 at chromatofocusing was qualitatively 

reproducible in all the experiments. However, a considerable

heterogeneity was observed when calculating the relative

percentage of the discrete components (see Table 6).

Most of hCG immunoactivity eluted at pH 4.5 in 5 cases

(40.5% ±5.9) and at pH 4.0 in 3 cases (27.2%±1.2). A consistent 

amount of hCG was also found in the 1M NaCl fractions
founct

(22.1% ±5.3), except in 2 cases in which wasV^only 5.7% ±1.2. 

The percentage of hCG immunoactivity eluting at pH 5.2-4.9- 

3.5 was 6.7±2.9, 16.9±6.1 and 8.6±4.5, respectively (Table 6).
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Fig. 26 - Chromatofocusing profile of hCG on Mono P column 
under pH gradient from 6.2 to 3.2. An elution with 

1M NaCl buffer was performed as final step. hCG 

concentration was determined in each fraction. The 
two experim ents represent the fractionation  of 
different batches of partially purified hCG 1.
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Fig. 27 - Chromatofocusing profile of hCG on Mono P column in 
other two experim ents using different batches of 
p a rtia lly  pu rified  hCG (p repara tion  1). For 

experimental conditions, see legend to Fig. 26.
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pi 5.2 4.9 4.5 4.0 3.5 1M NaCl

6.5 24.7 40.8 16.8 6.4 4.8
5.6 25.3 44.6 6.5 3.4 14.5
10.4 18.9 30.4 10.6 6.0 23.7
5.7 15.4 45.2 17.1 10.1 6.5
11.4 12.8 41.7 8.3 3.1 22 .6

n=5 8±3 19±6 40±6 12±5 6±3 13±7

2.7 9.2 18.9 28.3 15.1 25.8
4.4 10.1 19.7 25.9 11.1 28 .9
6.7 18.4 16.8 27.3 13.4 17.4

n=3 5±2 13±5 19±2 27±1 13±2 25±4

Tab. 6 - Relative percentage of isoforms in a preparation of 
partially purified hCG 1 (* 4,000 IU/mg gonadotropic 
potency); different batches have been used in the 
series of experiments. Two different elution patterns 

have been identified. In 5 cases, most of hCG 
immunoreativity eluted at pH 4.5, and only « 25% 
eluted as acidic hCG (pi < 4.0). In 3 cases, the major 
peak was observed at pH 4.0, and * 50% of hCG eluted 

at pis < 4.0.
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When calculating the percentage of acidic forms, arbitrarily 

defined as hCG eluting at pH < 4.0 [% acidic hCG = (pl<4.0 /  pi 

3.2-6.2) x 100], we could observe two different patterns 

within the eight preparations studied, as already evidenced in 

the elution position of the major peak (pH 4.5 and 4.0, 

respectively). In 5 cases, most of immunoactivity eluted as 

basic forms (76.4% ±6.7), with 23.6%±6.7 of hCG eluting at 

pls<4.0 (12.6%± 7.1 collected at 1M NaCl). Conversely, 3 cases 

showed only 50.2%±1.8 of basic forms, while 49.8%±1.8 of hCG 

eluted at pls<4.0, 25.4%±3.6 of which at 1M NaCl.

In all experiments, recovery ranged from 52 to 96% (mean ± 

SD = 77.6%±17.5).

The profile of hCG-like immunoactivity was not completely 

superimposable to the protein profile monitored at 280 nm, as 

shown for 2 cases in Fig. 28.

After pooling and concentrating hCG components, protein 

concentration was measurable in 5 of the 8 experiments. hCG 

im m unopotency) ca lcu lated  as I.U ./m g p ro te i^

_ w as increased in the isoforms eluting at pH 4.5, 4.0, and at 

1M NaCl, but* i/K\cliayiged in the other forms (see Table 

7). Thus, the chromatofocusing fractionation resulted in a 1.7- 

2.7 fold increase in activity of the isoforms where the highest 

amount of hCG immunoactivity was collected.

- 109-



r 900150 -1

—

o  100-u
D.

a
*3

-600

ou
f i .

-300 y50 -

■•protein profile 
♦“hCG IU/ml20 40 60

150 “I r 900

CJ
?  100- u a.
c

-600

-300

6020 40

ISouQ.
O
u

--•protein profile 
 •"hCG IU/ml

n.fraction

Fig. 28 -P ro file  of hCG-like im m unoreactivity and protein 

conten t (280 nm abs) after chrom atofocusing  
separation of hCG 1. Some protein peaks, mainly at 

basic pis, do not correspond to hCG activity, while the 
highest hCG peaks are observed at more acidic pis 

where the protein content is lower.
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Tab. 7 -Degree of purification achieved 
chromatofocusing

in hCG isoforms after

P i Im m unopo tency P urification

I.U./mg achieved

5.2 (n=4) 2,100 ± 1,000 0.5
4.9 (n=4) 4,000 ± 1,700 1
4.5 (n=5) 10,800 ± 1,500 2.7
4.0 (n=5) 6,700 ± 1,900 1.7
3,5 (n=4) 5,900 ± 800 1.5
1M NaCl (n=5) 10,900 ± 3,200 2.7

Immunopotency was calculated by measuring hCG immunoreactivity 
and protein concentrations in pooled fractions corresponding to 

discrete pis. A 2.7-fold increase was achieved at pH 4.5 - 1M NaCl, while 
the immunopotency was 1.7- and 1.5-fold higher at pH 4.0 - 3.5; hCG 
potency was unmodified at basic pis.

5.3.2 C harge isoform s in p artia lly  purified  hCG  2

A more purified preparation of urinary hCG (preparation 2 = 

Profasi from Serono; gonadotropic potency « 9,000 IU/mg) was 

fractionated  by chrom atofocusing in a series of eight 

experiments following the same experimental conditions as for 

preparation 1.

The chrom atofocusing profile obtained was qualitatively 

superimposable to that of hCG 1 and the same components 

were found in both preparations (Fig. 29).
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Fig. 29 - Chromatofocusing profile of hCG 2 on Mono P column 

under pH gradient 6.2-3.2. An elution with 1 M NaCl 
buffer was performed as final step. hCG concentration 

was determ ined in each fraction . The two 
experiments represent the fractionation of different 
batches of preparation 2.
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Six major peaks, corresponding to pi 5.2-4.9-4.5-4.0-3.5 and 

to the final 1M NaCl step, were identified in the profile of all 

p rep ara tio n s stud ied , a lthough som e d iffe ren ces w ere 

demonstrated when calculating the relative percentage of the 

discrete components (see Table 8).

pi 5.2 4.9 4.5 4.0 3.5 1M NaCl

8.4 22.7 23.2 20.4 20.1 5.2

5.0 10.6 36.6 23.8 11.6 12.5
11.9 23.8 28.6 17.8 8.4 9.4
3.2 15.0 38.8 19.0 11.3 12.7
3.5 20.2 39.9 7.3 6.4 22.7
7.4 11.2 20.0 19.7 13.3 2 8 .4

n=6 7±3 17±6 3 1±8 18±5 12±5 15±9

1.3 0.5 6.6 26.2 30.9 34.5

2.2 1.2 6.4 33.0 35.0 2 2 .2

n=2 2±.6 1±.5 6.5±.l 30±5 33±3 28±9

Tab. 8 -Relative percentage of isoforms in different batches of 
partially purified hCG 2 (« 9,000 IU/mg gonadotropic 
potency).
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Two distinct patterns were observed. In 6 cases, the highest 

amount of hCG immunoactivity eluted at pi 4.5 representing 

31.2% ±8.4, and the relative distribution of the other 

components was comparable to that found for hCG 1. In these 

cases, 6.6% ±3.3, 17.2% ±5.8, 18.0% ±5.5, 11.9% ±4.7 and 15.2% 

±8.7 of hCG eluted at pH 5.2-4.9-4.0-3.5 and 1M NaCl, 

respectively. On the contrary, in 2 cases the main peak was at 

pi 4.0, representing 29.7%±4.8, and only 9.1%±0.9 of hCG 

im m unoactivity eluted at the more basic p is (Fig. 30). 

Therefore, the percentage of acidic forms (hCG eluting at pi < 

4.0) was considerably different in the two subgroups (Table 9, 

hCG 2 on the right side).

hCG 1 (4,000 U/mg) hCG 2 (9,000 U/mg)
(n=5) (n=3) (n=6) (n=2)

% basic 76.4±6.7 50 .2±1 .8 66 ± 7.0 31.4±2.2
% acidic 23.6±6.7 49 .8±1.8 34 ± 7.0 68.6±2.2

% 1M NaCl 12.6±7.1 25.4±3.6 14 ± 8.0 21.4±4.2

Tab. 9 - % of basic and acidic isoforms in urinary hCG (hCG 1 
and 2). Acidic forms were arbitrarily defined as 
eluting at pis < 4.0. Two different patterns of elution 

were found in both preparations; however, a shift 
towards a more acidic profile was observed in the 
more purified hCG (hCG 2).
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In the majority of cases, 66.0% ± 7.0 of hCG collected at basic 

pis, with 31.4% ± 2.2 eluting at pis < 4.0. However, in 2 cases, 

as much as 68.6% ± 2.2 of hCG eluted at acidic pis and also the 

percentage of 1M NaCl immunoactivity was higher (21.4% ±

4.2 vs 14.0% ± 8.0).

In Table 9, a comparison between the percentage of basic 

and acidic isoforms in hCG 1 and hCG 2 is also shown, 

indicating a shift towards a more acidic pattern in the more 

purified preparation. It thus seems that com ponents with 

acidic pis are privileged at the same time as hCG isoforms with 

higher gonadotropic potency are selected by the purification

procedures .

The link of the gonadotropic activity to acidic forms is also 

suggested by the observation that hCG immunopotency was 

increased at pis 4.5 and 4.0, and at 1M NaCl, as reported in 

Tab. 6 for preparation 1. The degree of purification achieved 

after chrom atofocusing of preparation  2 could not be

calculated, as the amount of protein loaded on the column was

small (= 1 mg) and protein concentration undetectable in the

pooled fractions at all pis.
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Fig. 30 - Chromatofocusing profile of hCG 2 on Mono P column 
in other two experiments using different batches of 

the preparation. For experim ental conditions, see 
legend to Fig. 29.
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5.4 IN  VITRO  THYROID STIM ULATING A CTIVITY OF 

hCG AFTER CHROMATOFOCUSING.

In vitro Thyroid Stimulating Activity (TSA) was studied in 

FRTL-5 cells, measuring the uptake of inorganic iodide as 

functional param eter. Sequential dilutions of the fractions 

corresponding to each distinct pi, pooled and concentrated, 

were added to trip licate test cultures to m easure TSA. 

B ioactivity/im m unoactivity (B/I) ratios were calculated for 

each isoform  using unfractionated partially purified urinary 

hCG, as reference preparation (B/I = 1.0).

5.4.1 TSA in p artia lly  purified  hCG  1

All six major isoforms identified by chromatofocusing in hCG 

1 induced a dose-related increase of I ' uptake when tested in 

FRTL-5 cells. The response to each isoform paralleled the 

dose-response  curve ob tained  w ith the u n frac tio n a ted  

preparation as shown in Fig. 31. The low est detectable 

concentration was 20 IU/ml for unfractionated hCG, while all 

isoforms were effective at lower doses (5-10 IU/ml).

The I" uptake response to hCG isoforms corresponding to pi 

of 4.9, 4.5 and 4.0 completely overlapped the response to 

unfractionated hCG. On the contrary, the pi 5.3 form appeared 

to be more active in inducing I" uptake as also shown in Fig. 

31 (dose-response curve shifted to the left, panel a), while the 

1M NaCl form showed less I ' uptake stim ulating activity 

(response curve shifted to the right, panel b).
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Fig. 31 -I"  uptake response to unfractionated hCG 1 and its 
isoform s after chrom atofocusing. All doses were 
tested in triplicate, the mean of which is represented 
in the graph. The CV of the response was always less 
than 12%.
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Contradictory results were obtained for the isoform eluting 

at p i of 3.5. In the experim ent presented in Fig. 31, the 

response curve is com parable to that ob tained  w ith 

unfractionated hCG. However, in two of the 5 experiments 

performed, the p i 3.5 form behaved as partial agonist in the 

system, inducing a maximal response significantly lower than 

that obtained with unfractionated hCG and other isoforms, as 

shown in Fig. 32.

The B/I ratio, calculated for each isoform, is reported in 

Table 10, together with the number of bioassays performed. A 

significant difference in B/I ratio was observed between pi

5.3 (1.27±0.16) and all other pis (p<0.005). Regarding the most 

acidic isoform eluting at the 1M NaCl step, the B/I ratio was 

low er (0 .88±0.17) than for other isoform s, although the 

difference did not reach level of significance.

Tab. 10 -B /I ratio of charge isoform s of urinary hCG 1.

Pi B/I n

5.3 1.27±0.16** 7
4.9 1.04±0.10 4

4.5 1.00±0.09 10

4 .0 0.98±0.18 9

3.5 0.91±0.15 5
1M NaCl 0.88±0.17 6

**p<0.005
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hCG reaching a lower maximal response (5.8%±0.7 
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5.4.2 TSA in p artia lly  purified  hCG  2

The same experimental design has been applied to test the 

thyroid stimulating activity in the more purified urinary hCG 

after fractionation  by chrom atofocusing. The I" uptake 

response to the unfractionated preparation and its charge 

isoforms is reported in Fig. 33. As already found for hCG 1, a 

dose-related increase in I" uptake was induced by all isoforms 

and the response curves were parallel; however, the most 

basic form (pi 5.3) showed a higher activity (panel a), while 

the most acidic form (1M NaCl) was less active (panel b).

The B/I ratio, calculated for each isoform, is reported in 

Table 11, showing a B/I ratio significantly higher for the 

isoform corresponding to pi 5.3 (1.27±0.23; p<0.05), and a B/I 

ratio significantly lower for the 1M NaCl form (0 .84±0.13; 

p<0.005).

Tab. 11 -B /I ratio of charge isoform s of urinary hCG 2.

pi B/I n

5.3 1.2 7± 0 .23* 5
4.9 0 .98±0.11 6
4.5 1.0 3 ± 0 .12 1 1
4 .0 1.0 7 ± 0 .14 10

3.5 1.0 1 ± 0 .18 8
1M NaCl 0.84±0.13** 12

* p<0.05; **p<0.005
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5 .5  IN VITRO  THYROID STIM ULATING A CTIVITY  O F 

DESIALYLATED hCG

The thyroid stimulating activity of urinary hCG has been 

m easu red  a fte r enzym atic  d e s ia ly la tio n  o b ta in ed  by 

pretreatm ent with neuraminidase. Urinary hCG (10,000 IU) 

have been incubated with 100 mU of neuraminidase dissolved 

in acetate buffer, pH 4.6, for 1-8 hrs. at 37°C. After incubation, 

the sample has been neutralized to pH 7.0, concentrated by 

ultrafiltration in Amicon Centricon-10 microconcentrators and 

equilibrated with HBSS. Aliquots have been subjected to gel 

filtration and chromatofocusing, while the m ajority of the 

sample has been tested in the bioassay.

The pretreatm ent with neuram inidase was effective  in 

removing sialic acid residues from hCG, as demonstrated by 

the d ifferen t elution pattern both in gel filtra tion  and 

chromatofocusing. The separation on Sephadex G-100 showed 

that desialylated hCG (ds-hCG) eluted at a low er apparent 

mol.wt. than hCG, according to the incubation time (Fig. 34a). 

As represented in the graph, the values of K av obtained for ds- 

hCG were 0.2 - 0.219 - 0.227 after 1, 4 and 8 hrs. incubation 

respectively, these values corresponding to an apparent mol. 

wt. of 55.6 - 51.5 - 49.8 kDa. The apparent mol. wt. of urinary 

hCG, calculated on the same column, was 63.0 kDa.

At chromatofocusing, the majority of hCG im m unoactivity 

eluted at pH 5.0-6.0; contrary to the profile obtained with
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urinary hCG, only 26.3% of hCG-like activity was found 

between pH 4.0 and 5.0, and no immunoactivity eluted at the 

final 1M NaCl step (Fig. 34b). Thus, the pretreatment with 

neuraminidase modified the structure of hCG and its molecular 

characteristics, most probably through removal of sialic acid 

residues.

After desialylation, the thyroid stimulating activity of hCG 

increased in terms of both cAMP accumulation and 1“ uptake. 

As shown in Fig. 35a, the 1“ uptake response to ds-hCG was 

shifted to the left in comparison to the dose-response curve 

induced by non-desialylated urinary hCG, with a 2-fold 

increase in the thyrotropic potency. Moreover, when testing in 

serial dilutions the peak fractions obtained by gel filtration 

after neuraminidase pretreatment, a higher TSA of ds-hCG was 

confirmed also in terms of cAMP accumulation, the increase 

being of the same magnitude (Fig. 35b).
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CHAPTER 6

MATERNAL THYROID 
FUNCTION IN 
NORMAL PREGNANCY



6.1 INTRODUCTION

The evaluation of thyroid function during the course of 

pregnancy was performed in 32 normal women, clinically and 

biochemically euthyroid, with no family history of thyroid 

disease. No evidence for iodine deficiency was apparent. 

Informed consent was obtained from all subjects. Blood 

sam ples were taken in the 1st trim ester (8-12 weeks' 

gestation), 2nd trimester (16-23 weeks), 3rd trimester (32-38 

weeks) and 4-10 weeks after delivery, for the measurement 

of Free and Total T4, Total T3, TBG, TSH and hCG 

concentrations.

All immunoassay methods have been described in 3.5.1.

6 .2  THYROID HORMONE CONCENTRATIONS

All subjects were biochemically euthyroid as evaluated in 

the post-partum period. Basal FT4, TT4 and TT3 were in the 

normal range, as shown in Table 12.

FT4 levels have shown no significant difference in the 1st 

trimester in comparison to post-partum values (16.5±3.0 vs  

1 5 .1 + 2 .0  pm ol/L, respectively). H ow ever, a sign ifican t 

decrease has been observed in 2nd and 3rd trim ester 

(12.9±2.1 and 12.3+2.4 pmol/L; p < 0.001) (Fig.36).

-  128-



FT
4 

pm
ol

/L

20 -

"i"

10 - 8 %

1st 2nd 3rd p.p.

Fig. 36 -FT 4 concentrations in 1st, 2nd, 3rd trim ester of 
pregnancy  and p ost-paA m  period . FT4 was 
unchanged in the 1st and significantly decreased in 

2nd and 3rd trimesters as compared to post partum 
values [16.5 ± 3.0, 12.9 ± 2.1 and 12.4 ± 2.4, vs 15.1 
± 2.0 (mean ± SD, n = 32); p < 0.001].
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Tab. 12 -T T 4 , TT3, FT4 concentrations in 32 normal women as 
evaluated post-partum (4-10 weeks after delivery).

TT4 TT3 FT4

(nm ol/L ) (nm ol/L ) (pm ol/L )

p o s t-p a r tu m 76 - 135 1.4 - 2.4 11.6 - 18.6
(mean±SD) (95 ± 16) (1.8 ± 0.3) (1 5 .1± 2.0)

normal range 69 - 141 1.3 - 2.5 8.1 - 20.0

The normal range for each hormone is indicate in the Table, showing 
that all women were biochemically euthyroid.

F T 4  levels rem ained in the norm al range throughout 

pregnancy in all but two cases. In one subject, 1st trimester 

FT4 was higher than normal (25.6 pmol/L), while in another 

case FT4 levels in the 2nd and 3rd trimesters fell below the 

normal range (7.9 pmol/L).

T T 4  concentrations were significantly increased in the 1st 

trimester of pregnancy (p<0.01) and remained elevated and 

constant in the 2nd and 3rd trimesters. On the contrary, TT3 

levels continuously increased throughout pregnancy and were 

significantly higher than post-partum (see Table 13).
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Tab. 13 - T T 4  and TT3 concentrations in 1st, 2nd, 3rd trimesters
of pregnancy and post partum in 32 normal women.

TT4

(nm ol/L )
TT3

(nm ol/L )

1st trim  
2nd trim 
3rd trim

142 ± 32 
138 ± 33 
141 ± 36 

95 ± 16**

2.38 ± 0.6 
2.70 ± 0.5 
2.92 ± 0.5 
1.84 ± 0.3**post partum

Hormonal values (m ean±SD) are significantly higher in the 1st 
trimester than post partum. TT3 levels show a further increase in 2nd 
and 3rd trim, while TT4 remain constantly elevated throughout 
gestation. ** p < 0 . 0 0 1

6 .3  THYROXINE-BINDING GLOBULIN LEVELS.

TBG concentrations have showed a progressive increase 

during the course of pregnancy. Although a strong individual 

variab ility  was observed at all stages of pregnancy, as 

indicated by the high standard deviation, the differences 

between 1st, 2nd, 3rd trimester and post-partum values were 

always significant (p<0.001). Mean TBG values (±SD) and the 

level of significance are reported in Table 14.
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Tab. 14 -TBG concentrations in 1st, 2nd, 3rd trimesters of
pregnancy and post partum in 32 normal women.

TBG (nmol/L)

1st trim 
2nd trim 
3rd trim

823 ± 268** 
1174 ± 374** 

1297 ± 351** 
494 ± 104post partum

Hormonal values (mean ± SD) are significantly higher in the 1st 
trimester than post partum, and show a further significant increase in 
the following stages; ** p<0 .0 0 1 .

The increase in T B G  concentrations was reflected by the

augm entation of TT4 and TT3 levels in the 1st trimester;

contrary to T T 4, TT3 levels showed a further increase at the 

following stages of pregnancy, as shown in Fig. 37. The 

continuous increase of T B G , in front of TT4 levels remaining

elevated but constant after the 1st trim ester, caused a

progressive desaturation of T B G  and a progressive decrease of 

the TT4/TB G  ratio as presented in Fig. 38.
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6 .4  TSH AND hCG LEVELS DURING PREGNANCY.

6.4.1 Cross-reactivity of hCG in TSH assay

A nalysis of the results obtained follow ing addition of 

standard hTSH (from 0.5 to 50 mU/L) to pregnancy and 

normal sera showed no difference in the apparent "recovery" 

of TSH between pregnant (1st trimester and post-partum) and 

non-pregnan t sam ples, w here hCG concen tra tions were

185,000 U/L, 8.7 U/L and undetectable (Fig. 39).

Addition of hCG, up to 200,000 U/L, to normal sera failed to 

bias TSH measurement. Measured TSH concentrations did not 

significantly change after addition of 50,000-100,000-200,000 

IU/L of hCG (1st sample: 0.51, 0.49, 0.50 vs 0.47 mU/L, 

respectively; 2nd sample: 1.91, 1.97, 2.00 vs 1.88 mU/L).

6.4.2 TSH concentrations

A significant decrease of TSH levels has been observed in the 

1st trim ester of pregnancy in comparison to the following 

stages of pregnancy and the post-partum period (Fig. 40). TSH 

concentrations were always within the normal range (0.1-3.8 

mU/L) except for three cases where TSH was suppressed in 

the 1st trim ester only, accom panied by the highest FT4  

concentrations of the series (25.1, 20.1 and 20.1 pmol/L, 

respectively). TSH levels were lower in the 1st trimester than 

post-partum  in all but three cases. The percentage of 

reduction of TSH levels in the 1st trimester relatively to post

partum values was 55.9%± 5.5 SE.
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6.4.3 hCG levels 

hCG levels peaked in the 1st trimester (110,000 ± 6,700 SE 

IU/L; range 50,000-199,000) and then decreased in the 2nd 

(27,000 ± 2,700 IU/L; range 11,000-41,000) and 3rd

trimesters (26,000 ± 2,400 IU/L; range 10,000-67,000). The 

values observed in 2nd and 3rd trim esters did not 

significantly differ and the slight increase, reported in the 3rd 

trim ester in other studies (189), was not observed in our 

series except in two cases in which hCG went from 30,000 up 

to 45,000 IU/L, and from 23,000 up to 67,000 IU/L, 

respective ly .

6 .5  CORRELATION BETWEEN hCG, TSH AND THYROID 

HORMONE LEVELS.

In the 1st trim ester, a significant negative correlation 

between hCG and TSH has been found, both considering basal 

TSH values (rA2=0.18; p<0.02) and the percent TSH reduction 

( rA2=0.19; p<0.05), as shown in Fig. 41. Furthermore, the 

correlation with TSH levels was stronger (rA2=0.47; p<0.005) 

when only the earliest weeks (8-10) of the 1st trimester were 

considered (Fig. 42).

TSH and hCG were not significantly related in the 2nd 

(rA2=0.10; n.s.) and 3rd trimesters (rA2=0.05; n.s.) (Fig. 43).
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Fig. 41 -Correlation between hCG and TSH in the 1st trimester 
of pregnancy. In (a) hCG concentrations are related to 
TSH levels, while in (b) the correlation with the 
percent TSH reduction is considered.
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When considering thyroid hormones, no correlation has been 

observed between hCG and FT4 levels in 1st, 2nd and 3rd 

trimesters of pregnancy (Fig. 44) nor between hCG and TT4 

levels (Fig. 45).

In the 1st trimester, hCG levels have been also related to the 

variation in FT4 or TT4 concentrations, without finding any 

significant correlation (Fig. 46).

C onversely , FT4 was significantly related in a negative 

fashion with TSH in the 1st trim ester and post-partum  

( r A2=0.15 and 0.12, respectively; p<0.05). No significant 

correlation was observed between TT4 and TSH levels at any 

stage of pregnancy.
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6 .6  CHARGE MICROHETEROHENEITY OF CIRCULATING 

hCG

6.6.1 C h ro m ato fo cu sin g  p ro file

The chromatofocusing pattern of circulating hCG was studied 

in 7 cases in the 1st and 2nd trimesters of pregnancy, as 

described in 3.4 (p. 54). The profile was characterized, both in 

1st and 2nd trim., by six major peaks corresponding to pH 5.3 

- 4.9 - 4.5 - 4.1 - 3.5 and to the 1M NaCl step (Fig. 47). This 

profile did not qualitatively differ from that of urinary hCG. 

However, differences were found when calculating the relative 

percentage of the various isoforms. Contrary to urinary hCG, in 

all cases the highest amount of circulating hCG immuno- 

reactivity eluted in the final 1M NaCl step (31.5% ± 4.3 in the 

1st trimester, and 25.3% + 3.3 in the 2nd, respectively), thus 

giving a higher percentage of 'acidic' hCG (Tab. 15).

Tab. 15-% of 'acidic' hCG (pi < 4.0) in 1st and 2nd trim, serum 
samples and in urinary hCG.

pi 4.0 1M NaCl 'acidic' hCG

1st trim 27.7±4.9 31.5+4.3 59.5±4.2
2nd . trim 21.9± 4 .1 25.3±3.3 47.3±6.6
hCG 1 11.7±5.0 12.6±7.1 23.6±6.7
hCG 2 19.7±5.1 14.0±8.0 34.0±7.0
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When com paring 1st and 2nd trim ester, more ’acid ic’ 

components were found in the 1st trimester (59.5% ± 4.2 vs  

47.3% ± 6.6; p<0.05). Conversely, more hCG eluted at pi 4.0-4.5 

in the 2nd trimester (34.8% ± 3.2 vs  24.9% ± 4.2; p<0.05), 

while no difference was observed in ’basic’ hCG (Fig. 48).

6.6.2 TSA in c ircu lating  hCG

Serum samples from 1st and 2nd trimesters of pregnancy 

were tested for TSH-like bioactivity in FRTL-5 cells, as 

described in 3.5.2, after pretreatment with PEG 10% in order 

to minimize the inhibiting effect of serum on I" uptake. In 

fact, in preliminary experiments the addition of 10% normal 

serum was followed by a reduction of I ' uptake response to 

urinary  hCG, which was restored  after PEG

pretreatment (Fig. 49a).

The addition of 10% 1st and 2nd trim, serum induced 

stimulation of I" uptake in FRTL-5 cells in all cases. The 

response (expressed as % increase over basal) showed a great 

variability ranging from 19.2% to 78.2% in the 1st, and from 

6.5% to 24% in the 2nd trimester (Fig. 49b). Post partum sera 

did not increase I" uptake in comparison to basal values.

In vitro TSA was higher in 1st trim, than in 2nd trim, 

samples, following the modifications in hCG concentrations; 

however, TSA was poorly correlated with hCG values when 

considering 1st and 2nd trimester individually (rA2 =0.44; p = 

0.10, and rA2 =0.05; p =0.63, respectively).
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Fig. 48 - (a) Percent of 'acidic' hCG (pl<4.0/total hCG) in 1st and 

2nd trimesters'  samples (n=7).

(b) Percent of 'basic', 'peak' and 'acidic' hCG in 1st and 

2nd trimesters of pregnancy (n=7; *p<0.05).
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No correlation was found between TSA and % of ’acidic' hCG 

(pi <4.0), either in 1st (rA2=0.29; p=0.21) and in 2nd trim. 

( t a2 =0.26; p=0.25). Furtherm ore, a sign ifican t positive

correlation was not found even considering both trimesters 

together (rA2=0.27; p=0.06), although acidic isoforms were 

present in a higher proportion at the earlier stage of 

pregnancy. A better correlation (rA2=0.57; p=0.05) was instead 

found with the percentage of ’basic' hCG (pi >4.6), but only 

when considering 1st trimester alone (Fig. 50).
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Fig. 49 - (a) I’ uptake response to low doses of urinary hCG 
before and after adding 10% normal serum, and when 
serum was pretreated with PEG 10%.

(b) I" uptake response (expressed as % uptake over 
basal) to 10% 1st and 2nd trimester sera.
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CHAPTER 7 

DISCUSSION



7 .1  HUMAN CHORIONIC GONADOTROPIN (hCG) AS 

THYROID STIMULATOR

Human chorionic gonadotropin (hCG) is a member of the 

glycoprotein hormone family like LH, FSH and TSH. All Hiese 

hormones are dimeric with two dissim ilar, noncovalently 

associated subunits, a  and P . The a  subunit is common to all 

the glycoprotein hormones and, in humans, encoded by a 

single gene. Unlike the a  subunit, the p subunits are unique to 

each hormone and confer biological specificity.

This homology in the structure of glycoprotein hormones is 

reflected, to a certain extent, by some functional similarities, 

although they are expressed in different tissues and at 

different developmental stages. In particular, hCG and hLH 

show a high amino acid sequence homology in the P -su b u n it, 

and both bind to the same testicular and ovarian receptors 

stimulating steroid synthesis. Similarly, an intrinsic thyroid 

stim ulating activity of hLH and hCG has been widely 

described in several in vivo and in vitro studies (62- 

65,68,69,71,72,75).

Particular interest has centred on hCG, because of a possible 

physiological relevance of its thyrotropic activity both in 

pathological conditions characterized by highly elevated 

circulating hCG levels (choriocarcinoma, hydatidiform mole), 

and during pregnancy, especially in the first trimester when 

hCG peak values are recorded (54-61, 70, 73, 74).
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The different sensitivity of the bioassay systems used has
4

led to different estimates the importance of hCG thyrotropic 

activity, due to the fairly elevated doses of hCG generally 

required to evoke a significant response in thyroid tissue.

For our investigation we have chosen a very sensitive and 

reproducible bioassay system for thyroid stimulators based on 

the FRTL-5 cell strain. Previous studies have reported a 

com parable discrim inating pow er of FRTL-5 and human 

thyroid cells with respect to human and bovine TSH (176), and 

the absence of species-specificity problems regarding the 

response by FRTL-5 cells to the known and generally accepted 

human thyrotropic factors, including TSAb (190).

In our study, the reproducibility of this bioassay has been 

investigated studying the I ' uptake response to bovine and 

human TSH in a series of subsequent FRTL-5 cell cultures and 

analyzing the dose-response curves by computer model (four- 

parameter logistic model suggested by De Lean et al., 163). 

This model, which establishes the best fit for the dose- 

response curve indicating at the same time the response at "0" 

and "infinite" dose, the slope and the ED50 value, also allows a 

statistical analysis (F test) of the effects of constraints on the 

goodness of fit. By this model, it has been possible to 

demonstrate that the dose-response curves to bTSH and hTSH 

obtained in five subsequent bioassays did not significantly 

d iffer except for the basal response (4.2.2, p .72). The 

variability of the basal uptake, which ranged from 2.6% to 

6.6%, was probably due either to a slightly different number
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of cells per well or to a different metabolic state in each 

subculture; however, the reproducibility of the bioassay was 

not affected  as dem onstrated  by the o ther com m on 

param eters.

A significant thyroid stimulating activity in urinary hCG has 

been dem onstrated both in partia lly  purified com m ercial 

preparations and in highly purified standard hCG, starting 

from relatively low concentrations (as described in Chap.4 and 

previously published, 191). The response to hCG in FRTL-5 

cells appeared to be comparable to that obtained with hTSH, 

when measuring I" uptake as functional parameter indicating 

interaction between hormones and TSH receptor. Slope of the 

curve and maximal response did not significantly differ, and 

the rela tive biopotency, calculated at the ED50 value, 

established the equivalence of 1 IU of hCG to 0.13 pU of hTSH. 

Conversely, the response to bTSH in this system  was 

characterized by a higher maximal response and a steeper 

slope, with a 2.6-fold higher potency compared to hTSH (4.3.1, 

p. 77). This finding is likely to represent the effects of species- 

related differences in affinity for the receptor and bioactivity 

depending on the in vitro system used.

The rela tive biopotency of hCG, com pared to hTSH, 

established in our bioassay system  is low er than that 

described  in other studies em ploying hum an thyroid  

membranes (72), porcine and human thyroid slices (192) and 

FRTL-5 cells (193) and seems to indicate hCG behaves as weak 

agonist of TSH. However, according to our results, circulating
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hCG levels of about 40-75 IU/ml, commonly found during the 

first trimester of pregnancy, would correspond to 5-9 p U /m l  

of TSH, a rather consistent concentration, sufficient to sustain 

the secretory activity of maternal thyroid gland, possibly 

replacing pituitary TSH. It must be underlined, however, that 

an extrapolation from the thyrotropic potency of hCG 

es tab lish ed  in vitro  using rat thyroid cells, does not 

necessarily represent in vivo conditions physio log ica lly  

occurring in humans.

The stimulatory activity of hCG in FRTL-5 cells closely 

resembles that of TSH as shown by the parallelism between 

the two dose-response curves when measuring both cAMP 

accumulation and 1“ uptake. hCG seems to act through binding 

to the TSH receptor. In fact, hCG appears to have an additive 

effect to that of TSH in the bioassay system, until maximal 

doses of both hormones are used. We find no evidence that 

hCG antagonizes the effect of TSH, confirming that both affinity 

for the receptor and biopotency of hCG are low in comparison 

to TSH.

Our findings have been confirmed by other Authors (193) 

using the same bioassay system, though the relative 

biopotency of hCG established in their study is somewhat 

greater (0.72 pU of hTSH per 1 IU of hCG). They also show a 

significant activity of hCG on growth, as previously described 

in FRTL-5 cell cultures (194).

In a series of preliminary experiments neuronal cells, glial 

cells and hepatocytes were cultured and exposed to TSH and
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hCG, without observing any stimulatory effect on cAMP 

production or 1“ uptake. It was assumed therefore that 

stimulation was a thyroid cell or thyroid cell-derived specific 

phenom enon.

The lack of neutralization of Thyroid Stimulating Activity in 

urinary hCG by anti-hTSH monoclonal antibodies represents a 

further confirmation that TSA is not due to contamination by 

pituitary TSH. Surprisingly, however, our attempts to suppress 

the thyrotropic activity in hCG by both monoclonal and 

polyclonal anti-hCG antibodies were unsuccessful and we 

observed the persistence of the stimulatory activity. A 

clarification of these results seems difficult. As high hCG 

concentrations had to be used in order to obtain a biological 

response , we could not com pletely  neu tra lize  hCG. 

Interestingly, however, while we observed a reduction in hCG 

im m u n o a c tiv i ty ,  the th y ro tro p ic  ac t iv i ty  was not 

correspondingly suppressed. This finding could be possibly 

explained by the well-known heterogeneity of hCG, a common 

feature of glycoprotein hormones. In this context, our 

observations might argue for multiple isohormonal forms of 

hCG, some of them with gonadotropic activity and higher 

immunoreactive potency, others, less immunogenic hence less 

neutralizable, with thyrotropic activity. Thus, a dissection may 

be made between different hCG isoforms, as will be discussed 

in 7.2. We speculate that minor differences in the molecular 

structure may confer thyrotropic activity on hCG and alter, at 

the same time, the immunoreactive potency. In this respect,
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modifications within the carboxy-terminal region of hCG are 

known to increase its adenylate cyclase-stimulating activity 

fo r  hum an thy ro id  m em branes, and d ec rease  the 

immunoreactive potency as much as 70% relative to that of 

the native hCG (156). Quantitative differences in immuno

logical reactivity have been observed when hCG is fractionated 

into several components (117) according to different degrees 

of glycosylation, in particular sialic acid content. A different 

arrangement of sialic acid residues in relation to antigenic 

determinant in the molecule might be responsible for the 

varying immunogenicity as well as add a thyrotropic activity 

to one or more discrete hCG isoforms.

The results reported in Chapter 4 also show that the 

thyrotropic activity in urinary hCG appears to be related to a 

substance structurally very close to hCG in terms of molecular 

weight, as TSA and hCG immunoactivity coelute as a single 

band in gel filtration chromatography. This finding seems to 

exclude that TSA could only be accounted for by non-specific 

contaminants (i.e. phenol) or by desialylated hCG, supposedly 

present in crude, and even purified, preparations of hCG (153).

However, conclusive evidence for a significant intrinsic hCG 

thyrotropic activity can only be restricted to the rodent 

species. Regarding a stimulatory effect of hCG on the human 

thyroid, doubts still exist. Although several studies have 

reported that hCG possesses a weak adenylate cyclase 

stimulatory activity (72,156), some Authors have found little 

or no evidence of significant interaction between intact hCG
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and the human thyroid (75,76,153).

There is general agreement that the initial, and mandatory, 

event in the action of most trophic hormones is their binding 

to specific receptors on the plasma membranes of the target 

organ, followed by activation of adenylate cyclase that 

ultimately leads to many of the diverse expressions of the 

hormone action. Unpurified preparations of hCG seem to 

interact with TSH receptor in human thyroid membranes in 

that they inhibit both the binding of 125I-bTSH and the 

stimulation of adenylate cyclase that bTSH produces therein 

(75). However, the active moieties of hCG in this respect have 

been shown to be variously desialylated forms (195). 

Conversely, no binding of 125I-hCG and no enhancement of 

cAMP generation in human thyroid slices by pure hCG was 

apparent, in contrast to the significant responses obtained in 

mouse thyroid tissue (76). Hence, it has been hypothesized 

that an im portan t species-re la ted  d iffe rence  in the 

responsiveness of the thyroid to hCG might exist. However, 

any bioassay system based on human tissue appears to be far 

less sensitive than mouse bioassays, and this could strongly 

influence the results obtained.

In conclusion, the most definitive test of the thyrotropic 

activity of hCG in a given species is an assessment of its 

activity in vivo. Though more difficult to perform, in vivo 

studies investigating the effects of administration of large 

doses of pure rather than crude hCG will be required to clarify 

the issue.
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7 .2  hCG  ISOFORM S AND TH YRO ID  STIM ULATING 

A C TIV ITY

Microheterogeneity of glycoprotein hormones, both with 

regard to molecular charge and size, has been established in 

several species. Not completely known are the chemical bases 

for this heterogeneity either due to difftences in amide or 

carbohydrate content, to amino acid sequence variations or to 

conformational dissimilarities.

The structural microheterogeneity, in the case of TSH, is 

reflected in different biological potencies and immunological 

properties (102-104). Interestingly, it has also been shown 

that structurally distinct forms of TSH and FSH are secreted 

according to the physiological condition and modulation by 

periphera l horm ones (thyroid and ovarian horm ones) 

(107,111).

Heterogeneity in size and/or chemical composition has been 

demonstrated among hCG and its subunits isolated from 

different patients (93,96), different tissues (93,115,196), from 

urine (117,197) and from the lysates and media of established 

eu top ic  and ectop ic  cell lines (116 ,198 ,199). The 

polymorphism in the molecular structure could be also 

evidenced by comparing bioactivity and immunoactivity of 

hCG (B/I ratio), indicating that the structures responsible for 

biological and immunological activity were not identical (133).

- 161 -



We have found considerable charge heterogeneity in hCG 

preparations independent of their degree of purification. The 

fractionation at chromatofocusing of two, differently purified, 

preparations of hCG demonstrated six major components 

eluting at pis 5.2-4.9-4.5-4.0-3.5 and at the final 1M NaCl 

step. Most of hCG immunoactivity eluted at pi 4.5 and 4.0. Our 

observations partly accord to previous data reported in the 

literature (124,125,200), although we did find more acidic 

components (pi 3.5 and 1M NaCl fractions) in percentages 

varying from 6.0 to 33%, higher in the more purified hCG (see 

Table 6 and 8, and 201).

A profile qualitatively not different from that of urinary hCG 

was obtained when we fractionated serum hCG from 1st and 

2nd trimester pregnancy samples, as reported in 6.6.1, p. 146. 

However, the highest amount of hCG was found in all cases in 

the fractions eluted by 1M NaCl buffer (31.5±4.3% in the 1st 

and 25.3±3.3% in the 2nd trimester, see Table 15). More acidic 

components were found in the 1st than in the 2nd trimester, 

more hCG eluted at pi 4.0-4.5 in the 2nd trimester, while no 

difference was observed in basic hCG (see Fig. 48).

The chromatofocusing pattern of urinary and serum hCG 

observed in our experiments differ from that reported for 

circulating  hCG in pregnancy characterized  by basic 

components at pis 5.8 and 6.7 (125). Some aspects in the 

methods employed for fractionation might explain these 

d iffe rences, in particu lar  the h r $ t  am ount of hCG 

immunoactivity we could elute with the last 1M NaCl step.
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Nevertheless, the lack of more basic components in our 

elution pattern cannot be completely explained, because our 

chromatofocusing procedure had a poor resolution power in 

this pH area.

The relative percentages of the various components showed 

great differences both in more and less purified hCG and also 

in different batches of the same preparation. However, the 

more purified preparation showed a higher proportion of 

acidic components suggesting that the purification procedures 

preferentially select isoforms of pi <_ 4.0. We have also 

observed a 2.7-fold increase in hCG immunopotency (see Table 

7) in the more acidic fractions of hCG 1. Our findings 

correspond well to data showing that the highest gonadotropic 

biopotency is linked to pi 4.0 (125,200).

The nature of hCG heterogeneity has been mainly ascribed to 

differences in carbohydrate content, in particular sialic acid. 

Sialic acid is the terminal monosaccharide of the sugar chains 

and is crucial for the half-life of the hormone in the systemic 

circulation (202) as well as for biological activity (145). In our 

experience , hCG eluted almost exclusively at pi > 6.0 after 

enzymatic desialylation, as reported in 5.5, suggesting that 

different isoforms are differently sialylated.

Previous studies have shown that urinary forms of hCG with 

oligosaccharides deficient in sialic acid content are excreted, 

especially in choriocarcinoma cases but, in minimal amounts, 

also in healthy pregnant women (128,131). Moreover, an 

incompletely glycosylated form of hCG, characterized by a pi
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of about 10.1 and probably lacking terminal sialic acid 

residues, has been isolated as one of the principal forms of the 

hormone present in 1st trimester placenta (122). This form,

although containing incompletely formed N-linked sugar 

chains, possesses substantial biological activity and its 

physiological role has not been clarified. It may possibly 

represen t a key in term ediate  in the posttransla tional

biosynthesis of hCG but its direct secretion by the placenta 

cannot be excluded.

The most acidic pattern of hCG we have found at 

chromatofocusing in the 1st trimester of pregnancy (204) is in 

agreement with previous reports indicating 1) that 1st 

trimester hCG is more highly glycosylated than placental, 

urinary and tumoral forms (132) and 2) that hCG was less

negatively charged in late pregnancy compared to early 

pregnancy (133).

All isoforms of hCG fractionated by chromatofocusing

showed TSH-like biological activity, inducing a dose-related 

increase in 1“ uptake, parallel to the response evoked by 

unfractionated hCG. However, the B/I ratio was significantly 

higher for the most basic component (pi 5.2) and significantly 

lower for the most acidic (1M NaCl), as reported in Table 10- 

11 and published in 201. According to our data, the highest 

thyrotropic and gonadotropic bioactivities seem to reside in 

different, distinct isoforms, more basic and acidic respectively.

These findings are at variance with a previous report 

showing a higher thyrotropic activity of acidic hCG variants in
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patients with trophoblastic diseases (192). The bioassay 

system used in the latter study was based on porcine and 

human thyroid slices and not on FRTL-5 cells, and species- 

rela ted differences might explain discrepant b iological

responses to hCG isoforms, analogously to desialylated hCG, 

inactive when tested on human thyroid tissue (153) but a 

potent agonist in FRTL-5 cells (203).

The key role in the structure of glycoprotein hormones has 

always been assigned to the carbohydrate moieties, which 

appear to be essential with respect to biological activity, 

though its full integrity is probably not required for receptor 

recognition and interaction. In this respect, the role of sialic 

acid in the thyroid stimulating activity of hCG remains to be 

elucidated and may substantially differ from that played in 

the gonadotropic activity. It can be speculated that sialic acid 

could modulate not only quantitatively, but also qualitatively, 

the biological activity, more sialylated isoforms acting at 

thyroid  level and less s ia ly la ted  form s expressing

gonadotropic activity . A prelim inary  support to this

hypothesis is represented by the study of Nomura et al. (205) 

on dual biological activity (gonadotropic and renotropic) of 

porcine LH, which is influenced by the carbohydrate structure 

and reflected by the presence of different pi isoforms, with 

more and less renotropic potency.
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7 .3  MATERNAL THYROID FUNCTION IN PREGNANCY 

AND ROLE OF hCG AS PUTATIVE REGULATOR OF 

THE THYROID

Hormonal changes and metabolic demands during pregnancy 

result in complex alterations in the biochemical parameters of 

thyroid function. Many of the changes are due to an elevated 

T4 binding globulin (TBG) concentration which is induced by 

increased estrogen production during pregnancy. These 

gestational changes in thyroid function have raised questions 

about the activity of the thyroid in pregnant women.

The frequent presence of goiter, with a histologic picture of 

follicular hypertrophy and hyperplasia, have suggested a 

hyperactive thyroid, attributed to the increased glomerular 

filtration rate in pregnancy which results in an increased renal 

loss of iodine. In iodine-deficient areas, the thyroid gland 

compensates by enlarging and increasing the plasma clearance 

of iodine to produce sufficient thyroid hormone to maintain 

the euthyroid state. However, no evidence of thyroid 

enlargement has been reported in women whose iodide 

intake is adequate, as it is in the United States (206). In 

Europe, goiter appears to be perhaps more frequent among 

pregnant women, though only few systematic studies have 

been undertaken. A 30% increase in thyroid volume (TV) has 

been described in a group of 20 pregnant women, but was not 

related to other parameters of thyroid function (207). Very 

recently, in a large cohort of women a significant increase of
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TV, by an average of 20%, has been observed during 

pregnancy  (189). These changes were associa ted  to 

biochemical features of thyroid stimulation, specifically high 

T 3/T4 ratio and TG levels, suggestive of a gland that was being 

stimulated to produce more thyroid hormone; paradoxically, 

thyroid volume at delivery was negatively correlated to TSH 

levels.
of

The issue of thyroid status during pregnancy is more than 

academic interest. Recent evidence, indicating a profound 

influence of maternal thyroid status early in pregnancy on 

fetal brain and nervous system development (17,208,209), 

emphasizes the need for a greater understanding of thyroid 

physiology and the critical im portance of the control 

mechanisms regulating maternal thyroid function.

Biochemical data on free T4 and TSH levels in pregnancy 

have often been contradictory.

Maternal FT4 concentrations have been variously reported 

as normal, increased or decreased during pregnancy (34- 

37,210). Greater uncertainty has centred on early pregnancy 

values, a downward trend of FT4 in late pregnancy having 

been more commonly reported (39,40). These discrepant 

findings may be related to methodological problems affecting 

many free hormone assay techniques (41), analog methods 

being particularly influenced by changes in the concentrations 

of albumin, TBG and nonesterified fatty acids (211).

Serum TSH concentrations have been reported to be higher 

in late than in early pregnancy (40,42); however, the
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concentrations of the hormone in the first trimester have been 

shown to be higher (42,43), lower (37) or unchanged (44) 

relative to normal control levels. In these studies, the potential 

biasing effects due to cross-reaction (45) of high hCG levels 

found in early pregnancy have not been ruled out. The 

reported diurnal variation in serum TSH (46,47) may also 

affect the evaluation of its basal levels unless the timing of 

sample collection is carefully considered, and more generally, 

the choice of appropriate control groups is critical to the 

detection  and evaluation of small changes in TSH 

concentrations within the normal range.

In this study we have attempted to define the changes in 

maternal thyroid function during pregnancy and clarify their 

physiological significance. We have focused our attention on 

TSH and FT4 in particular, in view of the discrepant data 

reported in earlier studies. The choice of analytically sound 

methods for measuring FT4 and TSH is critically important for 

an understanding of thyroid homeostasis in pregnancy.

We have therefore examined the possible effects of hCG 

cross-reactivity in the IFMA method employed in this study. 

TSH recovery from 1st trimester and post-partum samples did 

not differ from that from normal sera, and the addition of high 

hCG concentrations (comparable to those found in early 

pregnancy) did not cause significant negative bias in TSH 

measurements falling within the normal range. Though a 

slightly positive interfence by hCG could not be excluded 

(causing a possible increment of O.lmU/L in the measured TSH
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concentration per 100,000 IU/L of hCG at a 99% confidence 

level), we have not corrected the TSH values measured in the 

1st trimester of pregnancy.

We find a decrease of TSH in the 1st trimester of pregnancy 

and a return to normal in 2nd and 3rd trimesters, changes 

which we believe to be genuine, in agreement with the 

recently described mirror-image between a lowering in TSH 

levels and the rise in hCG (189). The comparison of TSH levels 

to post-partum values in the same subjects (for the first time 

to our knowledge) shows that any alterations in the control 

mechanisms governing thyroid function are confined to early 

pregnancy. At this stage, we confirm a higher T4 output by the 

thyroid in response to markedly increased serum TBG levels. 

TT4 significantly increases in the 1st trimester reaching a 

plateau thereafter, while TBG concentrations continue to rise 

throughout pregnancy, resulting in a fall in FT4.

The enhanced thyroid activity observed in early pregnancy 

does not appear to be sustained by pituitary TSH which is, 

paradoxically, decreased. A possible thyrotropic role of hCG(iias 

been recently suggested, when the high levels of circulating 

hCG observed in early pregnancy have been found to correlate 

negatively with TSH (48) and positively with free T4 (74) or 

free T3 (48). We also observe a significant negative correlation 

between TSH and hCG levels in the 1st trimester, this being 

more pronounced in the earliest weeks (8-10 wks’ gestation).

These findings are consistent with the well-known TSH-like 

activity of hCG (48,191,193, 74), and support the hypothesis
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that an alternative control system may regulate maternal 

thyroid activity at the commencement of pregnancy when the 

most important changes in TBG and T4 secretion are 

established (23).

FT4 levels as measured under equilibrium conditions do not 

differ from post-partum values in the first trimester, but 

significantly decrease in 2nd and 3rd trimesters, as previously 

reported (39,189,212,213). These results are at variance with 

other studies, in which FT4 has been described as increased 

(36,44,74,214). Such discrepancies probably reflect inaccuracy 

of the various methods used for FT4 measurement, and final 

resolution of this particular point is difficult. Nevertheless, our 

finding of unchanged FT4 levels in the 1st trimester, 

accompanied by decreased TSH, is consistent with the 

suggestion that hCG constitutes an adjunctive thyrotropin.

These considerations have led us to postulate the existence 

of a control system centred on the feto-placental unit which 

operates on the maternal thyroid to sustain higher T4 

secretion during early pregnancy, and ensure an adequate T4

supply to the placenta (23).

It should be noted in this context that, were an autonomous 

hypothalam ic/pituitary/thyroid feedback system to operate 

during early pregnancy in accordance with traditional 

concepts, the estrogen-driven increase in TBG synthesis would 

be accompanied by a transient rise in TSH secretion, which

would terminate following stabilisation of the TBG level, and

the achievement of a new equilibrium state characterised by
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elevated T4 and normal FT4 concentrations in serum (Fig. 

51a). These expectations conflict with the actual changes in 

hormone concentrations observed throughout pregnancy (Fig. 

51b).

In practice, the final fractional rise in T4 is less than that in 

TBG, causing a progressive reduction in the T4/TBG ratio and a 

corresponding  dim inution in FT4 as m easured under 

equilibrium conditions in vitro. Conventional concepts of 

hormone transport (based on the so-called "free hormone 

hypothesis") imply a reduced supply of T4 to maternal tissues 

in these circumstances. However, our own analysis of thyroid 

hormone transport kinetics (211) suggests that free hormone 

concentrations as measured under equilibrium conditions in 

vitro may not accurately reflect concentrations present in 

target tissue capillaries in vivo. The physicochemical basis for 

this postulate is that net T4 loss from blood transiting target 

organ capillaries inevitably causes d isturbance of the 

intracapillary equilibrium state, and a consequent depression 

in the intracapillary FT4 level. Furthermore it is theoretically 

demonstrable that - because of hormone diffusion effects 

within the capillary - this depression is unlikely to be uniform 

across the capillary radius, being greater at the capillary wall.

Though such effects are an inevitable consequence of the 

operation  of the mass action law under "disturbed 

equilibrium" conditions, it is difficult to predict their exact 

magnitude in different target tissue since neither the complex 

mathematical models nor the parameter values which are
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•Adjustment phase  * - 4 - In vivo equilibrium
 r-TBG— —

T SH

1 st trim ester 2nd trim ester 3rd trim ester

Gestation time

a. Conventional model of m aternal thyroid gland control

-PLACENTAL CONTROL  — PtTUfTARY CONTROL
—Adjustment phase In vivo equilibrium— ►

TBG

FT4 (equilibrium)
FT^ (in vivo) — —

1 st trim ester 2nd trim ester 3rd trim ester

Gestation time

b. Hypothetical model of maternal thyroid gland control

Fig. 5 1 - (a): Maternal thyroid hormone function throughout 

pregnancy based on the traditional hypothalamic/ 

p ituitary/feedback mechanism

(b): Hypothetical model of maternal thyroid control 

through a putative "placental thyroid stimulator" 

(PTS), possibly hCG
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required for their computation are presently available.

Nevertheless indirect support for these ideas is provided by 

the experimental observations of Pardridge and Landaw on 

thyroid and steroid hormone uptake in various target organs 

(215,216). Pardridge and Landaw’s data suggest not only that 

the maternal in vivo value of FT4 in certain tissues may be 

slightly depressed vis a vis the in vitro value, but that the 

depression diminishes as T4 and TBG increase. Thus it is 

plausible that the intracapillary FT4 in most maternal tissues 

is maintained at a near-constant level throughout pregnancy 

notwithstanding the fall observed in the equilibrium FT4 

value as measured in vitro (as also shown in Fig. 51a).

Coinciding with the initial TBG increase, we suggest that a 

puta tive "placental thyroid stim ulator" (PTS) assumes 

regulatory control over maternal thyroid secretion, causing a 

rise in T4, possibly accompanied by slight rise in the in vivo 

FT4 level, albeit FT4 as measured in vitro does not 

significantly increase. Indeed the transient depression of TSH 

during early pregnancy suggests that the pitu itary  is 

"hyperthyroxinemic" during this period (ie that it is exposed to 

an elevated level of FT4). In short, some maternal tissues 

(although not necessarily all) may be exposed to increased T4 

during early pregnancy in consequence of the thyrotrophic 

activity of a placental stimulator which overrides the normal 

operation of the hypothalam ic/pitu itary/thyroid  feedback 

system. However as the effects of this stimulator diminish in 

the 2nd and 3rd trimesters, the hypothalam ic/pituitary/
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thyroid feedback system reasserts its control over maternal 

thyroid activity, albeit in the face of increased circulating 

levels of T4 and TBG. This in turn leads to a fall in the FT4 

level as measured in vitro, albeit the actual in vivo FT4 level 

returns to normal.

These concepts, which are consistent both with experimental 

ob se rv a tio n s  and with th eo re tica l an a ly s is  of the 

physicochemical effects of serum binding proteins under the 

disturbed equilibrium conditions which exist in target tissues, 

suggest the possible occurrence of a period of mild maternal 

hyperthyroxinemia during the 1st trimester of pregnancy. 

This in turn is consistent with recent evidence indicating that 

the early fetus is critically dependent on the maternal T4 

supply for normal neurological development (23). Thus, the 

tem porary ex istence of an independent, transcendent, 

chorionic control on the maternal thyroid accords with the 

hypothesis that fetal T4 requirements govern maternal 

thyroid function during critical periods of fetal life; however 

they also suggest, as a corollary, the possible existence of a 

secondary serum T4 monitoring system located in the feto

placental unit, equivalent in its regulatory functions to the 

hypothalamic/pituitary axis, and ensuring at all times an 

adequate, but limited, supply of maternal T4 to the fetus 

throughout gestation.

We find a higher percentage of 'acidic' (arbitrarily defined as 

hCG with pl<4.0) hCG in the 1st than in the 2nd trimester, in 

agreement with a previous report indicating that 1st trimester
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hCG is more highly glycosylated than other forms (132). We 

have also tested the in vitro thyroid stimulating activity (TSA) 

of these sera, showing an increase of I- uptake in FRTL-5 cells 

after addition of 1st trimester but not post-partum samples.

These results are in agreement with two previous studies 

(217,218); however, contrary to these reports, the entity of 

TSA, as measured in vitro, was not correlated with hCG levels, 

nor seemed proportional to the amount of ’acidic' hCG. A better 

correlation was rather found with the percentage of 'basic' hCG 

(pi > 4.6). Although preliminary, given the arbitrary definition 

of 'acidic' hCG and the limited number of cases studied, the 

observation is consistent with other data indicating that more 

basic forms of urinary hCG show a higher TSA when measured 

in FRTL-5 cells, while the most acidic fractions are less active 

(201). The apparent conflicts between these findings and the 

more 'acidic' pattern of circulating hCG during the 1st 

trimester cannot be clarified. However, it is worth noting that 

species-related differences in the sensitivity of the thyroid 

gland to hCG have been described (76), and that discrepant 

biological responses to hCG isoforms might be obtained in 

different bioassay systems, as shown for desialylated hCG 

inactive when tested on human thyroid tissue (153) but 

potent agonist in FRTL-5 cells (204). Further studies will be 

required to identify the presence of specific thyroactive hCG 

isoforms and to evaluate their physiological relevance in 

pregnancy.
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In conclusion, this study has revealed a significant decrease 

of TSH levels in the 1st trimester, when TT4 concentrations 

are increased and FT4 levels as measured in vitro remain 

essentially constant, supporting the view that the thyroid

gland is not primarily TSH driven in early pregnancy. hCG is

likely to represent the putative thyroid stim ulator in

pregnancy; however, the lack of correlation between hCG and 

FT4 or TT4 levels suggests that a more complex control may 

finely regulate maternal thyroid activity, the pituitary and the 

chorionic systems both functioning in an independent way in 

response to possibly different feedback stimuli. In this

context, hCG microheterogeneity may influence its thyrotropic 

activity and the occurence of different hCG isoforms may 

represent a physiologically important step in the control of the 

maternal thyroid.
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Thyrotropic activity of 
crude hCG in FRTL-5 rat thyroid cells

M. Ballabio, A. K. Sinha and R. P. Ekins 

Department of Molecular Endocrinology, The Middlesex Hospital Medical School, London, UK

Abstract. T he presence o f  thyroid stimulating activity 
in partially purified hCG was investigated using, as 
bioassay system, iodide uptake in rat thyroid FRTL-5 
cells. T h e biological responses evoked by hCG were 
tested after neutralisation with monoclonal and poly
clonal antisera to hTSH  and hCG, and after fractiona
tion on Sephadex G-100. T he molar amounts o f  TSH  
and hCG in respective preparations were calculated 
assum ing an activity o f  30 IU /m g and 19 IU /m g, re
spectively, for bTSH and hTSH , and o f  14 000 IU/m g  
for hCG. A dose-dependent response, paralleling that 
evoked by hT SH , was observed in a concentration 
range o f  0 .1—4 pmol/1 hCG; 1 pmol o f  hCG was equiva
lent to 50 pmol o f  bTSH  and 132 pmol o f  hTSH . T he  
thyrotropic activity coeluted with hCG immunoactivity 
on Sephadex G-100. Incubation with monoclonal anti- 
hT SH  antibodies did not affect the stimulatory ability 
o f  hCG preparation, indicating that it was not due to 
hTSH  contam ination. Similarly, a pretreatment with 
m onoclonal and polyclonal anti-hCG antibodies did not 
significantly alter the iodide uptake response induced  
by hCG. T hese results indicate that the thyrotropic 
activity in partially purified hCG is not due to the 
presence o f  aspecific contaminants, but to a substance 
structurally related to hCG in terms o f molecular 
weight. H owever, it appeared to differ from hCG 
im m unologically, suggesting the hypothesis that minor 
m odifications in the molecular structure may confer 
thyrotropic activity on hCG, altering its immunoreac- 
tive potency.

T h e control o f  thyroid homeostasis throughout 
pregnancy is currently unknown. Hyperplasia of 
the maternal thyroid gland has long been recog
nised, this being associated with total serum thy
roxine -levels, which are markedly elevated. No

increase in circulating pituitary TSH has, how
ever, been recorded (Braunstein Sc Hershman  
1976; Yamam oto et al. 1979), and a non-pituitary 
stim ulation o f  thyroid horm one secretion has 
therefore been postulated (Harada et al. 1979; 
Guillaum e et al. 1985).

An intrinsic thyroid stimulating activity (TSA) 
o f  hCG, as o f  hLH, has been demonstrated in 
several in vivo and in vitro bioassays and has been 
attributed to the structural similarity o f glycopro
tein horm ones (identity o f  the alpha subunits.and 
hom ology o f  portions o f  the beta subunits). How
ever, a putative physiological role o f hCG in 
regulating maternal thyroid function in preg
nancy is still debated. A lthough the extrem e vari
ability and the low sensitivity o f  the methods used 
have m ade difficult an accurate quantitative esti
mate, hCG has appeared to display a weak thyro
tropic activity in in vitro studies (Carayon et al. 
‘1980; Pekonen Sc Weintraub 1980); only in patho
logical conditions, when serum hCG concentra
tions are very high, m ight hCG be anticipated 
significantly to affect thyroid hormone produc
tion. M oreover a species-related difference in the 
thyroid responsiveness to hCG has been recently 
described (Am ir et al. 1985), human thyroid tissue 
exhibiting a different sensitivity to hCG in com
parison to bovine or m ouse species.

M eanwhile, the presence o f  a physiologically 
specific hum an chorionic thyrotropin, previously 
isolated from  the placenta (Hennen et al. 1969; 
H ershm an & Starnes 1969), has been subsequent
ly denied (Harada Sc Hershm an 1978), and puri-
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activity (Carayon et ai. iyou; rcKonen oc Y*cm- 
traub 1980; Nisula 8c Ketelslegers 1974).

T h e purpose o f  the present study was to exa
m ine and quantify the thyrotropic activity present 
in a commercial partially purified preparation o f  
hCG, using a bioassay system o f  extreme sensitiv
ity, i.e. iodide (1251) uptake in rat thyroid FRTL-5 
cells.

Materials and Methods

B ovine TSH  (First Internauonal Standard o f  T hyro
tropin, bovine, for bioassay, coded 53/11), human TSH  
(Second International Reference Preparation o f  T SH , 
hum an, for immunoassay, coded 80/558), were sup
plied by the National Institute for Biological Standards 
and Control, London. T he assigned biological activities 
were 74 m lU /m g  and 5 IU /m g for bTSH and hTSH , 
respectively. Partially purified human chorionic gona
dotropin  (Profasi 5000), with an assigned biologi
cal activity o f  5000 IU /am poule, was obtained from  
Serono, W elwyn Garden City, Herts.

All m edia and reagents for the culture o f  FRTL-5 
cells were obtained from Gibco-Europe Limited, Pais
ley, Sigma Chemical Company, Poole, and Cambridge 
B ioscience, Cambridge; 3-isobutyl-I-m ethylxanthine 
(IM X) from  Sigm? Chemical Company; N a12SI from 
Am ersham  International, Am ersham , Bucks.

Cultured FRTL-5 cells were a continuous strain o f  
epithelial cells derived from the rat thyroid, the mor
phological and functional response characteristics o f  
which have previously been described (Bidey et al. 
1984a).

T h e  accum ulation o f  inorganic iodide from the incu
bation m edium  by FRTL-5 cells was studied as func
tional parameter. Cultures were exposed to the ap
propriate stim ulator for 24 h, in the presence of 0.005  
mmol/1 I MX and then returned to fresh TSH -free  

' m edium  for 24 h. Cells were incubated with iodide (0.2 
pCi Na 12SI in 1 pmol/l Na 1271 as carrier) for 40 min at 
37°C; the reaction was terminated by aspirating the 
m edium  and washing the cells with 1 ml o f ice-cold L-15 
m edium . 125l activity was determ ined by addition to 
each culture o f  20 pmol/l sodium  perchlorate (500 pi). 
After 1 h at 37°C, 200-pl aliquots were withdrawn and 
counted  for 1251 activity, expressed as a percentage o f  
the activity originally added. Triplicate test cultures 
were em ployed for each dose investigated. T o calibrate 
the system , the response to varying doses o f  bovine 
TSH  was studied in six experim ents, using three se
quential subcultures o f  FRTL-5 cells twice. Curves were 
analysed with the four-param eter logistic model sug-

ing concentrations o f  hum an T SH  and partially puri
fied com mercial (chCG) hCG preparations was inve
stigated in five experim ents and the characteristic o f  the 
dose-response curves defined by the four-parameter 
logistic model.

T h e  concentration o f  hTSH  and hCG in each dose  
tested was determ ined by ‘two-site’ fluoroim m unom e- 
tric assays based on a direct sandwich technique in 
which two m onoclonal antibodies (one o f  them labelled 
with an ED TA -Europium  ion — Eu3+-chelate) are di
rected against two separate antigenic determinants on  
T SH  and hCG m olecules. T he Eu3+ is extracted from  
the bound antibody as a fluorescent complex and meas
ured in an ARCUS 1230-time resolved fluorom eter 
(D elfia T SH , D elfia hCG, LKB/Wallac, Finland). The  
m olar am ounts o f  horm ones in respective preparations 
were expressed as the molar amounts o f  pure hor
m ones; pure bTSH and hTSH  were considered to have 
an activity o f  30 IU /m g and 19 IU /m g, respectively; 
hCG an activity o f  14 000 IU /m g.

T h e  nature o f  the stimulatory activity in chCG was 
subsequently characterized by means o f  neutralization
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Fig. 1.
E ffects o f  bTSH , hTSH  and chCG on iodide uptake in 
one FRTL-5 cell culture. H orm one concentrations are 
expressed as pm ol/l. T he iodide uptake response is 
expressed as a percentage o f  125I activity originally 
added to each culture. T he dose-response curves, ana
lysed by the four-param eter logistic model, share slope, 
response at ‘0 ’ and at ‘infin ite’ dose, without signifi
cantly alter the goodness o f  fit (F =  2.25; P -  0.10). T he  
mean basal iod ide uptake was 4.3 ± 0 .1  ( %  ± SEM). For 
each dose level, the response was tested in triplicates, 
the SEM o f  which is represented by the solid bars. 

□ ----- □  bT SH , ----- +  hTSH , ■— ■ hCG.
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at 4°C with a polyclonal (Pc) anti-hCG serum and 
m onoclonal antibodies (McAb) to hTSH and hCG (dilu
tion range: 1:100—1:40 000), before studying the
iod ide  uptake response.

T h e  antibodies were them selves devoid o f  any stimu-

144 pm ol/l), pre-incubated in the same experim ental 
conditions were used as controls.

- Com m ercial hCG was subsequently cromatographed  
on a Sepadex G-100 colum n (100 x  1.6 cm) equilibrated 
and eluted with 0.001 mol/1 sodium  phosphate 0.15

1 0 1 1 0 2 

bTSH concentration pmol/l

10'
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4)■o
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Fig. 2.
Dose-response curves to bTSH , as assessed in two series o f  FRTL-5 cell subcultures (top and bottom panels), 
ta ch  response is the mean o f  three values. T he coefficient o f variauon, at each dose tested, never exceeded
10%. □ ------□  1st culture, + ----- +  2nd culture, ■---- ■ 3rd culture, O  O  4th culture, A  ▲ 5thculture,

■-----■ 6th culture.
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pH  7.4 to exclude possible stimulatory activity by un
know n contam inants (aspecific activators o f  adenylate 
cyclase activity). Separation was carried out at a flow 
rate o f  5 m l/h and 2-ml fractions were collected. hCG 
concentrations were determ ined in the immunometric 
assay and each fraction was tested in the bioassay 
system .

I f  n o t  o th e r w is e  s ta t e d ,  d a ta  a r e  g iv e n  as  m e a n  ±  1 s d .

Results

Iodide uptake responses to bTSH, hTSH and chCG 

A dose-dependent uptake o f  iodide was induced 
by increasing concentrations o f  bTSH , hTSH and 
chCG. A sigmoidal dose-response curve was ob
served in a concentration range o f  3 - 2 4 0  pmol/l 
for bT SH , 9 —360 pmol/l for hTSH , and 0.1—4 
pm ol/l for chCG, with a plateau value reached at 
concentrations o f  120 and 180 pm ol/l for bovine 
and human TSH , and 2 pmol/l for hCG (Fig. 1).

Iod ide uptake responses to bTSH , studied in 
sequential FRTL-5 subcultures, are shown in Fig. 
2. T h e dose-response curves, analysed by the 
four-param eter logistic m odel, were proved to 
share the same slope (1.19 ±  0.09), EDS0 values "

responses (31.6% ±  1.2), except for curve 3, the 
maximal response o f  which was 34.7% ±  1.7 
(Table 1). T he basal values (responses at ‘0 ’ dose) 
showed a certain degree o f  variability (from 2.6% 
to 6.6%), probably due to differences in the 
num ber o f  cells per well in each subculture; the 
experim ental variability, however, did not affect 
the reproducibility o f  the system, as demonstrated 
by the other com mon parameters.

Iodide uptake responses evoked by hTSH and 
chCG were equally reproducible and comparable, 
as studied in five FRTL-5 cell subcultures (Fig. 3). 
T h e analysis o f  goodness o f  fit for each horm one 
is reported in Table 2. For T SH , the common 
slope o f  the dose-response curves, ED50 value and 
response at ‘infinite’ dose were, respectively, 1.44 
±  0.1, 95 ±  9.7 pm ol/l, 26.3%  ±  2.1, except for 
curve 4, the maximal response o f  which was 
29.8% ±  1.6; for hCG, 1.62 ±  0.16, 0.72 ±  0.07 
pmol/l, 22.3% ±  1.0, except for curve 4, the 
maximal response o f  which was 29.9% ±  1.5.

Since the dose-response curves obtained in dif
ferent cell subcultures appeared to be reprodu
cible, a com parison am ong the responses to each 
horm one was made pooling curves from different 
experim ents, as summarized in Table 3; hence the 
relative biopotency was calculated at ED50. The

Table 1.
Tests for goodness o f  fit for bTSH dose-response curves.

Parameters shared F test

Run tests for curve

1
(5,2)

2
(6 ,2)

3
(4,4)

4
(3,4)

5
(3,5)

6
(3,5)

All b .c 1.06 (P = 0.43) 4 5 4 6 7 4
All b, c, d (except d 4) 1.86 (P  = 0.09) 3 4 4 6 5 6
All b, c, d 2.25 (P  = 0.04) 3 4 2 * 6 2* 6
All a, b, c, d 3.79 (P =  0.002) 3 4 2* 3 3 4

T h e parameters shared are indicated in the first colum n. The F test for the effect o f  the 
constraints on the residuals is indicated in column two. T he number o f  sign runs o f  the 
residuals for each curve is indicated in column three, a: ‘0 ’ response; b: slope; c: EDS0; 
d; m aximal response. T h e  curves were constrained to be parallel and to share ED50 and the 
maximal iodide uptake response (except for d4), without altering the goodness o f  fit o f  the 
curves. When all a and d are set equal, the F test is highly significant and som e run tests 
.(indicated by an asterisk) reach the level o f  significance (P =  0.05). Use o f  constraints was 
intended for pooling curves from the different experim ents.
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hCG (see legend to Table 1).

F test

hTSH' hCG

All b, c 1.78 (P = 0.186) 1.46 (P =  0.256)
AH b ,c ,d  (except d4) 2.86 (P  = 0.053) 1.42 (P =  0.265)
All b ,c ,d 4.77 (P = 0.009) 5.91 (P = 0.001)

T h e  curves share slope, EDS0, and maximal response 
(except for curve 4) without altering the goodness o f  fit 
o f  the curves. All run tests do not reach the level o f  
significance, when all b, c, d (except d4) are shared.

and hCG.

- bTSH hTSH hCG

Slope 1.19 ±  0.09 1.44 ±  0.1 1.62 ±  0.16
EDso 36 ±  3.9 95 ±  9.7 0.72 ±  0.07
Max. response 31.6 ±  1.2 26.3 ±  2.1 22.3 ±  1.0

S lope, ED50, and maximal response were calculated 
pooling curves from the different experim ents using 
the four-param eter logistic m odel as detailed in Mate
rials and M ethods. ED50 is expressed as pmol/l for 
bT SH  and hT SH , and pmol/l for hCG ±  s e m . The  
m axim al response is expressed as percentage o f  iodide 
uptake ±  SEM.

30

20  -

1 0  1

hTSH co n cen tra t io n  pmol/l

30 -i

20  -

hCG co ncen tra t ion  nmol/l  

Fig. 3.
f^ose-response curves to hTSH (upper panel) and chCG (lower panel) in three experim ents. At each dose, the
response  is represented as the mean o f  three values ± sem. □ ----- □  1st culture, + ------+  2nd culture, ■-----■  3rd

culture.
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was equivalent to 50 pmol/l o f bTSH and 132 
pm ol/l o f  hTSH . On a equimolar basis, bTSH was 
2.6 times m ore potent than hTSH in stimulating 
iodide uptake in the system.

Immunological characterization of thyroid stimulating 
activity in chCG ~
M e anti-hTSH Abs. Incubation with M cAbto hTSH  
did not affect the stimulatory ability o f  the chCG 
preparation, indicating that the observed results 
were not due to hTSH contamination. No signifi
cant d ifference in iodide uptake was found after 
pre-incubation o f  1.6 pmol/l hCG with antibody 
dilutions from 1:40 000 to 1:500. T he same pre
treatm ent resulted in a dose-dependent neutrali
zation o f  the response induced by a submaximal 
concentration (144 pmol/l) o f  hTSH. As expected, 
anti-hTSH  did not abolish the response evoked by 
bTSH (Fig. 4, top panel).

M e and Pc anti-hCG Abs. Neutralization experi
m ents were performed using a Pc anti-hCG anti
serum , cross-reacting also with hLH, hFSH and 
hTSH  (at 1:1000 dilution, the binding was 42%, 
23%, 11% and 12%, respectively, for hCG, hLH, 
hFSH, hT SH ), and Me anti-hCG Abs specific for 
hCG (no cross-reaction with hCG-(5 and -a sub
units, LH, FSH and TSH).

T he pretreatment o f chCG with serial dilutions 
o f  Me and Pc anti-hCG Abs (from 1:40 000 to 
1:100) resulted in a neutralization o f  hCG immu- 
noactivity. As represented in Fig. 5, both Me and 
Pc anti-hCG Abs (1:100) progressively neutralized 
hCG immunoactivity from 40 to 100%, according 
to chCG concentrations.

On the contrary, McAb to hCG (dilutionsfrom  
1:40 000 to 1:100) did not suppress to basal levels 
the thyrotropic response induced by chCG. Two 
doses o f  hCG (0.6 and 1.6 pmol) were pre-incu- 
bated for 2 h at 37°C and for 12 h at 4°C: in each 
o f  these experim ental conditions, hCG stimula
tory activity was not reduced. Neither hTSH nor 
bTSH responses were affected (Fig. 4, middle 
panel).

Similarly, iodide uptake induced by chCG was 
not suppressed by pretreatment with Pc anti-hCG 
serum (antiserum dilution from 1:40 000 to 
1:100). It is significant that this procedure re
sulted in a almost com plete abolition o f the re
sponse to hT SH , whereas it did not affect the 
activity-ofbTSH  (Fig. 4, bottom panel).

20 -

1 0 °
Ab conc. %

30 - I

20 -

Q.

rm rj  . i  i m m

1 0 ' 3 1 0 ' 2 1 0 1
Ab conc. %

‘30 ->

0)
(A
C
oQ.VI0)
O
(Qa30)2*oo

20  -

1 0 ‘ 3 1 0 ‘ 2
Ab conc. %

Fig. 4.
Iod ide uptake response to bTSH (96 pmol/l), hTSH  
(144 pm ol/l), chCG (0.6 pmol/l) after a 12 h pre
treatm ent with Me anti-hTSH Ab (top panel), Me anti- 
hCG Ab (m iddle panel), and Pc anti-hCG Ab (lower 
panel). At each antibody dilution, the response is the 
mean o f  three values ±  SEM. Responses significantly 
different from  the response induced by the hormones 
alone (as determ ined by /-test), are marked by asterisks
* P  <  0.05; * * P  <  0.005. □ ----- □  hTSH , 4 ----- 4  hCG,

■----- ■  bTSH .
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G-100 colum n, equilibrated and eluted with a 
phosphate saline buffer which minimally inter
fered with iodide uptake in FRTL-5 cells. On this 
colum n, the position o f  standard hCG and stan
dard TSH  peaks were clearly distinguished, hCG 
eluting at a Kav = 0.16 (apparent mol wt: 63 000 
D) and TSH  eluting at a Kav = 0.31 (apparent mol 
wt: 36 000 D). A single hCG peak, coincident with 
the position o f  purified hCG, was observed when 
30 pmol o f  hCG were fractionated and column 
fractions m easured in the immunometric assay. 
T h e recovery o f  hCG immunoactivity was 88%.

A significant stimulation o f  iodide uptake was 
present in fraction 15—18 where hCG immunoac
tivity was higher (iodide uptake %: fraction 15 — 
17.1 ±  0.2; fraction 16—18.9 ±  0.9; fraction 
17 — 15.2 ±  1.1; fraction 18-11 .7  ±  0.5; basal 
uptake —4.8 ±  0.7). Although an iodide uptake 
value slightly increased with respect to basal val
ues was observed in a broad region corresponding  
to a low apparent mol wt (25 000—15 000 D), 
where no hCG immunoactivity was recorded, 
there was no distinct peak o f TSA in any other 
region o f  the chromatography, including the elu
tion region o f  TSH  (Fig. 6).

co
flj
|  5 0 -
3<Uc

hCG nmol/l 

Fig. 5 .
Neutralization o f  hCG immunoactivity after pretreat
m ent with Me and Pc anti-hCG Abs. Both Me and Pc 
Abs, tested at 1:100 dilution, were pre-incubated over
night with hCG concentrations from 2 to 600 nm ol/l, as 
indicated on the x-axis. After removal o f  bound hCG, 
hCG im m unoactivity was measured in the supernatant; 
the calculated percentage o f  neutralization is indicated 

on the y-axis. □ ----- □  Me 1:100, ■-----■  P ci: 100.

Y

-  20

o
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Oox:

0 +
0 1 C 20 30 50

traction n :

Fig. 6.
Chrom atography o f  chCG on Sephadex G-100, as detailed in Materials and Methods. hCG concentration in each 
fraction, as determ ined by im m unoradiometric assay (IRMA), is expressed as pmol/1. T he thyroid-stimulating 
activity in each fraction was determ ined m easuring the iodide uptake response in FRTL-5 cells (mean ±  s e m ). 

Each iodide uptake response was tested in triplicates. In the experim ent, the basal iodide uptake was 4.8% ±  0.2.
□ ----- □  hCG pmol/l, + ----- +  iodide uptake %.

485



o f  iod ide uptake paralleled the response curve 
determ ined by unfractionated chCG. No fraction 
seem ed  to be more active than unfractionated 
hCG in stimulating iodide uptake. However, a 
biopotency estimate, based on the four-parameter 
logistic m odel, could not be performed, since a 
m axim al iodide uptake response was not reached.

T h e pretreatm ent with both McAb and Pc anu- 
hCG serum  did not suppress the ability to stimu
late iod ide o f  any fraction o f  the hCG peak (data 
not shown).

Discussion

T h e intrinsic thyrotropic activity o f  a number o f  
glycoprotein  horm ones, due to the structural si
milarity am ong them, has been widely studied in 
several in vivo and in vitro systems (Carayon et al. 
1980; Pekonen 8c Weintraub 1980; Nisula 8c Ke- 
telslegers 1974).

T h e  hLH and hCG molecules are structurally 
nearly identical, except for the ultimate C-termi- 
nal 32 am ino acids and carbohydrate side chains 
in hCGp. W hen compared with hTSH, hLH 
shows a greater structural similarity to hTSH than 
does hCG, and a 65-fold higher thyrotropic activ
ity o f  hLH has been ascribed to this (Carayon et al. 
1980). However, particular interest has centred 
on hCG, because o f the possible physiological 
relevance o f  its thyrotropic activity in pathological 
conditions characterized by highly elevated circu
lating hCG levels (choriocarcinoma, hydatidiform  
m ole). Nevertheless an even m ore physiologically 
relevant hCG thyrotropic activity might be.mani
fested  in the first trimester o f  pregnancy, when an 
unequivocal increase in maternal thyroid activity 
has been observed, although no increase in circu
lating pituitary TSH has been recorded (Braun- 
stein 8c H ershm an 1976; Yamamoto et al. 1979; 
H arad aeta l. 1979; Guillaume et al. 1985).

W e clearly find a thyrotropic activity, which 
parallels the response to hTSH , in a commercial 
preparation o f  hCG, starting from relatively low 
hCG concentrations (0.1 nmol/l), when using, as 
the bioassay system, the functional parameter o f  
iodide uptake in rat thyroid FRTL-5 cells. This 
strain form s the basis o f  a sensitive and reprodu
cible bioassay system for thyroid stimulators and a 
com parable discriminating power o f  FRTL-5 and

(Bidey et al. 1984b). Mouse thyroid tissue re
sponds to the known and generally accepted hu
m an  thyrotropic factors and FRTL-5 cells, in 
particular, do not appear to exhibit species speci
ficity problem s with respect to TSab (Vitti et al. 
1983).

H owever irhas been recently reported that hCG 
itself does not significantly interact with human 
thyroid tissue (Amir et al. 1985), whereas it may 
bind to TSH  receptors in other species (bovine, 
m ouse thyroid tissue). The previously reported  
displacing ability o f  hCG might be ascribed to 
desialylated forms, supposedly present in crude, 
and even purified, preparations o f  hCG (Uchi- 
mura et al. 1982) or to some non-specific conta
minants (i.e. phenol). Conversely, a more signifi
cant thyrotropic activity o f  crude hCG has been 
described in several species, including human, 
based on the enhancem ent o f  adenylate cyclase 
activity and the production o f  cAMP as indices o f  
bioactivity (Carayon et al. 1980; Uchimura et al. 
1982; Amir et al. 1977). These results have 
prom pted the interpretation that some com po
nents, present in chCG, and possibly removed 
during purification steps, are responsible for the 
thyrotropic activity observed, whilst hCG itself has 
little,or nO'human thyrotropic activity (Amir et al. 
1980). In this respect, it has been recently sug
gested that the occurrence o f acidic hCG variants, 
found as circulating forms in patients with tro
phoblastic tumours, may be associated with thyro
tropic activity exceeding that reported previously 
(Mann et al. 1986).

In our experience, the thyrotropic activity in 
com m ercial hCG appears to be related to a sub
stance structurally very close to hCG in terms o f  
m olecular weight, as TSA and hCG immunoactiv
ity coelute on a Sephadex G-100 column. This 
observation, along with the detection o f  a minimal 
contamination by hTSH (0.036 pU hTSH /1000  
IU hCG) and the persistence o f  the biological 
response after pretreatment with Me anti-hTSH  
Abs, indicate that the thyrotropic activity in chCG 
is not due to the presence o f  TSH-like material.

A lthough we could not investigate the presence 
o f  acidic variants, since more effective separation 
techniques are required, our attempts to suppress 
the thyrotropic activity in commercial hCG, be
fore and after gel filtration, by anti-hCG anti
bodies were unsuccessful and we observed the
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also used Me anti-hCG Abs specific for hCG. The 
efficacy o f  the pretreatment is indicated by the 
neutralization o f  hCG immunoactivity we could 
observe. As we had to use high hCG concentra
tions in order to obtain a biological response, we 
could not com pletely neutralize hCG immunoac- 
tivitv. Interestingly, however, while we observed a 
reduction in hCG immunoactivity, the thyrotropic 
activity was not correspondingly suppressed. Our 
observations argue for multiple isohormonal 
forms o f  hCG, som e o f  them with gonadotropic 
activity and higher immunoreactive potency, 
others, less im m unogenic, with thyrotropic activ
ity. Thus, a dissection may perhaps be made 
between different isohormonal forms although 
hCG eluted as a single band in gel-filtration chro
matography.

We speculate that minor differences in the 
molecular structure may confer thyrotropic activ
ity on hCG and alter, at the same time, the 
immunoreactive potency. In this respect, modifi
cations within the carboxy-terminal region of 
hCG are known to increase its adenylate cyclase- 
stimulating activity for human thyroid mem
branes, and decrease the immunoreactive potency 
as much as 70% relative to that o f the native hCG 
(Carayon et al. 1981). Quantitative differences in - 
immunological reactivity have been observed 
when hCG is fractionated into several components 
(Puett et al. 1978) according to different degrees 
o f  glycosylation, in particular sialic acid content. A 
different arrangem ent o f sialic acid residues in 
relation to antigenic determinants in the molecule 
might be responsible for the varying immunogen- 
icity as well as add a thyrotropic activity to one or 
more discrete hCG forms.

On the other hand, m icroheterogeneity is com 
monly observed in glycoprotein hormones and 
multiple forms may possess independent biologi
cal functions and be secreted in response to dif
ferent hormonal situations (lora et al. 1979; Joshi 
Sc Weintraub 1983; Wide 1985). hCGs isolated 
from various sources appear to differ in chemical 
composition, both regarding the amino acid chain 
and the carbohydrate content (Fein et al. 1980;
 ̂azaki et al. 1980; Mann Sc Karl 1983).

The thyroid-stimulating activity in commercial 
hCG may be either a specific factor coeluting with 
hCG or some o f  its discrete com ponents, or a

and characterization o f  the active factor within 
hCG fractions and studies are currently underway 
to address these issues.
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INTRODUCTION

For a number of years, the consensus view am ongst endocrinologists h as been that thyroid 
hormones of maternal origin neither cross the placenta in significant amount1, nor are implicated in the 
developm ent of the fetus in general, or of the fetal CNS in particular2. N evertheless, for a number of 
reasons (som e of which have been discussed in3), the validity of this view appeared to us to be open to 
doubt: w e therefore initiated studies (ca 1980) specifically intended to verify or disprove som e of the  
experimental evidence and theoretical postulates on which this view w as based .

Results of our preliminary studies4 immediately confirmed the suspicion that previous work on 
thyroid hormone (TH) transport from mother to fetus w as either irrelevant to the events occurring in 
early pregnancy (having been confined to animal studies late in pregnancy - ie following developm ent 
of the fetal thyroid gland) - or, in the ca se  of the relatively few studies conducted during early 
pregnancy, had been misinterpreted or ignored.

Aside from the questionable nature of past experimental evidence relating to this issue, the 
principal explanation offered for the supposed ab sen ce  of placental TH transport appeared equally 
unsound, albeit superficially persuasive. This relied on the proposition that thyroxine binding globulin 
(TBG) and the other TH binding proteins (thyroxine-binding pre-albumin (TBPA) and albumin) present 
in maternal serum prevent passage of TH from maternal to fetal circulations5. This concept reflects a 
view widely held am ongst endocrinologists, ie that TBG and other specific hormone binding proteins in 
serum serve to minimise hormone loss from the vascular compartment and, indeed, that this 
in s t itu te s  their principal physiological role6.

The serum concentration of TBG rises approximately 2 - 3 fold in human pregnancy; the 
:oncentrations of som e of the specific steroid binding proteins likewise rise, albeit - in certain c a se s  - to 
i greater factorial extent. Speculation on these proteins' physiological role has therefore inevitably 
entered on the possibility that they are in som e w ay implicated in governing hormone transport during 
.estation, the notion that the rise in TBG "protects" the fetus from maternal TH5 being a prime example 
f such concepts. Thus although, in the context of this Symposium, the principal questions of interest 
re: do thyroid hormones traverse the placenta and, if so, are they of importance to the full maturation 
f the fetal brain?, the role of TBG and other thyroid binding proteins in TH transport - particularly during 
[egnancy - clearly constitutes an important complementary issue. Coincidentally it is one which,
2cause of its wider relevance to endocrinology and reproductive physiology, has attracted much 
jcent interest and controversy.

In this presentation we hope to clarify the confusion that centers on the role of binding proteins
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in hormone transport, showing inter alia that, contrary to com mon opinion, binding proteins facilitate, 
and do not inhibit, hormone efflux from the vascular compartment. Indeed w e su ggest that TBG may 
have evolved specifically to ensure adequacy of a maternal thyroxine supply to the feto-placental un it,: 
possibly forming part of a complex feed-back system  governing the thyroid hormone environment to 
which the (early) fetus is exposed. However, we also present data relating to the more general 
hypothesis3 that maternal thyroxine not only traverses the placenta, but is of crucial importance to the 
developm ent of the fetal CNS.

Hormone transport to target tissues: the free hormone hypothesis

The "free hormone hypothesis" of hormone delivery is widely accepted  am ongst endo
crinologists. It enshrines the concept that, in the c a se  of hormones which exist in blood (largely) in 
protein-bound form, the serum free hormone concentration constitutes the essentia l determinant of 
hormone action. A corollary is that only hormone in the free state is able to traverse target tissue  
capillary walls and penetrate target cells. These concepts reflect the observation that, in circumstances 
in which serum protein-bound hormone levels differ significantly from normal (eg during pregnancy, or 
in consequ en ce  of genetic abnormality), endocrine status appears to correlate with the serum free 
concentration, not the bound. The thyroid/pituitary/hypothalamic feedback system  provides the classic  
example of th ese  propositions, the system  appearing to operate in such a way a s  to maintain free 
thyroid hormone concentrations at a (near) normal level in the face of wide differences in the 
concentrations (or com positions) of the thyroid binding proteins present in blood. Similar concepts 
apply in the c a se  of the steroid hormones.

Such observations underlie the view that m easurem ents of serum free hormone are 
diagnostically more valuable than measurements of bound (or total) concentrations. Clearly they also 
imply that both the bound hormone moiety and the binding proteins them selves are physiologically 
irrelevant, the latter view being sustained by the fact that no physiological consequ en ce  attributable to 
an ab sen ce  or elevation of these  proteins has ever been observed. N evertheless, the notion that the 
hormone binding proteins in serum p o sse ss  no physiological role is difficult to accept. Consequently 
endocrinologists have frequently sought explanations of th e se  proteins' ex isten ce and biological 
function.

A conventional view - the "vascular retention hypothesis" - has been that they provide an 
intravascular "buffer store" of hormone, attenuating transient surges of secretion or peripheral 
dem and6-7, and restricting hormone entry into "sensitive" cells6. Illustrative of this concept is Osorio 
and Myant's suggestion  that TBG prevents TH transport from mother to fetus5, thus serving to isolate 
or "protect" the fetus from the maternal endocrine system .

Hormone transport to target tissues: "bound hormone" hypotheses

Other investigators have sought explanations which challenge the free hormone hypothesis.
For exam ple, following observation of the differential effects of corticosteroids on the induction of 
hepatic and pancreatic aminotransferases in rats with altered serum CBG levels, Keller, Richardson and 
Yates su ggested  that certain tissu es are permeable to specific binding proteins8 , and thus accessib le  
to protein-bound hormone per se . They therefore hypothesised that CBG "increases the specificity of 
the adrenocortical system  by targeting corticosteroids according to features of micro-circulation". 
Though Keller et al's hypothesis has subsequently been largely disregarded, similar ideas have more 
recently been proposed by Siiteri et al9 who claim to have observed intra-cellular localization of CBG 
and SHBG, and have su ggested  that, following their structural modification, th ese  proteins convey  
hormone directly into the cell nucleus. However, a major difficulty arising with all such concepts is that 
physiological m anifestations of abnormality in binding-protein levels would be expected to be evident; 
moreover they offer no specific explanation of the characteristic changes of binding protein levels 
se e n  in pregnancy.

The ideas of Pardridge and his colleagues in this area10’11-12 have com manded particular 
attention during the past decade, and are currently the subject of considerable controversy. They 
center on the proposition that the equilibrium constant governing the protein binding of hormone is 
altered in the microvasculature of target organs, causing the intracapillary free hormone concentration 
to be elevated in such tissu es, and large amounts of (dissociated) bound hormone to be selectively  
transported to them. Thus Pardridge claims that "the function of plasm a protein binding is the selective



jugh the notion that binding proteins affect the delivery of hormone in this way is com mon to all 
lent challenges to the free hormone hypothesis (including our own), w e  totally reject Pardridge's 
fas, believing them to derive from an oversimplified theoretical analysis of the kinetics of hormone 
Lx from target organ capillaries, coupled with crucial misinterpretations of experimental data13, 
jwever, in part b eca u se  of the interest Pardridge's views continue to provoke, but more particularly 
:au se  of the relevance of som e of Pardridge's experimental data - when correctly interpreted - to the 
jject of this Sym posium , this issue merits more detailed discussion here.

Pardridge's challenge of the validity of the free hormone hypothesis originally derived from a 
dam ental misunderstanding of the hypothesis itself14. It must be em phasized that this does not 
■pose that the amount of hormone delivered to an individual tissue is restricted to the amount initially 
sent in the free state in the afferent blood supply. Illustrative of misunderstanding on this point, the 
servation that the "splanchnic extraction of testosterone or estradiol, or the brain extraction of 
gesterone, is on the order of 30-50%, which is 10-fold the percentage of free hormone in serum"11 
s originally viewed by Pardridge a s contradicting the hypothesis. This m isconception constituted the 
icipal foundation of Pardridge's proposal of an "apparent", in vivo, dissociation constant (KDaPP) 

Mating from the "absolute" constant (Kq) estimated in vitro10, and w hose value w as supposedly 

jn by K p e V . where (t) is the capillary transit time and (kp) the capillary wall permeation

istant10,11. The claimed manifestation of this effect w as elevation of the "apparent" in vivo free 
mone level in tissu es (eg the liver) characterised by "long" capillary transit tim es (i.e. times 
nparable with the dissociation half-time of the protein-hormone com plex), this phenom enon  
iposedly accounting for the high rates of unidirectional (radiolabelled) hormone efflux observed in 
endorf-type experim ents. However, following criticism of these  ideas and their mathematical 
is14, Pardridge and Landaw formulated, in 1984, a radically altered hypothesis15, albeit the notion 
. tissue-specific elevation of an "apparent" dissociation constant continues to feature in it. The 
sed  hypothesis proposes that the "major factor leading to the. rapid transport in vivo of protein- 
nd ligands into tissu es such as brain is an endothelial-induced decrease in the affinity of the plasma 
:ein for the ligand”15 arising, for example, from "a conformational change in the plasm a protein" as it 
sits the target tissue.

The basis for this new proposal differs from that underlying Pardridge's original hypothesis; it 
ters on the discrepancy betw een Pardridge and Landaw's experimental observations on 
olabeled hormone uptake in brain and other tissues, and theoretical predictions based  on a reviseck  
none efflux equation, described by these  authors as the "modified Kety-Renkin-Crone" 
ation15, which takes the form:

[P] = protein concentration
K = affinity constant
t = capillary transit time
kp = capillary wall permeation rate constant

Pardridge's more recent views depend crucially on the demonstration that increase in the 
3in content of the injected labeled-hormone bolus used in his organ-perfusion experim ents does  
:ause a reduction in tissue uptake of hormone of the magnitude predicted by Equation 1 15. 
ever, it is readily demonstrable that this simplified equation (which is esentially identical to one  
osed  in our critique of Pardridge’s earlier theoretical analysis14) depends on the assum ption that 
netic events occurring within, and adjacent to, the capillary in the course of unidirectional hormone 
< proceed at infinite speed , i.e. that the only constraint on the rate of hormone efflux is the rate 
tant governing capillary wall hormone permeation.

The invalidity of this proposition can readily be demonstrated by reference to the more correct

1 + K[P]
F E e (1 )

re FE = fractional efflux of radiolabeled hormone during a single p a ss through the 
target organ
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transits organ capillaries, and that intracapillary free hormone mixing and diffusion are infinitely rapid 
(implying that the free hormone concentration across the entire capillary radius is uniform13-14):

w here kd = dissociation rate constant of bound hormone complex.

Clearly the simplified form of Equation 2 relied on by Pardridge reflects the assum ption that kd = 

°° (ie that the protein hormone complex dissociates infinitely rapidly), implying that kp/kd = 0. This 
assum ption is clearly questionable. Moreover, inclusion of a  term in the efflux equation reflecting 
bound hormone dissociation is sufficient to explain all Pardridge's experimental observations (see , for 
exam ple, Figure 1). It is quite evident that the insignificant discrepancies betw een experimental results 
and those predicted from Equation 2 provide no justification for the postulation of hitherto 
unsuspected intracapillary hormone release m echanism s of the kind proposed by Pardridge.

A kinetic model of hormone transport

Pardridge's experimental results nevertheless confirm a proposition that w e have frequently 
advanced, i.e. that circumstances may arise in a particular target organ in which bound hormone 
dissociation exerts rate limiting effects on hormone delivery14-16. In such circum stances, variation in the 
bound hormone level will affect hormone delivery to the organ concerned, a s is implicit in Equation 2, 
and exemplified by the data shown in Figure 1. This proposition underlies our own challenge to the 
free hormone hypothesis, and our su ggested  explanation for the evolution and ex isten ce  of serum  
binding proteins.

Though Equation 2 is capable of explaining Pardridge and Landaw's data, more com plete 
theoretical analysis of the kinetics of hormone efflux from target tissue capillaries su g g ests  that 
additional parameters affect the intracapillary free hormone concentration (or, more particularly, the 
concentration at the capillary wall, which governs the rate of hormone efflux into adjacent tissue).

1 + K [P] +

F E 1 e (2 )

K = 212.8 L/mM

1     I ■ " I " 1" *—  ■ I ' " *  |  ■ |
0.0  0.1 0.2 0 .3  0.4  0.5

Albumin (mM)

Figure 1. Unidirectional extraction o f[  1251] T3 by rat brain plotted versus arterial albumin 
concentration (data reproduced from Figure 5, Reference 18). Note the typically 
good fit of Equation 2  to the experimental data.
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I  the rate of intracapillary free hormone difusion and mixing, the intracapillary bound hormone level, and 
1 the dissociation rate of the bound hormone complex) som e of which are “tissue specific". Our analysis
: reveals that serum binding proteins assist in sustaining a high free hormone concentration at the

capillary wall in the face of hormone efflux, thus enhancing (not, a s commonly thought, restricting) 
hormone efflux from the capillary. Moreover it is demonstrable that a rise in the serum concentration of 
a binding protein that carries two hormones (as does TBG) is potentially capable of specifically 
enhancing transport to certain tissu es of one relative to the other in consequ en ce of differences in 
their kinetic characteristics. Thus, in the ca se  of T4 and T3, a rise in TBG is likely to increase T4
delivery to targettissues in which the rate of hormone efflux per unit area of capillary wall is high. This
su g g ests  that, although the free hormone concept may broadly apply throughout the body, binding 
proteins may nevertheless serve a subtle role in directing particular hormones to particular target 
organs in particular physiological circumstances (albeit for reasons quite different from those  
previously advanced by other investigators).

The marked ch a n g es in the concentrations of many binding proteins seen  in pregnancy 
su ggest that the physicochem ical phenom ena discussed  above may specifically operate to regulate 
hormone supplies to t issu es implicated in the reproductive process. Moreover, evidence that the feto
placental unit may be of special significance in this context is provided by the hitherto unexplained 
observation that a pregnancy-induced CBG rise is se e n  only in sp ec ies characterized by hemochorial 
and hem oendothelial p lacen tae17. The nature of barriers to hormone transport betw een maternal and 
fetal circulations may underlie this unexpected correlation, differences in the permeabilty of these  
barriers providing a possib le explanation both for sp ec ies differences in the spectrum of hormone 
binding proteins present in the blood, and in the alterations in the levels of these  proteins arising in 
pregnancy. In the c a se  of TBG, consideration of T4 and T3 binding kinetics su ggests that a TBG rise 
results in preferential T4 delivery to any organ in which there is a high local rate of capillary efflux of TH. 
Meanwhile our results on placental transport of T4 indicate that fetal T4 uptake in the rat is relatively 
high in the first 9 - 1 0  days of fetal life, but thereafter falls to very low levels4. Placental T4 accumulation 
nevertheless remains high throughout pregnancy, the accumulated hormone being degraded to 
iodine (and reverse T3). Such degradation clearly provides a rich placental source of iodine for the 
developing fetal thyroid - a phenom enon likely to be of special importance when dietary iodine (and 
hence the iodide level in maternal blood) are low. T hese observations are clearly com m ensurate with 
the proposition that TBG is physicochemically designed to supply T4 to particular target tissues.

N evertheless, although our own data and those subsequently obtained by others (eg 18) have shown 
the belief that the feto-placental unit does not require T4 to be questionable, they do not directly 
confirm the proposition that the presence of large protein bound T4 pool in maternal blood serves to 
ensure adequacy of a feto-placental T4 supply. Nevertheless, the suggestion that this constitutes the 
primary role of TBG (and analogous serum binding-proteins in other mammalian sp ecies) accords with 
observations that high levels of protein bound T4 are seen  only in mammals, that total TBG deficiency 
in man is essentially confined to m ales (and is without apparent physiological consequence), and that 
the bound T4 level in serum rises in pregnancy. Moreover, the presence in blood of a specific protein 
capable of enhancing T4 availability to the feto-placental unit might be expected to confer considerable 
evolutionary advantage, particularly in conditions of iodine scarcity, and in sp ecies such a s man 
characterized by a long gestational period. Likewise, the finding that lack of maternal T4 in early fetal life 
s  associated with irreversible neurological dam age19, and the recent observation that T4 alone is 
available to enter the fetal brain20, are entirely commensurate with the idea that T4 is of special 
mportance in regard to the differentiation of the fetal CNS.

n the following sections, w e present further evidence supportive of this view.

’LACENTAL TRANSFER AND FETOPLACENTAL METABOLISM OF THYROID HORMONES AND 
DDIDE

Our initial experimental approach w as to investigate the placental transfer of TH from mother to 
itus, paying particular attention to early pregnancy4-21. In brief, rats were injected with [131 Ijiodide and 
ither L-[3'-125l]T3 or L-[3\5'-125l]T4 at various stages of pregnancy, and then killed after 1 hour, 
adioactivity w as determined in total, TCA soluble (iodide and other cleavage products) and TCA
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as a function of the tissu e protein content (radioactivity/g protein) and, in order to standardise results, 
all values were finally expressed as a percentage of the radioactivity associated with 1 g of maternal 
plasma protein.

At 10 days gestation, following injection of [125I]T4, fetal concentrations of radioactivity in TCA 
insoluble and soluble fractions were 9 and 35% of the maternal plasma concentration respectively21. 
Placental concentrations were similar at the earliest gestational age at which they were exam ined (14 
days), but w hereas they increased throughout the remainder of pregnancy, fetal concentrations 
declined. Although fetal extraction of maternal [125I]T3 w as also observed in early pregnancy - the 
respective concentrations of radiolabel in acid insoluble and soluble fractions being 17 and 73% of the 
maternal plasm a concentration - the absolute amounts of T3 transferred represent only a minor supply 
relative to T4, due to the 100-fold higher concentration of the latter in maternal blood. T h ese  findings 
have been confirmed by independent observations in a variety of animal sp ec ie s18-22.

In order to illustrate the possible relevance of transferred maternal T4 to fetal developm ent, 
concentrations of radioactivity in various maternal organs and fetus were compared4-21. At 10 days 
gestational age, the concentration in the fetal iodothyronine fraction w as equivalent to, or greater than, 
that in maternal brain, ovary and heart, but less than that in maternal liver and kidney. The concentration 
in the fetal TCA soluble fraction w as only less than that of maternal kidney, indicating efficient 
metabolism of accum ulated T4. After mid gestation, the fetal iodothyronine concentration w as  
comparable only with that of maternal brain, whereas TCA soluble metabolites were higher than those  
in maternal brain and heart. Thus, in early gestation, fetal concentrations were of the sam e order as  
those found in many maternal organs, implying that the supply of maternal T4 is sufficient to influence 
fetal developm ent.

The presence of acid soluble radioactivity (125l) in fe tu ses and placentae indicates metabolism  
of maternal T4. The ratio 125|/1311 jn TCA soluble fraction of 10 day old fetuses w as greater than that 
of maternal plasma, demonstrating local deiodination of maternal T4. Chromatography of fetal 
extracts21 revealed that, in early pregnancy, 35% of transferred radiolabel w as present a s T 3 ,22% w as 
in the form of rT3 and 43% remained as T4. In late pregnancy only 3% w as recovered in the T3 fraction, 
w hereas 66% co-migrated with rT3. In the placenta, relatively little T4 w as converted to T3 following the 
onset of independent fetal thyroid function, most of the radiolabel (ca 70%) appearing as rT3. T hese  
findings are consistent with our observations of feto-placental 5'-deiodinase; activity of this enzym e is 
high in early pregnancy but declines after mid gestation21. The associated  change in metabolic pattern 
may serve a dual role: to limit the supply of maternal T4, while at the sam e time ensuring adequacy of 
iodide supply for fetal T4 synthesis.

Table 1. Uptake o f 1311 by maternal tissues and the feto-placental burden

T issue n Ratio % Dose o f 131 I/organ

Liver 12 46  ± 4 3 .4 3
Kidney 12 66 ± 5 0 .6 3
Ovary 12 42 ± 12 0 .0 6
Brain 12 6 ± 2 0 .0 4
Heart 13 28 ± 7 0 .1 3
S p lee n 13 38 ± 4 0 .1 2
Thyroid 12 6400 ± 4300 1 .1 7
Maternal total 5 .5 8

Fetoplacental burden 4 7 .1 9

Ratio = % dose yg wet x 100 
% dose/trl plasma
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accumulation by the feto-placental unit increased throughout gestation, reaching a peak after 
establishm ent of autonom ous fetal thyroid function. At 20 days gestation, the com bined 1311 content 
of the total feto-placental burden w as higher than that in all maternal organs studied (thyroid included) 
(Table 1). Under normal conditions, although an iodine deficiency state may prevail during pregnancy 
(due to increased renal clearance), the feto-placental unit is able to com pete efficiently with maternal 
tissu es for iodide.

Placental Control of Feto-Matemal Thvroid Hormone Economy

The particular relevance of TH with respect to the maturation of a variety of tissu es and the 
organism as a whole, and the especially severe, potentially irreversible damaging effect of their 
deficiency on developing fetal brain and nervous system , constitute the basis for the concept of a  
specific placental control of maternal thyroid function. This proposition is consistent with certain indirect 
evidence suggestive of a nonpituitary regulation of TH concentrations in pregnancy and is centred on 
the hypothesis of a placenta functioning as an integrated and autonom ous endocrine system , 
interconnected both with the fetus and the mother. As in the c a se  of steroid hormone production (eg  
estriol) by the fetal adrenals, gonads and placenta, a complex function endocrine role may be 
postulated for the placenta, the organ controlling TH hom eostasis through the synthesis and secretion  
of a placental thyro- tropin, independently from the maternal hypothalamus-pituitary axis. This putative 
placental control system  would be expected to respond to different and specific feedback signals both 
from the fetal (T4, TSH ?) and the maternal (T4, TBG ?) compartments, fulfilling the critical role of 
monitoring the changing feto-placental requirements for T4 and ensuring an appropriate T4 
environment for optimal fetal development (Figure 2).

.. Clinical evidence su g g ests  that the increase in maternal thyroid activity consequent upon 
higher circulating TBG levels may not be mediated through pituitary TSH, w hose circulating levels in 
early pregnancy have been described, in most reports, as tower or unchanged. The possibility of a 
non- pituitary control of TH secretion through a putative placental hormone has recently received  
renewed attention, speculation centering either on the existence 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 or choriocarcinoma). While there is 
no agreem ent concerning the existence, or chemical and immunological properties, of hCT, the thyro
tropic activity of hCG has been demonstrated under several in vitro conditions23. The molecular basis 
of this phenom enon may be found in the significant degree of structural homology with TSH. In our x  
experience, the intrinsic thyrotropic activity of 1 IU of partially purified hCG is equivalent to 0.11 p.U of 
TSH using, a s a bioassay system , the functional parameter of iodide uptake in rat thyroid FRTL-5 
cells24. This implies that hCG concentrations of 50-80 lU/ml normally found in the first trimester of 
pregnancy would correspond to physiologically significant am ounts of TSH, able to suppress pituitary 
TSH secretion. N evertheless, speculation regarding the physiological relevance of the thyrotropic
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Figure 2. Putative feedback control system governing fetal T4 environment
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isohorm ones with differing biological potencies and half-lives; the molecular composition of hCG can 
thus influence its interactions with the human thyroid. Although thyroid stimulating activity and hCG 
immunoactivity coelute in gel filtration24, the occurrence of particular hCG variants (with higher degree  
of glycosylation or modifications in the carboxy-terminal region) might, in our view, specifically account 
for a regulation of thyroid function in pregnancy.

Distribution and Metabolism of Thvroid Hormones in Fetal Rat Brain

The transfer of T4 from the maternal circulation to the feto-placental unit indicates that fetal rat 
tissu es are exposed  to TH of maternal origin before the onset of an autonomous thyroid function. 
Comparison of the distribution pattern of radioactivity in fetal and maternal organs, following injection of 
dam s with [125I]T4, revealed localisation of activity in fetal brain in early pregnancy (10 days gestation).
In the fetus, the concentration of radioactivity associated with the iodothyronine fraction w as marginally 
higher in the liver relative to brain, whereas in the mother, the hepatic concentration w as 12-fold higher 
than that in brain21.

Current view s regarding TH action centers on the proposition that th ese  horm ones mediate 
their effects by interaction with nuclear receptors. We therefore examined the subcellular localisation of 
transferred maternal T4 in fetal brain and liver. Large percentages of radiolabelled iodothyronine were 
recovered in the nuclear fractions of both liver and brain, with substantial amounts also present in the 
cytosol (Table 2).

Expression of concentrations of radioactivity in the brain relative to the corresponding liver 
values (brain/liver ratio) for mother and fetus, indicated a more favourable distribution of iodothyronine 
in subcellular fractions of fetal brain as compared to maternal brain (Table 3). The fetal brain appears 
both to accumulate T4 and to actively metabolise it to free iodide, T3 and rT3, a s confirmed by 
chromato- graphic analysis of the subcellular fractions. T hese observations accord with the 
demonstration of 5'- and 5-deiodinase activities in fetal rat brain 20.

The presence of iodothyronines in organelles other than the nucleus, raises the possibility of 
extranuclear-mediated effects of TH, at least during developm ent. Nevertheless, it should be  
em phasised that these  observations must be viewed with caution at this stage, since a degree of 
translocation of TH, due to the subcellular fractionation procedure, cannot be ruled out.

Table 2. Percentage distribution of TCA soluble and insoluble radioactivity in 
subcellular compartments of fetal liver and brain.

Liver Brain
Fraction soluble insoluble soluble insoluble

Nuclei 20 ± 19 39 ± 2 2 17 ± 15 28 ± 23
L ysosom es 9 ± 5 2 ±  1 6 ± 3 3 ±  2
Mitochondria 17 ± 2 8 24 ± 19 21 ± 13 16 ± 10
M icrosom es 5 ± 5 3 ± 2 5 ± 8 5 ± 7
Cytosol 49 ± 2 5 28 ± 8 51 ± 2 0 48 ± 3 2

> 3. Brain/liver ratios of TCA soluble and insoluble radioactivity in adult and fetal ra

Adult Fetus
Fraction soluble insoluble soluble insoluble

Nuclei 0.02 ± 0.03 0.26 ± 0 .0 6 1.75 ± 0.40 0 .94 ±  0 .07
L ysosom es 0.05 ± 0.04 0.05 ± 0.01 0 .84 ± 0.07 0 .70 ± 0.05
Mitochondria 0.16 ± 0.02 0.05 ± 0 .02 2.83 ± 0.22 0 .95 ± 0 .04
M icrosom es 0.31 ± 0.06 0.03 ± 0 .02 0.85 ± 0 .0 5 0 .1 4 ± 0 .1 0
Cytosol 0.14 ± 0 .0 9 0.04 ± 0.01 1.45 ± 0.12 0 .9 4 ± 0 .0 7
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Figure 3. Brain protein concentration in adult progeny of N  and TM dams

EFFECTS OF EARLY MATERNAL HYPOTHYROXINEMIA ON CELLULAR FUNCTION IN THE CNS OF 
THE PROGENY

Following our initial hypothesis, we investigated the co n seq u en ces of maternal 
hypothyroxinemia in early pregnancy on brain function in progeny at various sta g es of postnatal life. 
Dams were partially thyroidectomised (parathyroid-spared) and maintained under normal animal house  
conditions with food and water ad libitum. The total daily iodine intake w as similar to control dam s, at 34  
pg per day. These animals were severely hypothyroxinemic, but T3 levels were within the normal 
range. Control (N) and thyroidectomised (TM) dam s were mated and pups were standardised to a 
constant litter size. Both control and experimental progeny were studied at different postnatal a ges, 
from 14 days to 7 months. Serum levels of T4 and T3 in progeny of thyroidectomised animals were 
found to be within the normal range.

In 14 day old animals, body and brain weight were reduced by 15 and 35%, respectively25. 
Although preliminary data indicated no change in brain DNA content25, more recent studies have  
demonstrated a 18% reduction. The total protein content of brain w as reduced by 20%, and  
subfractionation revealed a severe depression (60%) in cytosolic protein, w hereas insoluble protein 
fractions were unchanged25. The glycoprotein content of the cytosolic fraction w as found to be  
increased by 46%, w hereas that of particulate fractions w as diminished. Acid phosphatase and 8-D- 
galactosidase activities were both reduced by 35%, and a less severe  (17%) decrease w as observed in 
aryl sulphatase activity.

Figure 4. Brain DNA concentration in adult progeny o f N  and TM dams
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Figure 5. Brain LDH activity in adult progeny of N  and TM dams

In adult animals (7 months), the significant reduction in brain/body weight ratio persisted, but the  
decrease in brain weight w as less than that in 14 d old animals. Protein concentration w as reduced in all 
brain regions studied, but only significantly so  in cerebral cortex and midbrain (Figure 3). DNA 
concentration w as diminished in cerebral cortex, midbrain and medulla (by 3 8 ,2 5  and 55%, 
respectively) (Figure 4), while no change w as observed in RNA concentrations. Protein/DNA ratio (an 
indicator of cell size) w as increased in cerebral cortex, midbrain and medulla, but decreased  in 
cerebellum and paleocortex. RNA/protein ratio (an indicator of protein synthetic capacity) w as only 
significantly changed in paleocortex.

T hese observations in both young and adult animals are indicative of gross biochemical 
changes in brain. In particular, reductions in protein concentration may reflect com promised enzym e  
synthesis. This possibility w as investigated in more detail in adult progeny by determination of specific 
activities of se lected  enzym es associated with a range of cellular functions.

Energy metabolism

Lactate dehydrogenase (LDH) activity w as significantly reduced in all regions except cerebellum  
(Figure 5), and Na+,K+-ATPase activity was significantly d ecreased  in paleocortex (Figure 6). In 
contrast, no changes were observed in either succinate dehydrogenase (a mitochondrial marker • -
enzym e) or Mg2+-ATPase activities.

Figure 6. Brain Na+,K*-ATPase activity in adult progeny of N  and TM dams
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Figure 7. Brain B-D-galactosidase activity in adult progeny of N  and TM dams

Lvsosomal enzvm es

No significant change in both B-D-glucosidase and aryl sulphatase B activities w as observed. 
Specific activities of B-D-galactosidase (Figure 7) and aryl sulphatase A (Figure 8) were significantly 
diminished in all regions, except cerebellum. Acid phosphatase activity w as also significantly reduced 
in paleocortex and midbrain.

Neurotransmitter enzvm es

Maternal hypothyroxinemia resulted in a differential effect on enzym es associated  with 
neurotransmitter function; acetylcholine esterase  (AChE) activity w as reduced in cerebral cortex, 
paleocortex, midbrain and medulla (Figure 9), whereas no changes were observed in choline acetyl 
transferase activity. Aminergic transmitter function w as unaffected, since monoamine oxidase activity 
remained within the normal range in all brain regions.

Calmodulin Calcineurin System s

During early postnatal developm ent, calcium-dependent, calmodulin-activated phosphatase  
activity (calcineurin) appeared to be diminished in TM dam s at pH 4.0, w hereas a significant increase  
w as observed at pH 7.0. At seven  months, a significant increase of the acidic com ponent was 
observed in cerebral cortex. Therefore, a range of calcineurin d y sg en esis at different a ge  points are 
evident.

^  0.025-

Figure 8. Brain aryl sulphatase A activity in adult progeny of N  and TM dams
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Figure 9. Brain AChE activity in adult progeny of N  and TM dams

T issue Culture System s a s Models

Studies on the progeny of thyroidectomised rat dam s revealed both gross and specific  
biochemical deficits in the postnatal brain. However, the in vivo model presents restrictions which 
make difficult identification of the specific m echanism s responsible. Chief of th ese  is the inability to 
specifically attribute any biochemical alteration to a lack of availability to the fetus of TH in utero.

In order to obviate th ese  problems, in vitro techniques have also been em ployed. It is 
recognised that neural cells in culture behave similarly to cells in vivo in their responses to hormones, 
nuclear binding of T3, and developmental profiles. The u se  of tissue culture in a chemically defined 
medium eliminates interference from maternal and extraneural sources, permitting identification of the 
primary effects of TH. This approach has often been proposed as a useful model of neurological 
developm ent and allows the intrinsic properties of neural cell types and the specificty of TH action to be 
investigated in a well controlled manner.

Initially, the effects of TH on protein synthesis in neurons were exam ined26, revealing that T3 (1 
- 30  nM) stimulated leucine uptake and subsequent incorporation into TCA-precipitable material. -
Stimulation of both uptake and incorporation w as maximal (149 and 35% over control values, 
respectively) at 10 nM T3. Stimulation of leucine uptake w as rapid (<1 hour), but the effect w as  
abolished in the presence of inhibitors of protein synthesis, indicating that it w as secondary to a 
pleiotrophic response of the cells. Although leucine incorporation w as stimulated to similar degrees in 
soluble and insoluble (m em brane-associated) protein fractions (respective values were +127 and 
116% over controls), it is a s  yet unknown if this reflects a blanket stimulation of protein synthesis by T3.

G lucose is considered to be the primary energy substrate in the CNS; therefore, any changes in 
g lucose utilisation may profoundly effect brain developm ent. We have previously show n that T3 
enhances 2-deoxyglucose uptake in neurons in primary culture, and have also observed similar effects 
in astrocytic cultures. Neuronal cultures were found to be unresponsive to insulin, indicating that TH 
may be important in regulation of energy metabolism during the period of neuronal proliferation and 
early differentiation in utero.

Much 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 
differentiation, and in the control of oligodendroglial proliferation and trophic growth (specifically 
pertinent to early neurogenesis) has been acknowledged. TH are known to regulate the 
m orphogenesis and cytoskeletal organisation of astrocytes, and to control glutamine synthetase  
activity, with consequent repercussions for inhibitory neurotransmitter availab ly . Astrocytes are also 
known to migrate, though the region specific control of their production and m echanism  of their 
migration remain unknown.
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Figure 10. Effect of T3 on [3H]fucose incorporation into glycoproteins in astrocytes

Preliminary data obtained in vivo indicated differences in quantity and localisation of Con A 
binding glycoproteins in the brains of progeny from hypothyroxinemic rat dam s. Alterations in the 
expression of important glycoprotein cell surface markers early in developm ent may have long term 
con seq u en ces resulting from interference with normal cell developm ent, connectivity and 
establishment of neural circuitry. In addition, many enzym es important in brain developm ent are 
glycoproteins. We have therefore investigated the effects of TH on glycoprotein synthesis in cultured 
astrocytes, using the incorporation of 3H-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 immediate difference in free 
cytosolic 3H-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.

The stimulation of fucose incorporation into glycoproteins may be accounted for by an increase  
in the production of a peptide precursor or precursors, an increase in production of the enzym e 
responsible for fucosylation, or by a stabilising effect blocking turnover. The long time lag occuring 
before a significant effect w as apparent su ggests that, in this c a se , TH do not act directly on translation 
or fucosylation, and implies a nuclear mediated effect. Studies currently in progress are intended to 
answer these  questions, and provide information on the specificity of the effect

Neurological developm ent is well coordinated, both temporally and spatially, and the existence  
of developm ental "windows" for the action of exogenous controlling factors such as TH seem s  
plausible. T hese "windows" may differ between cell types, and result in long term effects by acting at 
the levels of the system ; controlling the establishment of neural circuitry, or the cell; inducing, for 
exam ple, a cascad e of sequential gen e  expression.

CONCLUSIONS

In recent years, studies from several laboratories have show n that, at least in early rat pregnancy 
maternal T4 crosses the placenta and is available to the developing fetus. In late pregnancy, maternal 
T4 transfer is reduced, coincident with the establishment of independent fetal TH econom y. These  
observations challenge the notion of minimal transplacental p a s sa g e  throughout pregnancy and 
su ggest a possible fetal need for maternal TH during critical p h a ses  of fetal growth. The high degree of 
localisation of transferred T4 in fetal brain, relative to the distribution pattern in the mother, su ggests a 
specific role in developm ent of the fetal neural system . Indeed, the fetal brain appear to p o s se ss  the 
capability to utilise maternal T4 in early pregnancy, since both T3 and rT3 have been recovered from 
subcellular organelles, indicating the presence of functional 5'- and 5-deiodinase enzym e system s.

The predominant pattern of feto-placental T4 metabolism ch a n ges from 5'-deiodination in early 
pregnancy to 5-deiodination in late pregnancy. The observation that this switch precedes the
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serve to inhibit local T4 to T3 conversion in fetal tissues, this (hypothetical) signal may serve to protect 
the fetus from high levels of T3 (derived from both maternal and fetal sources), while concurrently 
maintaining an adequate iodide supply. Consequently, fetal T4 per se  may play an important role in late 
developm ent.

The identification of a thyroid stimulating function in chorionic gonodotropin also su g g ests an 
integrated system  for TH econom y in the mother, fetus and placenta. Control of maternal 
hypothalamic-pituitary-thyroid status by a placental factor has been indicated in the literature, since 
placental carcinomatous conditions, hydatidform mole, hyperplasia and other placental dysfunction has 
been  reported to impinge upon maternal thyroid function.

U se of a rat model has permitted the influence of maternal T4 on fetal brain development to be 
studied in detail. A wide range of biochemical deficits has been  observed in brains from both young 
and adult progeny of hypothyroxinemic rat dam s. D ecreases in protein/DNA ratios and DNA 
concentrations indicate disturbances in cell size and cell loss; in particular, the significant reductions 
seen  in B-D-galactosidase activity are indicative of neuronal loss. Protein content appears to be 
reduced, and more specific studies have su ggested  com prom ised brain cell function in the progeny of 
hypothyroxinemic dam s. Alterations are also observed in the activities of se lected  enzym es associated  
with parameters such a s energy metabolism, lysosom al function, synaptic function, myelin synthesis 
and calcium metabolism. T hese differences persist up to 7 months of age and, therefore, cannot be 
corrected by a normal thyroid state in the progeny. T hese observations accord with the existence of 
specific p h ases in (early) brain development, characterised by absolute requirements for maternal T4. 
Failure to provide an adequate supply of TH during such periods may thus result in irreversible brain 
dam age in postnatal life.

Our findings provide a possible explanation for the behavioural and cognitive deficits observed  
in children born to euthyroid but severely hypothyroxinemic mothers in iodine .deficient regions. It 
should be em phasised that not all enzym es studied were affected in the animal model and changes  
were region-specific, analogous to the selective dysfunctions observed in humans.

It may be argued that effects observed in the in vivo rat model may be secondary to placental 
dysfunction or maternal nutritional disadvantage. T hese possibilities, although clearly pertinent to 
observations in humans, have been minimised in our experim ents, since the rat dam s were euthyroid 
(T3 levels were in the normal range) and food consumption (including iodine intake) w as normal. 
Although an effect of decreased  maternal T4 on placental function per se  cannot be entirely ruled^bt, 
our experiments with primary cultures of neural cells are supportive of a specific role for TH in cellular 
proliferation and differentiation of the CNS.

In conclusion, w e have presented a basic model for detailed investigation of the influence of 
maternal TH, especially T4, in early neurogenesis and the co n seq u en ces for the functional efficiency 
of the adult brain in iodine deficient regions.

REFERENCES

1. Fisher, D. A., J. K. Dussault, J. Sack and I. J. Chopra, O ntogenesis of hypothalamic-
pituitary-thyroid function and metabolism in man, sh eep  and rat, in: "Recent Progress 
in Hormone Research", R. O. Greep, ed., Academ ic Press, New York (1977).

2 . Nunez, J., Effects of thyroid hormones during brain differentiation, Mol. Cell. Endocrinol.
37:125 (1984).

3 . Ekins, R. P., Hypothesis: The roles of serum thyroxine binding proteins and maternal
thyroid horm ones in foetal development, Lancet (i):1129 (1985).

4. Sinha, A., W oods R., Ekins R. P., Thyroxine metabolism by maternal and foetal tissues in
the rat in early pregnancy, Ann d'Endocrinol 44:9A (1983).

5 . Osorio, C. and N. B. Myant, The p assage of thyroid horm ones from mother to foetus and its

58



"Hormones in Blood", C. H. Gray and V. H. T. Jam es, eds., Academic Press, London ^
(1979).

7. Tait, J. F. and S . Burstein, In vivo studies of steroid dynamics in man, in: "The Hormones",
vol. V, Pincus, K. V. Thimann and E. B. Astwood, eds., Academic Press, New York,
(1964).

8. Keller, N., U. I. Richardson and F. E. Yates, Protein binding and the biological activity of
corticosteroids: in vivo induction of hepatic and pancreatic alanine am inotransferases 
by corticosteroids in normal and estrogen treated rats, Endocrinology 84:49 (1969).

9 . Siiteri, P. K., J. T. Murai, G. L. Hammond, J. A., Nicker, W. J. Raymoure and R. W. Kuhn, The
serum transport of steroid hormones, in: "Recent Progress in Hormone Research", R.
O. Greep, ed., Academic Press, New York, (1982).

10. Pardridge, W. M., Transport of protein-bound horm ones into tissu es in vivo, Endocr. Rev.
2:102 (1981).

11 . Pardridge, W. M., Transport of protein-bound thyroid and steroid horm ones into tissu es in
vivo: a new  hypothesis on the role of hormone binding plasm a proteins, in: "Free 
Hormones in Blood", A. Albertini and R. P. Ekins, eds., Elsevier/North Holland,
Amsterdam (1982).

12. Pardridge, W. M., Plasm a protein-mediated transport of steroid and thyroid hormones, Am.
J. Phvsiol. 252 (Endocrinol. M etab.15):E157 (1987).

13 . Ekins R. P. and P. R. Edwards, Plasma protein-mediated transport of steroid and thyroid
hormones: a critique, Ann. N.Y. Acad. Sci. (in press).

14. Ekins, R. P., P. R. Edwards, and B. Newman, The role of binding proteins in hormone
delivery, in: "Free Hormones in Blood", A. Albertini and R. P. Ekins, eds.,
Elsevier/North Holland, Amsterdam (1982).

15. Pardridge, W. M. and E. M. Landaw, Tracer kinetic model of blood-brain barrier transport of
plasm a protein-bound ligands. Empiric testing of the free hormone hypothesis.
J. Clin. Invest. 74:745 (1984).

16. Ekins, R. P., The free hormone concept, in: "Thyroid hormone metabolism",
G. Hennemann, ed., Marcel Dekker, New York (1985).

17. Seal, V. S. and R. P. Doe, Corticosteroid-binding globulin: biochemistry, physiology and
phytogeny, in: "Steroid dynamics", G. Pincus, T. Nadao and J. F.Tait, eds., Academic 
Press, New York (1966).

18. Obregon, M. J., J. Mallol, R. Pastor, G. Morreale de Escobar and F. Escobar del Rey, L-
Thyroxine and 3,5,3'-Triiodo-L-Thyronine in rat em bryos before onset of foetal thyroid 
function, Endocrinology 114:305 (1984).

19. Pharoah, P. O .D., I. H. Buttfield and B. S. Hetzel, The effect of iodine prophylaxis on the
incidence of endem ic cretinism, Advances in Ex p . Med, and Biol. 30:201 (1972).

20 . Morreale de Escobar,G„ M .. Obregon and C. R. Ona, Comparison of maternal to fetal
transfer of T3 versus T4 in rats, a s a sse sse d  by T3 levels in tetal tissu es. Ann. 
d'Endocrin. 48:165 (1987).

21 . Ekins R. P., W oods R. J., Sinha A. K., Maternal thyroid horm ones and developm ent of the
fetal brain, in: "Iodine nutrition, thyroxine and brain development", N. Kochpillai and V.
Ramalingaswami, eds.,Tata McGraw Hill, New Delhi (1986).

22 . Devaskar U. P., S. U. Devaskar, H. Farouk Sadig, V. Chechani, Ontogeny of plasma-free
thyroxine and triiodothyronine concentrations during the perinatal period and 
maternofetal transfer of thyroid hormones in the rabbit, Dev. Pharmacol. Ther. 9:115 
(1986).

23 . Carayon P., Lefort G. and B. Nisula, Interaction of human chorionic gonadotropin and
human luteinizing hormone with human thyroid m em branes, Endocrinology 106:1907
(1980).

24 . Ballabio M., Sinha A. K. and R. P. Ekins, Thyrotropic activity of crude hCG in FRTL-5 rat
thyroid cells, Acta Endocrinoloaica 116:479 (1987).

25 . Hubank M., Ballabio M., Sinha A. K., Gullo D., Bidey S ., Bashir A., Ekins R. P., Long-term
effects of maternal thyroidectomy on the developm ent of the central nervous system  
of the progeny in the rat, Ann. d'Endocrinol. 47:48 (1986).

26 . Pickard M. R., A. K. Sinha, D. Gullo, N. Patel, M. Hubank, R. P. Ekins, The effect of 3 ,5 ,3 ’-
triiodothyronine on leucine uptake and incorporation into protein in cultured neurons 

and subcellular fractions of rat central nervous system , Endocrinology 1 2 1 :2018 (1987).

59



DISCUSSION

BRAVERMAN (Worcester) : I would like to make 4 brief
comments : 1) Nelson's study on schizophrenia is irrelevant
because the data were questionable; 2) You do not take into 
account the intersitial space; 3) if TBG enhances transport 
in man, there is no TBG in any of the rodents studied; 4)
Cavalieri and others have clearly shown that addition of
proteins decreases the entrance of T4 both in perfused
liver systems and in hepatocytes.

EKINS (L o n d o n ) : 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 
proteins in hormone delivery to the fetus, 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
feta 1-p 1 acenta 1 unit.
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SU M M AR Y

The functional maturation of an independent foetal thyroid activity was 
investigated in the present study. Serum concentrations of total T4, free T4,
TSH and TBG were measured in 23 foetuses between 18 and 31 weeks’ 
gestational age. Foetal samples were collected by transabdominal needling from 
the placental cord insertion. TT4, FT4, TBG and TSH levels significantly 
increased with gestational age. FT4 levels were comparable with the adult range 
by 28 weeks’ gestation; TBG levels reached adult values at approximately 
30 weeks, while TT4 was lower than adult levels throughout the whole period 
studied. TSH values were, in all cases, higher than the normal adult range.. A 
significant positive correlation was present between TT4 and TBG, TT4 and 
TSH, and TBG and TSH levels; on the contrary, no correlation was 
demonstrated between FT4 and TSH levels. The TSH/TT4 ratio significantly 
decreased with gestational age. The results suggest an incomplete responsive
ness of the foetal thyroid gland to TSH, while the feedback control system 
between pituitary and thyroid is operating at a different set point from that in 
post-natal life. The normal range of thyroid parameters established is of clinical 
relevance for the antenatal diagnosis, and eventual treatment, of thyroid 
disorders that may seriously damage foetal development and maturation.

The functional development of the foetal pituitary-thyroid axis has been partially 
characterized in earlier studies (Greenberg etal., 1970; Klein eta i, 1982; Eggermont eta l, 
1984). The thyroid gland acquires the capacity to concentrate radioiodine and synthesize 
iodothyronines by 10-12 weeks of gestation (Fisher & Klein, 1981) and TSH, thyroxine 
and thyroxine-binding globulin (TBG) have been detected in foetal serum as early as 
11 weeks’ gestation (Greenberg et al., 1970; Fisher et al., 1973). The secretory activity of

Correspondence: Dr M. Ballabio, Department of Molecular Endocrinology, The Middlesex Hospital, 
Mortimer Street, London W IN 8AA, UK.
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the foetal thyroid begins to increase at mid-gestation; however, the pattern of hormonal 
increase with gestational age has been differently described. While TT4 continues to rise 
until term, FT4 and TSH have been described to reach term levels either very 
precociously, by 16-20 weeks’ gestation (Greenberg et al., 1970), or in the third trimester, 
at 34 weeks’ gestation (Fisher et al., 1973; Klein et al., 1982), and TBG levels seem to 
increase until term (Greenberg et al., 1970) or not to vary after 34 weeks (Klein et al., 
1982). Conflicting evidence has also been reported when examining the relation of total 
and free thyroxine to TSH and TBG in the foetal circulation.

The present study was undertaken to clarify the timing of maturation of thyroid 
function and its control mechanisms during foetal development, using sensitive and 
precise immunoassay methods. In addition, we intended to establish a normal range of 
thyroid hormones, TSH and TBG levels at a stage of gestation when thyroid hormones 
are vital for normal foetal development and antenatal diagnosis of thyroidal disorders 
might be required.

MATERIALS AND METHODS 

Experimental subjects
Twenty-three foetuses between 18 and 31 weeks’ gestational age were studied. Foetal 
samples were collected by transabdominal needling from placental cord insertion in non
stressed foetuses (Daffos et al., 1985). In all cases there was a clinical indication for foetal 
blood sampling. This was either rapid karyotyping in foetuses with congenital defects 
known not to interfere with thyroid function, such as upper urinary tract obstruction and 
diaphragmatic hernia (n = 8), or evaluation of foetal haematocrit before intravascular 
transfusion in patients with Rh alloimmunization (n = 15). Foetal haemoglobin was never 
below 40 g/1 which is the threshold below which foetal hypoxia appears (Soothill et al., 
1987). Paired maternal sera were assessed in order to exclude abnormalities in maternal 
thyroid function. Informed consent was obtained from all the women.

Methods

Serum concentrations of total T4, free T4, TSH and TBG were measured. Total T4 was 
measured according to a well-described method (Chopra, 1972). Free T4 was measured 
by a labelled hormone, back-titration method (‘two-step’ RIA). High-affinity, solid-phase 
antibody was incubated with test serum at 373C, the serum was removed by washing and 
the unoccupied antibody binding sites were titrated by subsequent exposure to labelled 
thyroxine (Ekins, 1983); an antibody dilution was chosen such that no more than 
approximately 1% of the total T4 in the system was transferred from endogenous binding 
protein to the specific antibody. All the samples were measured in the same assay and the 
intra-assay variation was 4-8%. TBG was measured by incubating test serum with (solid- 
phased) sheep anti-TBG (Unipath Ltd, Bedford UK), removing the serum by washing, 
and incubating further with labelled thyroxine. Intra-assay and interassay variation was, 
respectively, 2 and 5-2%. TSH was measured by the high-sensitivity DELFIA system 
(Pharmacia Ltd., Milton Keynes, UK), utilizing europium chelates and time-resolved 
fluorometry (Lovgren et al., 1985). The intra-assay coefficient of variation was 3-8%, 
while the interassay was 6*8%. Linear regression analyses were performed and the 
geometric mean with the 95% data intervals were established for each hormone.
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Fig. 1. Serum TT4 levels increase with gestational age between 18 and 31 weeks. Mean and 95% 
data intervals are shown. y =  — 76-9 +  5-26jc; r — 0-724.
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Fig. 2. Serum FT4 levels increase with gestational age. See legend to Fig. I. y =  — 6-92 + 0-80;c; 
r = 0-829. \

RESULTS

The normal range of foetal TT4, FT4, TBG and TSH concentrations between 18 and 31 
weeks’ gestation is presented in Figs. 1-4, which show mean and 95% data intervals for 
each hormone.

Serum TT4 concentrations progressively increase with gestational age (r = 0-724; 
P < 0-01), but are lower than adult values throughout the whole period studied. FT4 levels 
significantly increase with gestational age (r — 0-829; P<001) and are comparable with 
the adult range (9-22 pmol/1) by 28 weeks’ gestation. Serum TBG and TSH concentra
tions also significantly increase with gestational age (r = 0-544 and r = 0-653, respectively; 
P < 0-01). Levels similar to adult (6-17 mg/1) are reached by foetal TBG at approximately 
30 weeks, while TSH levels are always above the normal adult range (0-3-3-8 mU/1). Serial 
dilutions of foetal sera with the highest TSH levels give parallel curves to standard TSH in 
all cases.

Total T4 levels are significantly correlated to TBG values (r = 0-91; P c  0-001), and the 
TT4/TBG ratio significantly increases with gestational age (r = 0-52; i5<0-05). A
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Fig. 3 Serum TBG levels increase with gestational age. See legend to Fig. 1. y  =  — 3-55 +  0-51.*; 
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Fig. 4 Serum TSH levels increase with gestational age. See legend to Fig. 1. y  =  — l-43 +  0-27x; 
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Fig. 5. Variation of TSH/TT4 ratio with gestational age between 18 and 31 weeks’ gestation. 
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significant positive correlation has also been found between TT4 and TSH, and TBG and 
TSH levels (r = 0-80 and 0-85, respectively; P< 0 001).

Free T4 concentrations are significantly correlated only with gestational age, and 
weakly with TT4 values (r = 0-51; P = 0-036), while no correlation is demonstrated 
between FT4 and TSH levels (r = 0-34; P=0-20).

The TSH/TT4 ratio significantly decreases with gestational age (P<005) (Fig. 5); on 
the contrary, the correlation between TSH/FT4 ratio and gestational age is not significant 
(r= —0-25).

DISCUSSION

In the present study, we observe significant increases in foetal serum concentrations of 
TT4, FT4, TSH, TBG between 18 and 31 weeks’ gestation. Total T4 levels appear to 
increase throughout the gestational period studied and are lower, by 20%, than the 
normal adult range; on the contrary, FT4 concentrations are within the normal adult 
range after 28 weeks’ gestation. We have not investigated possible reasons for the 
apparently contradictory results on free and total T4 levels, assuming no methodological 
cause. Possible explanations are the presence in foetal serum of higher levels of binding 
competitors (such as seen in nonthyroidal illness) and/or altered physicochemical 
characteristics of foetal serum binding proteins. The significant correlation between total 
T4 and TBG concentrations, according with previous reports (Klein et al., 1982; Tanaka 
et al., 1986), indicates that changes in serum T4 largely reflect changes in serum TBG 
levels. However, the increase in TT4/TBG ratio (and in FT4) shows that the rise in serum 
thyroxine levels is occurring at a more rapid rate than for TBG and is not related solely to 
TBG concentrations. A rise in thyroxine binding pre-albumin (TBPA) levels also occurs 
with gestational age, values at < 36 weeks’ gestation being significantly lower than at > 36 
weeks’ (Georgieff et al., 1986). Thus, the relative proportions of free and total T4 appear 
to change at different developmental stages, presumably because of physicochemical 
changes in foetal blood.

FT4 and TT4 levels have been reported to be higher than in adults both at term and in 
the first period of post-natal life (Klein et al., 1982). These findings, along with higher than 
normal TSH levels, have been ascribed to an incomplete maturation of the negative 
feedback control system on TSH release or to a lack of higher central nervous system 
inhibitory input. We confirm the observation of increased serum TSH levels throughout 
the gestational period studied: the parallelism between dilution curves of foetal sera and 
standard TSH shows that the substance measured is really TSH. However, our findings of 
lower than adult levels of TT4, along with increased TSH concentration, seem to indicate, 
instead, an incomplete maturation of the foetal thyroid in the presence of a normal 
pituitary function. The significant decrease of TSH/TT4 ratio with gestational age also 
suggests that the foetal thyroid gland is becoming more sensitive to TSH as gestation 
proceeds. Nevertheless, the lack of inhibition of TSH levels by FT4 concentrations within 
the adult range after 28 weeks’ gestation probably indicates that the pituitary-thyroid 
feedback mechanism is set to a different point from that in post-natal life.

The dependence of foetal thyroid development on TSH is generally accepted, though 
normal T4 and T3 levels have been reported in anencephalic infants despite low serum 
TSH concentration (Allen et al., 1974). However, the source of T4 and T3 detected in 
foetal circulation is unknown. Therefore, either foetal thyroid secretory activity is



possible, to a certain extent, despite the observed hypoplasia of the gland, or a 
compensatory transplacental transport of thyroid hormones from the mother to the 
foetus late in gestation occurs, as has been described in a rat model (Morreale de Escobar 
et al., 1988).

Interestingly, TT4 and TBG levels are correlated with TSH concentrations, while no 
significant correlation has been found between FT4 and TSH levels. These observations 
are at variance with a previous'study (Greenberg et al., 1970), where TSH was shown to 
correlate directly with the rise in FT4 but not TT4 levels.

A possible explanation for discrepancies observed between our and previous studies 
may be the use of precise immunoassay methods, and this appears to be particularly 
relevant in the case of FT4. The immunoassay we have employed for FT4 is not an 
analogue assay and has been reoptimized to compensate biochemical differences between 
foetal and adult serum (mainly regarding TBG levels) so that the values obtained 
represent a genuine measurement of free T4. Moreover, the method of foetal blood 
sampling used in this study interferes minimally with the physiological foetal environment 
and it has allowed us to assess thyroid function in a population which can be assumed to 
be normal. On the contrary, the previous works describing the timing of maturation of 
thyroid function have assessed thyroid hormone concentrations in cord serum of pre
term or full-term infants and the results inferred from these studies might not fulfil criteria 
of normality, as foetal/neonatal stress, and its influence on thyroid parameters, cannot be 
reliably ruled out. In this regard, it is noteworthy that the normal range for TT4 and FT4 
values we report are lower than described by other authors (Fisher et al., 1973; Klein et al., 
1982).

Our results establish preliminary normal parameters of foetal thyroid function, 
developing from 18 to 20 weeks’ gestation. During the period of gestation studied, serum 
TT4, FT4 and TSH concentrations have been reported to increase progressively, while the 
foetal hypothalamic-pituitary-thyroid system begins to develop independently from the 
mother (Fisher & Klein, 1981). The establishment of a normal range of thyroid hormone 
levels in this period of maximal hormonal increase is, therefore, of particular relevance to 
the detection of abnormal thyroid function.

The intrauterine diagnosis, and eventual treatment, of thyroidal disorders with serious 
consequences for foetal life, both in case of hypothyroidism (congenital hypothyroidism, 
iodide deficiency) and hyperthyroidism (maternal Graves’ disease with transplacental 
transfer of thyroid stimulating immunoglobulins) should now be possible.
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A B S T R A C T , Marked changes in maternal thyroid activity 
occur in pregnancy. It has been suggested that hCG may stim
ulate maternal T« secretion, given its in vitro  thyrotropic activity 
ascribed to a significant degree of structural homology with 
TSH . In a longitudinal study of 32 normal pregnant women, we 
attempted to clarify the functional activity of the thyroid in 
early and late pregnancy and the possibility of a nonpituitary 
control on the thyroid. Total T 4 and T 4-binding globulin levels 
were increased from the first trimester onward. Free T 4 levels 
did not differ in the first trimester from postpartum values, but 
were significantly decreased in second and third trimesters (P  
<  0.001). A decrease in TSH levels was observed in the first 
trimester (0.72 ±  0.09 vs. 1.23 ±  0.12 mU/L; P  <  0.001), while 
second and third trimester values did not differ from those 
postpartum. A significant negative correlation (P  <  0.05) was

observed between hCG and TSH  levels in the earliest weeks (8- 
10) of the first trimester. No correlation was found between hCG 
and total T 4 or free T 4 levels. A stimulation of I-  uptake in 
FRTL-5 cells was induced by first trimester serum, which also 
showed a different behavior at chromatofocusing, with a higher 
proportion of hCG eluting at acidic p is compared to second 
trimester samples. However, neither hCG levels nor the amount 
of acidic hCG correlated with the thyroid-stimulating activity 
measured in vitro. Some correlation was found with the per
centage of basic hCG (eluting at p i >4.6), although these iso
forms were equally present in first and second trimesters. The 
differing patterns of circulating hCG at various stages of gesta
tion suggest that distinct hCG isoforms may regulate maternal 
thyroid activity. (J  Clin Endocrinol M etab  73 : 824-831, 1991)

R ECENT evidence, indicating a profound influence 
of maternal thyroid status early in pregnancy on 

fetal brain and nervous system development (1-3), em
phasizes the need for a greater understanding of thyroid 
physiology and the critical importance of the control 
mechanisms regulating maternal thyroid function.

Biochemical data on free T4 (FT4) and TSH levels in 
pregnancy have often been contradictory. Maternal FT4 
concentrations have been variously reported as normal, 
increased, or decreased during pregnancy (4-8). Greater 
uncertainty has centered on early pregnancy values; a 
downward trend of FT4 in late pregnancy is more com
monly reported (9, 10). These discrepant findings may 
be related to methodological problems affecting many 
free hormone assay techniques (11), since analog meth
ods are particularly influenced by changes in the concen
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trations of albumin, T4-binding globulin (TBG), and 
nonesterified fatty acids (12).

Serum TSH concentrations have been reported to be 
higher in late than in early pregnancy (10, 13); however, 
the concentrations of the hormone in the first trimester 
have been shown to be higher (13, 14), lower (6), or 
unchanged (15) relative to normal control levels. In these 
studies the potential biasing effects due to cross-reaction 
(16) of high hCG levels found in early pregnancy have 
not been ruled out. The reported diurnal variation in 
serum TSH (17, 18) may also affect the evaluation of its 
basal levels unless the timing of sample collection is 
carefully considered, and more generally, the choice of 
appropriate control groups is critical to the detection and 
evaluation of small changes in TSH concentrations 
within the normal range.

The high levels of circulating hCG observed in early 
pregnancy have recently been found to correlate nega
tively with TSH (19) and positively with free T4 (20) or 
free T3 (19), suggesting a possible thyrotropic role of 
hCG. An in vitro thyroid-stimulating activity of hCG has 
been reported (21-23), although the data are controver
sial. In particular, species-related differences in the sen
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sitivity of the thyroid gland to hCG have been described 
(24); human thyroid tissue is only minimally responsive 
to purified hCG.

In this study we attempt to clarify the functional 
activity of the maternal thyroid throughout pregnancy 
and examine the possibility of a nonpituitary control of 
the thyroid mediated through hCG.

Materials and Methods
Thirty-two normal women were studied during the course of 

pregnancy; blood samples were taken in the first trimester (8- 
12 weeks gestation), second trimester (16-23 weeks), third 
trimester (32-38 weeks), and 4-10 weeks after delivery. All 
volunteers were healthy with no family history of thyroid 
disease and were clinically and biochemically euthyroid. No 
evidence for iodine deficiency was apparent. Informed consent 
was obtained from all subjects.

Total T3 (TT3), TT4, FT4, TBG, TSH, and hCG concentra
tions were measured in all samples. Serum TT3 and TT4 levels 
were assayed by commercial RIA kits (Amerlex-M, Amersham 
International, Aylesbury, Buckinghamshire, United Kingdom).

FT4 was measured by a labeled hormone back-titration 
method (in-house direct two-step RIA) previously validated 
against an equilibrium dialysis reference method (25). High 
affinity, solid phase antibody was incubated with test serum at 
37 C, the serum was removed by washing, and the unoccupied 
antibody-binding sites were titrated by subsequent exposure to 
labeled T4. All samples were measured in the same assay; 
intraassay variation over the range of measured concentrations 
was 4.8%. TBG was measured by incubating test serum with 
solid phase sheep anti-TBG, removing the serum by washing, 
and incubating further with labeled T4. TSH and hCG were 
measured by the high sensitivity DELFIA system (Pharmacia 
Ltd., Milton Keynes, United Kingdom), using europium che
lates and time-resolved fluorometry (26). The intra- and inter
assay coefficients of variation over the concentration ranges 
studied approximated 3.8% and 4.2%, respectively.

Two experiments were performed to investigate the potential 
effects of hCG cross-reactivity on the TSH assay: 1) TSH (0.5- 
50 mU/L; 80/558, NIBSC, Mill Hill, London, United Kingdom) 
were added to normal nonpregnant first trimester end early (2- 
3 weeks) postpartum pooled sera with comparable TSH levels. 
The apparent recovery of the added TSH was calculated by 
regression of the measured TSH concentration against the 
concentration of TSH added. 2) 50,000-200,000 IU/L of hCG 
(75/537, NIBSC) were added to normal sera in which the TSH 
levels were 0.47 and 1.88 mU/L, respectively; the TSH concen
trations were redetermined in the presence of hCG levels com
monly found in early pregnancy.

Charge microheterogeneity of circulating hCG was examined 
after chromatofocusing separation on a Mono P 5/20 column 
(Pharmacia Ltd.). Serum (100 /zL) from first and second trimes
ter pregnant women was loaded on the column previously 
equilibrated with 25 mM histidine buffer, pH 6.0. Polybuffer 
74, pH 3.2, was run through the column under UV monitoring 
at a flow rate of 0.5 mL/min; fractions of 0.5 mL were collected, 
and the pH and hCG concentrations were measured. A final

step with 1 M NaCl buffer was performed to elute the me 
acidic material remaining bound to the column. The percents 
of acidic/total hCG was calculated: (pi <  4.0/pI 3.2-6.0) x  1(

First trimester and postpartum sera were tested for in vu 
thyroid-stimulating activity (TSA), and I" uptake was detf 
mined in FRTL-5 cells, as previously described (22). Briefly, 
uptake was measured in the presence of 10% of serum, and t 
percent increase over basal values was calculated. To estinu  
the inhibitory effect of serum on I-  uptake, basal uptake v, 
also measured in the presence of 10% normal pool serum, 
which hCG levels were undetectable and TSH levels were k 
than 0.5 mU/L. Analysis o f variance and linear regressi 
analysis were performed as statistical tests. Nonparamet 
tests were used when appropriate.

Results
Interference of hCG in TSH  measurement

Analysis of the results obtained after the addition 
standard human TSH (from 0.5-50 mU/L) to pregnan 
and normal sera showed no difference in the appare 
recovery of TSH between pregnant (first trimester a: 
early postpartum) and nonpregnant pooled sera, whe 
hCG concentrations were 185,000 IU/L, 8.7 IU/L, a: 
undetectable.

The relation between measured and expected TS 
values was y  = 3.063e-2 -I- 0.967* (r2 = 1.00) and y 
0.189 + 0.977* (r2 = 1.00) in the first trimester a: 
postpartum, andy = 8.408e-2 + 0.962* (r2 = 1.00) anc 
= —8.818e-2 + 0.973* (r2 = 1.00) in two normal sampl

Addition of hCG, up to 200,000 IU/L, to normal se 
failed to negatively bias TSH measurement. After t 
addition of 50,000, 100,000, and 200,000 IU/L hCG, t 
measured TSH concentrations were, respectively, 0.51 
0.006, 0.49 ± 0.005, and 0.50 ± 0.033 vs. 0.47 ± 0.0 
mU/L in the first sample, and 1.91 ± 0.05, 1.97 ± 0.C 
and 2.00 ± 0.05 vs. 1.88 ± 0.01 mU/L in the secoi 
sample. These values were not significantly differe 
when tested by analysis of variance. A slightly positi 
interference by hCG was evidenced in the second samp 
which would account for a 0.1-^U TSH increment p
100,000 IU/L hCG at the 99% confidence limit.

FT4, TT4, TTZ, and TBG

In all subjects, basal FT4, TT4, and TT3 were in t. 
normal range, as evaluated in the postpartum period.

TT4 concentrations significantly increased in the fn 
trimester of pregnancy (P <  0.001) and remained ei 
vated and constant in the second and third trimeste 
(see Table 1).

FT4 levels showed a significant decrease in the seco: 
and third trimesters compared to first trimester value 
However, no difference was observed between f i i  

trimester and postpartum values (Fig. 1). FT4 levt 
remained in the normal range throughout pregnancy
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T a b l e  1. TT*, T T 3, TBG concentrations in first, second, third trim es
ter of pregnancy and postpartum period in 32 normal women (mean ±  
SE)

TT*
(nmol/L)

t t 3
(nm ol/L)

TBG
(nmol/L)

First trimester 142 ±  5.8 2.4 ±  0.11 823 ±  47.5
Second trimester 138 ±  5.9 2.7 ±  0.09 1174 ±  67.1
Third trimester 141 ±  6.5 2.9 ±  0.09 1297 ±  62.1
Postpartum 95 ±  2.9° 1.8 ±  0.06° 494 ±  18.4“

“ P  <  0.001.
Hormonal values are significantly higher in the first trimester than 

postpartum. T T 3 and TBG levels show a further increase in second 
and third trimester, whereas TT* remain constantly elevated through
out gestation.

oo

2nd 3rd1st p.p.

F ig. 1. FT* concentrations in first, second, and third trimesters of 
pregnancy and in the postpartum period. FT* is unchanged in the first 
and significantly decreases in the second and third trimesters compared 
to postpartum values [16.5 ±  0.5, 12.9 ±  0.4, and 12.4 ±  0.4 nm ol/L, 
respectively, vs. 15.4 ±  0.3 (mean ±  SE; n =  32); P  <  0.001].

0.3 *i

o 0.2 -

0 
B3 H
1

0.0
30 4010 200

weeks

F ig . 2. TT*/TBG ratio in relation to gestational age.

all but two cases. In one subject, first trimester FT4 was 
higher than normal; in another case, FT4 concentrations 
in the second and third trimesters fell below the normal 
range.

TT3 and TBG levels continuously increased through
out pregnancy and were significantly higher than post
partum values (see Table 1). The TT4/TBG ratio de
creased with gestational age (Fig. 2).

TSH and hCG

As previously reported, hCG concentrations peaked ir 
the first trimester [110,000 ± 6,700 (± S E )  IU/L] anc 
then decreased (27,000 ± 2,700 and 24,000 ± 2,400 IU/L 
in second and third trimesters, respectively). Wher 
measured 4-10 weeks postpartum, hCG levels were un 
detectable in all cases (<2 IU/L).

In the case of TSH, a significant decrease was observe' 
in the first trimester of pregnancy compared to value 
during the following stages of pregnancy and the post 
partum period (Fig. 3). In three cases, TSH levels wer 
suppressed.

A significant negative correlation between TSH anc 
hCG levels was observed in the first trimester (r2 = 0.18 
P  <  0.02; Fig. 4, top panel), but not in the second (r2 - 
0.10) and third trimesters (r2 = 0.05). Furthermore, th< 
correlation was stronger (r2 = 0.47; P < 0.005) when onl; 
the earliest weeks (no. 8-10) of the first trimester wer 
considered (Fig. 4, bottom panel). TSH levels were lowe 
in the first trimester than postpartum in all but thre 
cases. The percent reduction in TSH levels in the firs 
trimester relative to postpartum values was 55.9 ±  5.57 
( ± S E ) . These changes in TSH were weakly correlatec 
with hCG levels (r2 = 0.19; P  <  0.05).

No significant correlation was found between hCG an< 
TT4, FT4, or TT3 levels throughout pregnancy.
Charge microheterogeneity of circulating hCG and in 
vitro thyrotropic activity

The chromatofocusing pattern of serum hCG in seve 
samples from the first and second trimesters of preg 
nancy did not qualitatively differ from that of urinar; 
hCG (Fig. 5). hCG eluted in six major peaks at pH 5.c 
4.9, 4.5, 4.1, and 3.5 and in the final 1-M  NaCl step, ii 
which the highest amount of hCG was found in all case 
(31.5 ± 4.3% in the first; 25.3 ± 3.3% in the seconc 
trimester). The percentage of hCG eluting at pi belov
4.0 (acidic) was, therefore, high; more acidic component

3

2

X X1
CO

0
2nd 3rd1st p.p.

F ig . 3. TSH levels during the course of normal pregnancy. A signil 
cant reduction of TSH  is observed in the first trimester, while secor 
and third trimester values are comparable to those in the postpartu: 
period (0.72 ±  0.09, 1.26 ±  0.09, 1.09 ±  0.10, and 1.23 ±  0.12 m U/i 
respectively; P  <  0.001).



MATERNAL THYROID FUNCTION IN PREGNANCY 82 :

-J
D
E

SC
CO
E-

3
y = 1.3879 - 6.0749e-3x RA2 = 0.179

p < 0.02
2

1

0
2000 100

y = 1.8481 - 9.7115e-3x RA2 = 0.473 

p < 0.005

-J

E

co
E—

100
hCG U /L  x 10

200

Fig. 4. Scattergram of TSH  in relation to hCG concentrations in 
individual subjects. Top panel, A significant negative correlation is 
jbserved in the first trimester (P  <  0.02; n =  32), but not in the 
.'ollowing stages of pregnancy. Bottom panel, The correlation between 
TSH  and hCG values becomes stronger (P  <  0.005; n =  17) when only 
the earliest weeks (8-10) of the first trimester are considered.

were found in the first than in the second trimester [59.2 
± 1.6% ( ± s e ) v s .  47.5 ± 2.2%; P  <  0.05]. Conversely, 
more hCG eluted at pi 4.0-4.5 in the second trimester 
(34.8 ± 1.2% vs. 24.9 ± 1.6%; P < 0.05), while no 
difference was observed in hCG eluting at pi greater than 
4.6 (basic; Fig. 6).

The addition of 10% first trimester serum induced 
stimulation of I-  uptake in FRTL-5 cells in all cases. 
The response showed a great variability; the percent 
increase over basal ranged from 19.2-78.2%. Postpartum 
sera did not increase I" uptake compared to basal values.

In vitro TSA was poorly correlated with hCG concen
trations (r2 = 0.44; P = 0.10); furthermore, no correlation 
(r2 = 0.29; P  = 0.21) was found between TSA and the 
percentage of acidic hCG (pi <4.0), although present in 
a higher proportion in the first trimester. A better cor
relation (r2 = 0.57; P  = 0.05) was, instead, found with 
the percentage of basic hCG (pi >4.6).

Discussion
In this study we have attempted to define the changes 

in maternal thyroid function during pregnancy and clar
ify their physiological significance. We have focused our

attention on TSH and FT4 in particular, in view of the 
discrepant data reported in earlier studies. The choice oi 
analytically sound methods for measuring FT4 and TSH 
is critically important for an understanding of thyroid 
homeostasis in pregnancy. Higher (14) or unmodified 
(15, 27) TSH levels have been described in early preg
nancy by some researchers, while a progressive rise ot 
TSH during the course of pregnancy has been observed 
by others (13, 16). In these studies, however, the possi
bility of hCG-related bias in the TSH measurements has 
not been addressed; this permits doubt to persist con
cerning the validity and significance of the TSH concen
tration changes observed.

We have, therefore, examined the possible effects of 
hCG cross-reactivity in the IFMA method employed in 
this study. TSH recovery from first trimester and post
partum samples did not differ from that from normal 
sera, and the addition of high hCG concentrations (com
parable to those found in early pregnancy) did not cause 
significant negative bias in TSH measurements falling 
within the normal range. Although a slightly positive 
interference by hCG could not be excluded (causing a 
possible increment of 0.1 mU/L in the measured TSH 
concentration per 100,000 IU/L hCG at a 99% confidence 
level), we have not corrected the TSH values measured 
in the first trimester of pregnancy.

We found a decrease in TSH in the first trimester of 
pregnancy and a return to normal in the second and 
third trimesters, changes that we believe to be genuine, 
in agreement with the recently described mirror image 
between a fall in TSH levels and the rise in hCG (28). 
The comparison of TSH levels to postpartum values in 
the same subjects (for the first time to our knowledge) 
shows that any alterations in the control mechanisms 
governing thyroid function are confined to early preg
nancy. At this stage, we confirm a higher T 4 output by 
the thyroid in response to markedly increased serum 
TBG levels. TT4 significantly increases in the first 
trimester, reaching a plateau thereafter, while TBG con
centrations continue to rise throughout pregnancy, re
sulting in a fall in FT4.

The enhanced thyroid activity observed in early preg
nancy does not appear to be sustained by pituitary TSH, 
which is, paradoxically decreased. We also observed a 
significant negative correlation between TSH and hCG 
levels in the first trimester; this was more pronounced 
in the earliest weeks (8-10 weeks gestation). These find
ings are consistent with the well known TSH-like activ
ity of hCG (19, 20, 22, 23) and support the hypothesis 
that an alternative control system may regulate maternal 
thyroid activity at the commencement of pregnancy 
when the most important changes in TBG and T 4 secre
tion are established (29).

FT4 levels, as measured under equilibrium conditions,
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4.0
1M NaCl

Fig . 5. Chromatofocusing profile of 
serum hCG in the first and second  
trimesters o f pregnancy compared to uri
nary hCG. The relative percentage of 
hCG isoforms (at pH 5.3, 4.9, 4.5, 4.1, 
and 3.5 and 1 M NaCl) was different in 
each case; however, no specific compo
nents were identified in the first trim es
ter.
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E3 % basic hCG 
■  % pi 4.0-4.5 
^  % acidic hCG

* p < 0.05

F ig . 6. Percentage of basic, neutral, and acidic hCG, arbitrarily de
fined as p i >4.6/total, pi 4.0-4.5/total, p i <4.0/total. More acidic 
components are present in the first than in the second trimester, while 
more hCG elutes at neutral pi values in the second trimester (P  <  0.05; 
n =  7). No difference is observed in the percentage of basic hCG.

do not differ from postpartum values in the first trimes
ter, but significantly decrease in the second and third 
trimesters, as previously reported (9, 28, 30, 31). These 
results are at variance with those of other studies, in 
which FT4 has been described as increased (5, 15, 20, 
32). Such discrepancies probably reflect the inaccuracy 
of the various methods used for FT4 measurement, and 
final resolution of this particular point is difficult. Never
theless, our finding of unchanged FT4 levels in the first 
trimester, accompanied by decreased TSH, is consistent 
with the suggestion that hCG constitutes an adjunctive 
TSH. These considerations have led us to postulate the 
existence of a control system centered on the feto-pla- 
cental unit which operates on the maternal thyroid to 
sustain higher T4 secretion during early pregnancy and 
ensure an adequate T4 supply to the placenta (29).

It should be noted in this context that were an auton

omous hypothalamic/pituitary/thyroid feedback system 
to operate during early pregnancy in accordance with 
traditional concepts, the estrogen-driven increase in 
TBG synthesis would be accompanied by a transient rise 
in TSH secretion, which would terminate after stabili
zation of the TBG level and the achievement of a nev 
equilibrium state characterized by elevated T4 and nor 
mal FT4 concentrations in serum (Fig. 7a). These expec 
tations conflict with the actual changes in hormom 
concentrations observed throughout pregnancy (Fig. 7b) 

In practice, the final fractional rise in T4 is less thar 
that in TBG, causing a progressive reduction in the T4/ 
TBG ratio and a corresponding diminution in FT4, as 
measured under equilibrium conditions in vitro. Conven 
tional concepts of hormone transport (based on the so 
called free hormone hypothesis) imply a reduced suppb 
of T4 to maternal tissues in these circumstances. How
ever, our own analysis of thyroid hormone transpor 
kinetics (12) suggests that free hormone concentrations 
as measured under equilibrium conditions in vitro, ma; 
not accurately reflect the concentrations present in tar 
get tissue capillaries in vivo. The physicochemical basi 
for this postulate is that net T4 loss from blood transitin 
target organ capillaries inevitably causes a disturbanc 
of the intracapillary equilibrium state and a consequer 
depression of the intracapillary FT4 level. Furthermort 
it is theoretically demonstrable that, because of hormor. 
diffusion effects within the capillary, this depression : 
unlikely to be uniform across the capillary radius, bein 
greater at the capillary wall. Although such effects ai 
an inevitable consequence of the operation of the m ^ 
action law under disturbed equilibrium conditions, it 
difficult to predict their exact magnitude in differei



P IT U IT A R Y  C O N T R O L

■Adjustment phase ■ In vivo equilibrium

 r -T B G --------

T S H
FT 4 (equilibrium) .

F T 4 (in v ivo)'

1st trim e s te r 2nd trim ester 3rd  tr im e s te r

G esta tio n  tim e

a. C onventiona l  model of maternal thyroid g lan d  con tro l

PLACENTAL C O N T R O L  S i :  — PITUITARY C O N T R O L  ►

— Adjustment phase ► "4 In vivo e qu ilib rium  ►

FT4 (eq u il ib r iu m )

1 st trim e s te r 2 n d  trim este r 3 rd  tr im e s te r

G e s ta tio n  tim e

b. Hypothetical m odel  of m aternal  thyroid g lan d  con tro l

Fig. 7. a, Diagrammatic representation of concepts relating to m ater
nal thyroid hormone function throughout pregnancy if based on the 
traditional hypothalam ic/pituitary/feedback mechanism, b, Diagram
matic representation of a hypothetical model of m aternal thyroid 
hormone control throughout pregnancy if a putative “placental thyroid 
stimulator” (PTS), possibly hCG, assumes the regulatory control over 
maternal thyroid secretion.

target tissue, since neither the complex mathematical 
models nor the parameter values that are required for 
their computation are presently available. Nevertheless, 
mdirect support for these ideas is provided by the exper
imental observations of Pardridge and Landaw on thy- 
■oid and steroid hormone uptake in various target organs 
33, 34). These observations, which conflict with certain 
luantitative predictions of the conventional free hor
mone hypothesis, have been claimed by Pardridge and 
o-workers to be indicative of enhanced hormone disso- 
iation from binding proteins during capillary transit, 
lowever, Pardridge and Landaw’s observations are read- 
y explicable without resort to such hypothesized phe- 
omena using a simplified physicochemical model, 
hich, although disregarding the intracapillary diffusion  
iects referred to above, encompasses the broader effects 
iloss from target tissue capillaries (35, 36).
Such analysis of Pardridge and Landaw’s data suggests 
it only that the maternal in vivo FT4 value in certain 
isues may be slightly depressed vis a vis the in vitro 
slue, but that the depression diminishes as T 4 and TBG

increase. Thus, it is plausible that the intracapillary FT4 
in most maternal tissues is maintained at a near-constant 
level throughout pregnancy, notwithstanding the fall ob
served in the equilibrium FT4 value measured in vitro.

Coinciding with the initial TBG increase, we suggest 
that a putative placental thyroid stimulator (PTS) as
sumes regulatory control over maternal thyroid secre
tion, causing a rise in T 4, possibly accompanied by slight 
rise in the in vivo FT4 level, albeit FT4, as measured in 
vitro, does not significantly increase. Indeed, the tran
sient depression of TSH  during early pregnancy suggests 
that the pituitary is hyperthyroxinemic during this 
period {i.e. that it is exposed to an elevated level of FT4). 
In short, some maternal tissues (although not necessarily 
all) may be exposed to increased T 4 during early preg
nancy in consequence of the thyrotropic activity of a 
placental stimulator that overrides the normal operation 
of the hypothalam ic/pituitary/thyroid feedback system. 
However, as the effects of this stimulator diminish in the 
second and third trimesters, the hypothalam ic/pituitary/ 
thyroid feedback system reasserts its control over mater
nal thyroid activity, albeit in the face of increased cir
culating levels of T 4 and TBG. This, in turn, leads to a 
fall in the FT4 level, as measured in vitro, albeit the 
actual in vivo FT4 level returns to normal.

These concepts, which are consistent with both exper
imental observations and theoretical analysis of the 
physicochemical effects of serum binding proteins under 
the disturbed equilibrium conditions that exist in target 
tissues, suggest the possible occurrence of a period of 
mild maternal hyperthyroxinemia during the first 
trimester of pregnancy. This, in turn, is consistent with 
recent evidence indicating that the early fetus is critically 
dependent on the maternal T 4 supply for normal neuro
logical development (29). Thus, the temporary existence 
of an independent transcedent chorionic control on the 
maternal thyroid accords with the hypothesis that fetal 
T 4 requirements govern maternal thyroid function during 
critical periods of fetal life; however, they also suggest, 
as a corollary, the possible existence of a secondary serum 
T 4-monitoring system located in the feto-placental unit, 
equivalent in its regulatory functions to the hypotha
lam ic/pituitary axis and ensuring at all times an ade
quate, but limited, supply of maternal T 4 to the fetus 
throughout gestation.

The thyrotropic activity of hCG has been well docu
mented in in vitro systems (21-23 ,37 ,38). Little is known 
regarding whether variations in the structure of circulat
ing hCG molecules influence their interactions with the 
TSH  receptor. Partial digestion at the carboxy-terminal 
regions of hCG increases its adenylate cyclase-stim ulat
ing activity in human thyroid tissue (39), and the degree 
of glycosylation seems to affect its thyroid stimulating 
activity or TSA (40). Asialo-hCG is reported to show a
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higher affinity for the TSH receptor, although it is 
ineffective in activating adenylate cyclase (41), and acidic 
hCG variants, specifically found in patients with tropho
blastic diseases, are described as more thyroactive than 
native hCG (42).

We found a higher percentage of acidic (arbitrarily 
defined as hCG with pi <4.0) hCG in the first than in 
the second trimester, in agreement with a previous report 
indicating that first trimester hCG is more highly gly
cosylated than other forms (43). We have also tested the 
in vitro TSA of these sera, showing an increase in I" 
uptake in FRTL-5 cells after the addition of first trimes
ter, but not postpartum, samples. These results are in 
agreement with two previous studies (44, 45); however, 
contrary to these reports, the entity of TSA, as measured 
in vitro, was not correlated with hCG levels, not did it 
seem proportional to the amount of acidic hCG. A better 
correlation was rather found with the percentage of basic 
hCG (pi >4.6). Although preliminary, given the arbitrary 
definition of acidic hCG and the limited number of cases 
studied, the observation is consistent with other data 
indicating that more basic forms of urinary hCG show a 
higher TSA when measured in FRTL-5 cells, while the 
most acidic fractions are less active (46). The apparent 
conflicts between these findings and the more acidic 
pattern of circulating hCG during the first trimester 
cannot be clarified. However, it is worth noting that 
species-related differences in the sensitivity of the thy
roid gland to hCG have been described (24), and that 
discrepant biological responses to hCG isoforms might 
be obtained in different bioassay systems, as shown for 
desialylated hCG, inactive when tested on human thyroid 
tissue (41) but a potent agonist in FRTL-5 cells. Further 
studies will be required to identify the presence of specific 
thyroactive hCG isoforms and evaluate their physiologi
cal relevance in pregnancy.

In conclusion, this study has revealed a significant 
decrease in TSH levels in the first trimester, when TT4 
concentrations are increased and FT4 levels, as measured 
in vitro, remain essentially constant, supporting the view 
that the thyroid gland is not primarily TSH driven in 
early pregnancy. hCG is likely to represent the putative 
thyroid stimulator in pregnancy; however, the lack of 
correlation between hCG and FT4 or TT4 levels suggests 
that a more complex control may finely regulate maternal 
thyroid activity; the pituitary and the chorionic systems 
both function in an independent way in response to 
possibly different feedback stimuli. In this context, hCG 
microheterogeneity may influence its thyrotropic activ
ity, and the occurrence of different hCG isoforms may 
represent a physiologically important step in the control 
of the maternal thyroid.
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