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ABSTRACT

Clinical evidence suggestive of a nonpituitary regulation of 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) of human chorionic gonadotropin and to
characterize different molecular forms of 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 ia
vitro 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 of 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 (pl
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- wuptake, while no
stimulation was obtained with post-partum sera. Although the response
to 1Ist 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 Ist
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 microheterogenecity may influence its
thyrotropic activity, and the occurrence of different hCG isoforms may
represent physiologically important steps in the control of the

maternal thyroid.
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CHAPTER1

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 hormone environment in utero for fetal 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 creta, 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 experimental model for the understanding of
developmental relationships between brain and thyroid (1),
and several aspects of the role of thyroxine (T4) and
triiodothyronine (T3) in brain growth have been extensively

investigated.



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 human, these two important 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 thyroidectomized 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 myelinated; however, the outstanding histological
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 pyramidal 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 thyroidectomy, 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 treatment is delayed, despite
the normalization of other thyroid hormone-dependent
developmental processes such as body growth (4).

In the hypothyroid animal, axonal density is reduced by 30-



40%, branching is severely reduced and the individual
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 i1s 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 growth under thyroid hormone control (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 difficult, evidence has been provided that these
cerebral abnormalities result from alterations in basic
transcriptional and translational information (9,10).
Undoubtedly, TH play a permissive role in and have an
initiating effect on the expression of genetic information
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 parameters are severely impaired in
hypothyroid states (9,10).

In summary, it is now well known that TH are needed for
the normal maturation of brain cells, sustaining all the

processes of development from proliferation to differentiation.



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 permanent
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 mitosis
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
retardation

° Severe endemic goiter

° Congenital hypothyroidism

° Maternal hypothyroxinemia, with or without

hypothyroidism.

Since the 16th century, severe endemic goiter has been
known to be associated with the birth of deaf-mute 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
manifestations of mental deficiency, together with either a
predominant neurological syndrome or predominant
hypothyroidism and stunted growth; and c) its prevention by
correction of iodine deficiency and adequate iodine
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



high (12).

As early as 1908, McCarrison postulated that two main
clinical forms of endemic cretinism may exist (13).
Neurological cretinism 1is essentially characterized by
dominant neurological disorders of hearing and speech (deaf-
mutism), abnormal gait and neuromuscular abnormality such
as spasticity, particularly involving the proximal lower
extremities, extrapyramidal disorder of rigidity and
bradykinesia, less frequently, strabismus. This clinical picture,
with minimal thyroid dysfunction, predominates 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 etiology and the underlying
mechanism of the brain damage found in each situation seems
crucial since controversy exists as to whether a full
normalization of mental development can be achieved by an
early diagnosis and treatment. Some evidence seems to
suggest that the brain damage is irreversible and that the
most serious mental and neuromuscular defects cannot be
corrected even by an early treatment. In one report, for
example, signs of cerebellar dysfunction despite early

treatment have been described in one-half of a series of 50



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
measurement of TH by RIA (18) have demonstrated
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). Still, certain fetal tissues remain 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).

More detailed studies of fetal development in
thyroidectomized rat dams have shown that maternal
hypothyroidism during the first half of gestation impairs the
anabolic changes that normally occur during this phase,
therefore impeding the fulfillment of fetal metabolic 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, permanently 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 Iévels
are normal), reproducing the situation observed in iodine
deficient regions. The embryonic tissues developing in such
mothers are markedly deficient in T4 and increasingly
deficient in T3 before fetal thyroid secretion begins. Fetal

deficiency of T4 and T3 persists until term, since it is not



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
reaching the fetal compartment. If maternal hypo-
thyroxinemia impedes 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 glial cell
multiplication, neuronal differentiation and glial cell
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 development. 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 B-D-galactosidase activity indicate neuronal loss. More
specific studies have suggested compromised brain cell
function. Maternal hypothyroxinemia results in a differential
effect on enzymes associated with neurotransmitter 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. Alterations 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
development, characterised by absolute requirements for
maternal T4.

Similar indications 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
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(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). Interestingly, this period is when a substantial
increase in cerebral DNA concentration (6), microtubule
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 maternal thyroid status on
fetal brain and nervous system development emphasizes 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
maintain FT3 levels within the euthyroid range, is especially
informative on thyroid gland functionality.

Important changes in thyroid physiology occur in early
pregnancy. Serum total thyroxine (TT4) and triiodothyronine
(TT3) increase progressively throughout the first half of
pregnancy and remain elevated during the latter 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 liver under placental oestrogen stimulation (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
mechanisms respond increasing the output of thyroid
hormones by the gland in order to maintain a condition of
euthyroidism. The widely described enlargement of maternal
thyroid gland reflects this enhanced maternal thyroid activity
in pregnancy (32).

Although several clinical studies have been performed to
clarify the physiological state of the pituitary-thyroid axis

(through measuring FT4 and TSH levels), only conflicting
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results have been reported so far.

Maternal 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
contradictory reports may be related to methodological
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 remaining within the
normal range.

In this context, suggestions have been put forth that the
enhanced maternal thyroid activity 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 might operate on the maternal thyroid to
ensure a higher T4 secretion at the commencement 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 similar to pituitary 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
commercially 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
manifested as thyrotoxicosis, occurs in pregnancies with

trophoblastic tumors, especially hydatidiform mole 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),
while others have found none (60,61). Furthermore, the
administration 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
implying 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 different species (mainly 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 stimulator of the
human thyroid. Only results obtained in the human species
would be critical to postulate a possible physiological
relevance of hCG thyrotropic activity both in pathological
conditions characterized by highly elevated hCG levels and
during pregnancy, particularly in the first trimester,
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 plasma membranes
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 component
showing binding to human thyroid membranes was authentic °
hCG, as judged by apparent molecular size, subunit
composition and testis receptor-binding characteristics,
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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membranes and completely 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. STRUCTURE, SYNTHESIS AND SECRETION OF
HUMAN CHORIONIC GONADOTROPIN

Human chorionic gonadotropin (hCG) is a major hormone of
the first-trimester placenta. It is a glycoprotein composed of
two non-identical glycosylated subunits, designated o and B,
which are noncovalently bound by electrostatic 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 (hCGB). The isolated
subunits are not biologically active, but can be reassociated to
regenerate approximately 100% of the original biological
activity (78).

The a-subunit of hCG is virtually identical to pituitary
glycoprotein hormones - LH, FSH and TSH; the B-subunit is
structurally distinct and confers immunological and target
organ specificity to each of the glycoprotein hormones. Thus,
synthesis of the B 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 o 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 o 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 (hFSHa, ovine LHa, 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 hCGpB 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-terminal ends (Fig.1). The only major primary
structural difference between the two [ subunits is the
presence of an additional peptide of 30 amino acids at the
hCGB COOH-terminal which includes four additional
carbohydrate groups attached to serine residues.

This feature is unique to hCG among the reported
glycoprotein hormones and may impart 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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Fig. 1 - Amino acid sequence of hCG B, showing the high

homology with the LH B chain.
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The structures proposed for the asparagine-attached
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-B have an additional residue of fucose. The
average composition 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 B1 --- 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 normally produced and secreted 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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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 B-subunit.
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NeuNAc —~Gal —GalNAc

2 3 1 3 6
o
2

NeuNAc
GalNAc = N-acetylgalactosamine

Fig. 3 - Proposed structure of the carbohydrate chain attached

to four serine residues in the P-subunit.
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The B-subunits are secreted and circulate during pregnancy
in a manner similar to native hCG, whereas free hCG o-
subunits rise progressively until the third trimester. Free o
and B subunits circulate in non-equimolar concentrations.
Since both subunits have comparable half-lives, the
discrepancy could be explained by differential rates of
synthesis and/or release by the trophoblast (84).

Independent biosynthesis of the two subunits can be
inferred from the isolation of a specific mRNA coding for o-
subunit and a different specific mRNA coding for B-subunit
(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
Ist trimester placental tissue. o- and P-subunits are
synthesized independently as precursor molecules 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 o is characterized by the presence of 11 (out of 24)
charged amino-acids, while the B-subunit pre-portion contains
only one acidic and no basic amino acid, a rather peculiar
feature since basic aminoacids are usually found near the
amino-terminus of most signal peptides. The o and B

prepeptides are cleaved to a shorter form containing the
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authentic amino-terminal sequence of the secreted form
without any intermediate "pro"-form (86). It has been possible
to 1isolate from 1st trimester placental cultures four
intracellular forms of the o-subunit with different molecular
weights. These are considered to represent the precursor of
the o-subunit of secreted hCG at different stages of
glycosylation. The smallest form appears to be carbohydrate-
free and it is rapidly converted into glycosylated precursors,
containing mannose-rich partially sialylated carbohydrate
residues, successively processed to produce the mature o-
subunit. However, the mature a-subunit does not accumulate
in the tissue, suggesting that the formation of the mature o-
subunit is immediately followed by the assembly with the B-
subunit and the secretion of the hCG molecule. Therefore, the
completion of the carbohydrate part of the o-subunit is
possibly a signal for subunit assembly and secretion of the
hormone.

In oligosaccharide processing, the rate-limiting step is
probably related to the conversion from the high-mannose
form to Man;GlcNAc, through the a-mannosidase activity in
the Golgi complex. Either the rate of transfer from the
endoplasmic reticulum (site of synthesis and initial processing)
to the Golgi apparatus or a a-mannosidase activity relatively
low compared to the newly synthesized subunits could be the
critical steps (87).

The fraction of the o-subunit not associated with the PB-

subunit is further glycosylated and secreted as free o (88).
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The secreted free o-subunits have higher molecular 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-subunits
are unable to recombine with the P-subunit, possibly due to
steric hindrance (89). Thus, the supply of combinable o is a
limiting step for the secretion of a complete hCG molecule,
while hyperglycosylated o- and excess B-subunits are secreted
uncombined.

The independent synthesis of o and B subunits has been
confirmed 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
glycoprotein hormones, which has been mapped 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: B-hCG is encoded by eighk genes or
pseudogenes located on chromosome 19. These genes are
linked to the highly homologous single LH B-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, B-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 B-subunit of hCG. Four of the genes, f-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 B-LH and for two
of the B-hCG genes suggests that the B-hCG genes evolved from
an ancestral LH-betalike gene by duplication followed by a
series of selected changes which generated and fixed the new
B-hCG function. Soon after the establishment of this new
function, the P-hCG gene itself duplicated and rearranged to
give the present complex organization. The sequence
comparison also shows that the carboxy-terminal extension of
the B-hCG subunit protein arose by a readthrough event in
which the 3'-untranslated region of the B-LH gene became
incorporated into the coding region. This readthrough has been
caused by a single base deletion which put the B-hCG sequence
out of frame with the last seven codons of B-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 similar both functionally and
structurally, although they are expressed in different tissues
and at different physiological phases. Whereas 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 replacement 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 B-hCG is coded for by several genes requires
the establishment of whether all the P-subunit genes are
functional and, if so, whether there are any significant
differences between them and between their products.
Although hCG is normally secreted by the placental
sync&tiotrophoblast 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 malignant tumors (carcinomas of lung,
stomach, 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 immunoactivity has been
isolated from normal tissues, including pituitary (97), testis
(98), liver and colon (99), and hCG has been found in the
plasma of normal nonpregnant subjects (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 immunoactivity might be consider ubiquitous and
marker of several malignancies, as is the case of a-subunit
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 chromatography, gel
electrophoresis and isoelectric focusing. To some extent such
polymorphism seems to be due to transformation 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
differing in their carbohydrate composition, 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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o-mannose, B Gal NAc and/or B 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 microheterogeneity 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
exhibiting similar immunological and receptor-binding
activities, differ widely 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 competitive 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
minimally stimulates TSH apoprotein biosynthesis 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 iﬁdividual
components of TSH in the pituitary are also affected by
circulating thyroid hormones. Distinct components 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
primary hypothyroidism, an inverse relationship has been
found between the metabolic status in terms of circulating
thyroid hormone levels and the biological 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 humans, thyroid hormones regulate 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 (pl=4.4)
than in postmenopausal women and both normal and
castrated men (pI=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 different 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
important in order to facilitate 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 molecular size, ratio
between biological and immunological activities and plasma
disappearance rates of gonadotrophins are related to the sex

of animals, castration and treatment with sex steroids
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(113,114) providing a first step in the investigation on the
biological significance of the charge heterogeneity of these
hormones.

Several investigators have reported microheterogeneity or
polymorphism of hCG and its subunits isolated from various
sources (serum, urine, placental extracts, tumour 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 o 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 o- and B-subunits are
assembled and secreted. In both cultured human
choriocarcinoma 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-

mannose smaller precursors that must be trimmed 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 B-
subunits has been also found in human choriocarcinoma cells
and normal human placentae (121). This small hCG dimer has
been characterized after purification from human first
trimester 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 peptide backbone
appears intact, whereas the sugar chains are incompletely
formed with high-mannose core structure and a low
hexosamine content. The pI 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 normal 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 distinguishable 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 mannoside content (128).
Characteristic of patients with choriocarcinoma 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).

Although a greater variability 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 trimester of pregnancy, provided that these
differences in MCR, demonstrated in mouse, also exist in
humans.

Interestingly, structural polymorphism seems to closely
affect immuno- and bio-activity; B/I ratios change as
pregnancy progresses and are different in hydatidiform mole
and trophoblastic tumours compared to normal pregnancy
(134,135). Very little is known at present about the
relationship between immunoreactivity and bioactivity of hCG
during pregnancy. The hormonal domains responsible for
biological and immunological activity may wnot 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 determinants on
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the molecule, according to the differing degrees of inhibition of
bioactivity 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 major polymorphism have
prompted several studies to investigate what 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
stimulation 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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moieties 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
biological activity, measured as cAMP formation and
steroidogenesis both in rat Leydig cells (142,145) and luteal
cells (144). When other sugar residues (galactose, glcNAc,
mannose) are removed, all deglycosylated derivatives (hCG-
da+dB, hCG-a+dp, hCG-da+p) bind with the same affinity to the
hCG receptor; however, the hybrids hCG-da+pB and -o+dB only
produce 15-40% of the maximal response and hCG-do+df
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 o- and P-subunits, it has been reported that only
modifications of the glycosidic residues on the B-subunit affect
the biological activity whereas the a-subunit is relatively inert

(146).
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A complete explanation and the precise site of 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 stimulate membrane phospholipid transmethylation
(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 contamination by
pituitary FSH (150) and copurifies with hCG (151), evidence
suggests that also the thyroid-stimulating activity (TSA) is accounted
for by the hCG molecule. The interaction of hCG with the TSH
receptor and the in vitro TSA, demonstrated 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 following the same approach as for studying the
gonadotropic activity. Preliminary experimental evidence seems to
indicate that sialic acid is also a key component of the carbohydrate
moiety regarding the thyrotropic activity. The removal of sialic
acid residues greatly enhances the binding affinity of hCG for the
TSH receptor; however, asialo-hCG is not effective in eliciting a
cAMP response and behaves as competitive antagonist of TSH action
on adenylate cyclase (152,153). The sialic acid residues are
negatively charged and this characteristic may be important in
triggering the thyroidal adenylate cyclase. In this regard, it is of
note that hLH and BTSH, which are able to bind to human thyroid
membranes and to stimulate adenylate cyclase therein, do not
contain terminal sialic acid on their carbohydrate chains.
Nonethless, their terminal groups are negatively charged
(sulphates). Although opposite observations have also been reported,
sialic acid in the B-subunit of hCG appears to have a predominant
role in these effects (154).

The carboxy-terminal peptide of the B-subunit, uniquely

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-terminal aminoacid residues from hCG-f subunit by a
mixture of carboxypeptidase B and Y results in increased
stimulation of adenylate cyclase in human thyroid membranes. The
increase is enzyme dose-, incubation time-dependent, and is
associated to a slight decrease in apparent molecular weight and a
70% decrease in immunopotency (155). The carboxy-terminus of
the a-subunit is protected against the action of carboxypeptidase
(156). Only a minute amount of Ser, the carboxy-terminal
aminoacid of hCGa, is released, thus implying that modifications in
the B-carboxyterminal peptide are responsible for affecting the
thyrotropic activity, either . directly related to receptor-
recognition sites, or through indirect conformational changes of

sites remote but functionally critical.

In conclusion, the molecular bases for hCG thyrotropic activity
are still poorly understood. The divergent effects of desialylation
(enhanced binding and diminished thyrotropic activity) on the
thyroid membrane functions of hCG may argue for the separate
nature of these two functions in the structure of the hormone,
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 moieties might impede the
process of recognition at receptor level, while promoting the
activation of the adenylate cyclase system. Likewise, sialic acid
residues in hTSH, essential for its biological activity (157),

paradoxically decrease its ability to bind to human thyroid
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receptors, desialylation of hTSH resulting in an enhanced receptor

binding activity (158).

2.4 OUTLINE OF THE STUDY

The proposed study is specifically centred on the characterisation
of a putative placental thyroid stimulator, possibly structurally and
immunologically related to hCG. Recent evidence suggests that,
during normal pregnancy, the control of maternal thyroid gland
may, at least in part, be transferred from the maternal pituitary to
the placenta, as explained in 1.3 (pp.15-16).

The Thyroid Stimulating Activity (TSA) intrinsic to human
chorionic gonadotropin will be measured by using a bioassay for
TSH of extreme sensitivity and reproducibility, subsequently
establishing the structural and immunological characteristics of the
thyrotropic factor (whether structurally related to TSH or hCG).

Part of our study will address the investigation of structure-
function relationships, withinH’ﬁCG molecule, 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 with different pIs) on its thyrotropic
activity and to establish whether discrete isoforms could be
specifically responsible for TSA.

Finally, a clinical evaluation of maternal thyroid function during
the course of pregnancy will be performed in a group of normal

women, measuring the circulating levels of thyroid hormones, both

-44 -



the total concentration and the free fraction, TBG, TSH and hCG.
The relevance of charge microheterogeneity of hCG at different
stages of gestation will also be addressed studying the elution profile
at chromatofocusing of circulating hCG both in the 1st and 2nd
trimesters. The Thyroid Stimulating Activity in normal pregnant
serum samples will be measured and related to serum hCG
concentrations, in an attempt to establish what factors might 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 wherever
possible. All fine chemicals were obtained from Sigma
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

performed in vitro using a continuously growing, un-

transformed cell line (FRTL-5 cell strain), derived from
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primary cultures of normal adult Fisher rat glands. Details about
the characteristics of FRTL-5 cells will be given in 4.1.1. The
functional properties of cyclic AMP accumulation and I” transport
in FRTL-5 cells have been utilized as sensitive biological assay

procedures for thyroid stimulators of both physiological and

pathological origin.

3.2.1 Cell culture conditions

FRTL-5 cells have been grown according to the optimal culture
conditions described by Ambesi-Impiombato et al. (159). Briefly,
Coon's modified Ham's F-12 medium supplemented with 5% calf
serum has been used with the addition (6H medium) of TSH -5
mU/ml-, insulin -10 mg/ml-, hydrocortisone -10-8 M-, transferrin -
5 mg/ml-, glycyl histidyl lysine acetate -10 ng/ml-, somatostatin -10
ng/ml. Cells are cultured in 10 cm diameter Petri dishes under 5%
CO» in air in a water-saturated incubator, renewing the medium
twice weekly. At confluence, cells are passaged using a trypsin-
collagenase mixure (trypsin 0.75 mg/ml, collagenase 20 units/ml
and 2% heat-inactivated chicken serum in Ca™ and Mg~ free Hanks'
Balanced Salt Solution), centrifuged at 300 g for 7 min. and
resuspended in medium containing 2mM EGTA. Vigorous pipetting
insures dispersion as a single-cell suspension, before seeding at a
density of 2x103 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 SH medium, 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 measurement of extracellular cAMP has been performed by
incubating the appropriate stimulator 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
cAMP to move extracellularly (160). The reaction is terminated by
aspiration of the surnatant liquid which is immediately analyzed for

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

Tab. 1- Composition of Hanks' Balanced Salt Solution iso- and
hypotonic, as used in cAMP bioassay. The reagents
marked (*) are not added to the hypotonic solution.
HBSS is buffered with 10 mM HEPES at pH 7.3.

Na(Cl 137 mM *
KCl1 5 mM
CaCly 1.3 mM
MgSOy 04 mM
MgCly 0.5 mM*
NayHPOy4 0.34 mM
KH»POy4 0.44 mM
Glucose 0.1%
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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
diphenylamine 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 Nal251 (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 platé. Results are expressed as
% of the radioactivity originally added. The dose-response
curves have been analysized by the four-parameter logistic
model (163), in order to evaluate the response at '0' and

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

Two different gel filtrations 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
structqrally 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 KCIl, 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
Albumin (mol. wt. 67,000 Da), Ovalbumin (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 - Vi) / (Vt - Vo)

where Ve is the elution volume of the standard considered, Vo
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the Void volume and Vit the Total Volume of the column. The
calibration curve has been represented 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 chromatographed and their apparent mol. wt.
established. Partially purified urinary hCG has been also
chrom;_ltographed on the column. hCG concentration in each
fraction has been measured by immunofluorimetric 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 chromatography, 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 experimental design was similar to that followed for

Sephadex G-100 column chromatography.

-52-



3.4 CHROMATOFOCUSING

Chromatofocusing has been performed on Mono P HR 5/20
column (Pharmacia, Ltd.). The column has been first
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
IM 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 measured 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 pls was calculated, together with the
percentage of acidic forms arbitrarily defined as hCG eluting at
pH < 4.0 = (pI<4.0/pI 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
ultrafiltration.

The reproducibility of the Mono P column in forming the pH
gradient has been checked by blank runs. The
chromatofocusing system has been calibrated with standard
proteins of known pls (500 pg each of B-lactoglobulin A pI 5.1,
glucose oxidase pl 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 pl 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 immunofluorimetric 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.

-54-



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-immunometric assay based on a direct sandwitch
technique in which two monoclonal antibodies (one of them
labelled with an EDTA-Europium ion-EU3* chelate) are
directed against two separate antigenic determinant (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 approximated 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 were tested and were completely

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
unoccupied antibody binding sites were titrated 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, removing the serum by washing and incubating
further with labelled thyroxine.

TSH was measured using the high-sensitivity DELFIA system
(Pharmacia/LKB), utilizing europium chelates and time-
resolved fluorometry, 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 experiments were performed to investigate 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
normal non-pregnant, 1st trimester 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 ul serum have been added to SH medium (final
volume 500 pul) and incubated with FRTL-5 cultures for 36 hrs; fresh SH
medium was renewed for 12 hrs, after that 125]-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 231 uptake in
rat FRTL-5 thyroid cell strain as functional parameters indices

of interaction with the TSH receptor.

4.1.1. FRTL-5 rat thyroid cells as sensitive bioassay
for measuring in vitro TSH-like activity.
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 Fisher 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
factors [TSH, Insulin, Transferrin, Hydro-cortisone,
Somatostatin, Glycil-Hystidyl-Lysine], although very low levels
of animal serum (0.5%) were maintained, mostly for its
positive action on cell attachment (159). FRTL cells remain
differentiated in long-term culture -they synthetize and
secrete thyroglobulin and are able to concentrate iodide to 100
times the external concentration and retain a principal
differentiated characteristic of follicle cells: dependmeon

thyrotropin for growth (159). The shift to a 5% calf serum
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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 important 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 glycolytic enzyme enolase, marker 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. Unlike 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
almost complete 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 time 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 similar 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
activation and intracellular cyclic AMP accumulation
(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). Under 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 medium without TSH are extremely 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-maximal after approximately 48 hrs. (179), and
involves de-novo protein synthesis (179,183). The process is
dependent on active transport, extracellular N»* 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 comparable to the Nat-dependent uptake of
aminoacids, and it is based on a cell-specific I" carrier.

I- uptake is directly proportional to the external Nat
concentration (from 20-140 mM) and linearly dependent on
the external K%t concentration as it approaches 5mM, being
optimal at physiological concentrations (5-7 mM). Initial and
steady-state influx are maximal 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 itself (184). The effect is
concentration-dependent and, since it is not seen in

methimazole-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 within the cell. Although
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 I°
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 autoantibodies
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, optimal 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
respo"se 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). Moreover, the FRTL-5 cell bioassay gives improved
within-assay precision at relatively low TSH doses with a 10%
error in TSH measurement at 50 uU/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 gon;dotropin has been studied in highly purified hCG
(1st IRP 75/537; assigned biopotency = 14,000 IU/mg) and in
commercially available, partially purified preparations of
urinary hCG, differing for gonadotropic potency, in which the
contamination by hTSH was negligible (0.21 pU 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
accumulation and !251 wuptake) have been measured,
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
1251 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
subsequently characterized by means of neutralization
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 pU/ml),
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 filtration 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
whether the stimulatory activity could be due to
contaminants aspecifically activating adenylate cyclase,
i.e. phenol, known to be present in some urinary
preparations.

(i1) to study the effects of hCG structural microheterogeneity
(as reflected by the presence of several isoforms with
different pls) on its thyrotropic activity and to
investigate whether discrete isoforms 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 (Ist 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/ml for
bTSH, and 5.0 uU/ml for hTSH. At the highest dose tested (500
pU/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 accumulation of cAMP induced by increasing
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/ml of hTSH, which appear to be reproducible and
comparable in the sequential bioassays. The inter-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 meanstSD obtained
testing each dose level in triplicate, Basal cAMP
levels were 9.4+0.9 pmol/ml.
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Tab. 2 -Intracellular levels of cAMP (pmol/ml) after
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.

(1) (2) (3) (4)
basal 10.3+1.5 9.6+1.4 8.5+0.8 8.5+0.6
5 pU/ml 23.0+2.0 26.0+2.1 25.7+2.4 20.6+0.8

10 pU/ml 55.0+5.0 52.0%+5.9 49.01+5.1 53.4%5.7
100 pU/ml 236 £ 12 270 £ 12 253 £+ 79 245 + 15
500 pU/ml 478 + 47 476 + 56 456 + 28 436 + 51

The within-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) I' 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 uU/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/ml, 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 uU/ml),
associated to a better precision in measurement of TSH
bioactivity.

An analysis with the four-parameter 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 '0' 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,
without significantly altering the goodness of fit (F=2.25;
P=0.10). The basal iodide uptake was 4.3%%0.1 (meantSD),
while the plateau response was 27.4%+0.2 for bTSH, and
25.3%%0.2 for hTSH. The EDg, value, expressing hormonal
biopotency, was 34 pU/ml for bTSH and 48 pU/ml for hTSH,

respectively.
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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 1251 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. Between-culture 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 §
sequential subcultures of FRTL-5 cells. The dose-response
curves obtained in these experiments were analysed with the
four-parameter logistic model (163) and proved to share
slope, EDg, 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.

Parameters shared bTSH hTSH

All b, ¢ ' 1.06 (P=0.430) 1.78 (P=0.186)
All b,c,d 1.86 (P=0.091) 2.86 (P=0.057)
All a, b, c,d 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: '0’ response; b: slope; c: EDgq; d: maximal response. The curves are
constrained to be parallel and to share EDgp 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 experimental variability, however, did not affect the
reproducibility of the system, as demonstrated by the other
common parameters.

Since the dose-response curves obtained in different cell
subcultures appeared to be reproducible, a comparison
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 EDs,, as summarized in

Table 4.

Tab. 4 - Characteristics of dose-response curves for bTSH and

hTSH in 5 sequential bioassays.

bTSH hTSH
Slope 1.19+0.1 1.44+0.1
EDy, 30 £3.2 50 5.2
Max. response 31.6+x1.2 26.31£2.1

Slope, EDsgy and maximal response have been calculated pooling curves
from the 5 experiments using the four-parameter logistic model as
explained in the text. EDgq is expressed as pU/ml, the maximal response

as percentage of iodide uptake + SD.
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The bioactivity of 1 pU of bTSH was equivalent to that of
1.67 pU 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 sensitivity 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 experimental design, although
cAMP accumulation was measured in few experiments as

further control.

4.3 IN VITRO THYROID STIMULATING ACTIVITY
(TSA) OF URINARY hCG

4.3.1 Dose-response curves to urinary hCG

All hCG prepatations, irrespective of their degree of purity,
induced a dose-related increase both in terms of cAMP
accumulation (Fig. 8) and of I° uptake (Fig. 9) in a
concentration range of 50-2000 IU/ml, paralleling 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 pU/ml and 20-1,000 IU/ml,
respectively. Values represent meanstSD 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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Fig. 9 - Stimulatory effect of bTSH, hTSH and hCG on iodide
uptake in one FRTL-5 culture. The iodide uptake
response is expressed as a percentage of 1251 activity
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.

-76 -



Table 3 for bTSH and hTSH. The I uptake responses to hCG
were shown to share slope, EDy, and maximal response (except
for one experiment) without significantly altering 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 summarized in Table 5, which also shows a higher
maximal response to bTSH.

The relative biopotency, established at EDg, 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-response curves to bTSH, hTSH
and urinary hCG.

bTSH hTSH hCG
Slope 1.1940.1 1.44+0.1 1.62+0.2
EDq, 30 £3.2 50 £5.2 38045
Max. response 31.6+1.2 26.31+2.1 22.3+1.0

See Legend to Table 3. EDj( 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 contaminant 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 stimulated in a dose-
dependent manner by pituitary hLH (2nd International
Standard 80/552). However, the thyrotropic activity of LH
seemed to be proportional to the contaminating amount 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: I~ uptake response to partially purified
hCG with different gonadotropic potency (see text)),
compared 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): I~ 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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Fig. 12 - (a) Dose-related I" uptake response to hTSH and hLH.
Hormonal concentrations are expressed as pU/ml for
hTSH and mU/ml for hLH.

(b) I" uptake response to pituitary hLH expressed in
relation to the contaminating amounts of hTSH

detected by immunoassay in the preparation.
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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 TU/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
stimulation was observed at each point level (25.3%%2.5,
26.2%x1.5, 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).

When bBTSH (20 pU/ml) was added to increasing
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 vs
20.3%+1.2) (Fig. 13 b).
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Fig. 13 - (a) I" uptake response to increasing concentrations of
bTSH when simultaneously adding 200 and 1,000
IU/ml of hCG.
(b) Additive effect on I- uptake induced by a low
dose of bTSH (20 pU/ml) added to increasing

concentrations of hCG.
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4.4 IMMUNOLOGICAL CHARACTERIZATION OF TSA IN
URINARY hCG

4.4.1 Monoclonal anti-hTSH antibodies (McAbs)
Incubation with McAbs to hTSH did not affect the
stimulatory ability of 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. Almost superimposable results were
obtained after both a 2 h- and a 12 h-incubation (Fig. 14 a).
The same pretreatment, at 2 h-incubation, resulted in a
dose-dependent neutralization of the response induced by a
submaximal concentration (100 pU/ml) of hTSH , while a
complete suppression to basal levels of I- uptake was
observed at 12 h-incubation. The response evoked by bTSH
was not abolished by pretreatment with anti-hTSH McAbs
(Fig. 14 b).

4.4.2 Monoclonal and polyclonal anti-hCG antibodies
The biological response to hCG was tested after
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.

-84 -



30
. ] (a)
o
2 2 ;;//
=
g | IV
=
2
R 10 A

—e— 2 h-incubation
—0— 12 h-incubation
0 —— T
1:10000 1:1000 1:100
30—
. b
2 ¥~/
8
- -
(%}
=
'g * %
3 10 - s
—s— KRTSH
—a— pTSH
0 T rrrrry— YT T

1:10000 1:1000 1:100
Ab dilution

Fig. 14 -(a) I" 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/ml)
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.
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An overnight incubation of urinary hCG with serial dilutions
of Mc 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 modification of thyroid
stimulating activity was observed when 400 IU/ml of urinary
hCG were pre-incubated for 2 hrs. at 37°C with Mc 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/ml) 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 pU/ml
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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Fig. 15 - Neutralization of hCG immunoreactivity after
pretreatment with Mc and Pc anti-hCG Abs. Both Mc
and PcAbs, at 1:100 dilution, have been incubated
overnight with increasing hCG concentrations (2-400
IU/ml), as indicated on the x-axis. After removal of
bound hCG by PEG-precipitation, hCG immunoactivity
has been measured in the supernatant, and expressed
as percent of the initial 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 TU/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" wuptake 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/ml)
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
FILTRATION

Gel filtration, as a simple and reliable chromatographic
method for separating molecules according to size, has been
applied to initially characterize the structural properties of
Thyroid Stimulating Activity (TSA) in wurinary 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
molecular size and high activity yields 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 Kav
(calculated on the basis of elution volumes) versus the
logarithm of mol. wt. The curve obtained (selectivity or
calibration curve), approximately linear in the middle part,
has allowed the estimatwn‘gthe 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. Sephadex G-100 column

The standardization of the column has been performed
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 chromatographed 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. wts., calculated on the
calibration curve of the column, were 36,000 Da and 63,000
Da, respectively. The gel filtration performed 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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Fig. 19 - Elution of standard hTSH and hCG on Sephadex G-100.
On the y axis, TSH and hCG concentrations in each
fraction are indicated as uU/ml and IU/ml,
respectively; on the x axis, the elution volume is
expressed as ml effluent. Vo of the column is
indicated by the arrow.
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4.5.2. TSK-G 3000 SW (HPLC)

HPLC size exclusion columns provide a straightforward

purification and characterization of biomolecules based on
molecular size, with the advantage of excellent separation
efficiencies and low absorption. The high resolution of the
system has been achieved with the development 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 components 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
plates expressing the efficiency [N=l6(t1/wl)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. 20 - Calibration curve of the TSK- G 3000 SW column
calculated on the basis of the Kav values obtained for
BSA, Ovalbumin, Chymotrypsinogen and Ribonuclease

from their elution volumes.
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Fig. 21 - Elution of standard hTSH and hCG on TSK-G3000 SW
column. TSH and hCG concentrations are expressed as
pU/ml and IU/ml, respectively. Vo and Vi of the

column are indicated by the arrows.
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4.5.3 TSA of urinary hCG after gel filtration

A significant stimulation of iodide uptake was recorded in
the fractions corresponding to hCG immunoreactivity after gel
filtration 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 measured 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 stimulation of iodide uptake
superimposed the dose-response curve induced by non-
chromatographed hCG. No fraction seemed to be more active
than unfractionated hCG in stimulating iodide uptake.
However, a biopotency estimate, based on the four-parameter
logistic model, could not be perfdrmed, since a maximal

response was not reached (Fig. 23).
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Fig. 22 -Profile of hCG immunoactivity and TSA after
separation on Sephadex G-100 in two different
experiments. hCG concentration in each fraction was
assessed by immunoradiometric assay and expressed
as IU/ml, while TSA was determined in triplicate
measuring the iodide uptake response in FRTL-5 cells
(meantSD). In the two experiments basal iodide
uptake was 4.8%+0.2 and 2.7+0.3, respectively.
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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
might present varying thyrotropic activities, 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 pls 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
neuraminidase and testing the substance obtained in our

bioassay.

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 titrates 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 pls 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 chromatofocusing
experiments in order to check the reproducibility of

the system.
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Fig. 25 - Chromatofocusing profile of standard proteins in
relation to the pH gradient, showing the good
separation obtained with Mono P column. -
lactoglobulin eluted at pH 5.0, glucose oxidase at pH
4.26, amyloglucosidase at pH 3.65, in strict accordance

to their known plIs (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 experiments, different 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
measured by immunoassay in each fractions. Details
concerning the experimental design have been given in 3.4
(pp- 53-54).

hCG immunoactivity eluted in five major 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
(22.1%+5.3), except in 2 cases in which wasé\(}u(::ly . 5.7%+1.2.
The percentage of hCG immunoactivity eluting at pH 5.2-4.9-
3.5 was 6.7+2.9, 16.916.1 and 8.614.5, 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
IM NaCl buffer was performed as final step. hCG
concentration was determined in each fraction. The
two experiments 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 experiments using different batches of
partially purified hCG (preparation 1). For
experimental conditions, see legend to Fig. 26.
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pI 5.2 4.9 4.5 4.0 3.5 IM NaCl

6.5 24.7 40.8 16.8 6.4 4.8
5.6 25.3 44.6 6.5 34 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
114 12.8 41.7 8.3 3.1 22.6

n=5 813 19+6 4016 125 613 1317

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+2 135 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 pls < 4.0.
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When calculating the percentage of acidic forms, arbitrarily
defined as hCG eluting at pH < 4.0 [% acidic hCG = (pI<4.0 / pl
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%16.7 of hCG eluting at
pls<4.0 (12.6%z 7.1 collected at 1M NaCl). Conversely, 3 cases
showed only 50.2%z=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%t17.5).

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
immunopotency, calculated as I.U./mg protein
. was ' increased in the isoforms eluting at pH 4.5, 4.0, and at
1M NaCl, but umc%a“n%‘e’d _ 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.
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Fig. 28 - Profile of hCG-like immunoreactivity and protein
content (280 nm abs) after chromatofocusing
separation of hCG 1. Some protein peaks, mainly at
basic pls, do not correspond to hCG activity, while the
highest hCG peaks are observed at more acidic pls

where the protein content is lower.
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Tab. 7 -Degree of purification achieved in hCG isoforms after

chromatofocusing
pl Immunopotency Purification
L.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 fo
discrete plIs. A 2.7-fold increase was achieved at pH 4.5 - IM NaCl, while
the immunopotency was 1.7- and 1.5-fold higher at pH 4.0 - 3.5; hCG

potency was unmodified at basic pls.

5.3.2 Charge isoforms in partially purified hCG 2

A more purified preparation of urinary hCG (preparation 2 =
Profasi from Serono; gonadotropic potency = 9,000 IU/mg) was
fractionated by chromatofocusing in a series of eight
experiments following the same experimental conditions as for
preparation 1.

The chromatofocusing 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 determined in each fraction. The two
experiments represent the fractionation of different

batches of preparation 2.
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Six major peaks, corresponding to plI 5.2-4.9-4.5-4.0-3.5 and
to the final 1M NaCl step, were identified in the profile of all
preparations studied, although some differences were
demonstrated when calculating the relative percentage of the

discrete components (see Table 8).

pl 5.2 4.9 4.5 4.0 3.5 IM NacCl

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 13 6.4 22.7
7.4 11.2 20.0 19.7 13.3 28.4

n=6 713 17+6 31+8 1815 1215 1519

1.3 0.5 6.6 26.2 30.9 34.5
2.2 1.2 6.4 33.0 35.0 22.2

n=2 2+.6 1+.5 6.5+.1 30+5 33+3 2819

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 pl 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% 15.8, 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
pl 4.0, representing == 29.7%%4.8, and only 9.1%%0.9 of hCG
immunoactivity eluted at the more basic pls (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 23.6x6.7 49.8+1.8 34+ 70 68.6+£2.2
% 1M NaCl 12.6x7.1 25.4%+3.6 14 + 8.0 21.414.2

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
pls, 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 components with
acidic pls 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 pls 4.5 and 4.0, and at 1M NaCl, as reported in
Tab. 6 for preparation 1. The degree of purification achieved
after chromatofocusing 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 pls.
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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 experimental conditions, see
legend to Fig. 29.
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5.4 IN VITRO THYROID STIMULATING ACTIVITY OF
hCG AFTER CHROMATOFOCUSING.

In vitro Thyroid Stimulating Activity (TSA) was studied in
FRTL-5 cells, measuring the uptake of inorganic iodide as
functional parameter. Sequential dilutions of the fractions
corresponding to each distinct pl, pooled and concentrated,
were added to triplicate test cultures to measure TSA.
Bioactivity/immunoactivity (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 partially 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 obtained with the wunfractionated
preparation as shown in Fig. 31. The Ilowest 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 pl
of 49, 45 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
IM NaCl form showed less I uptake stimulating activity

(response curve shifted to the right, panel b).
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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 pI of 3.5. In the experiment presented in Fig. 31, the
response curve is comparable to that obtained with
unfractionated hCG. However, in two of the 5 experiments
performed, the pI 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 pl
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
lower (0.88%+0.17) than for other isoforms, although the

difference did not reach level of significance.

Tab.10 -B/I ratio of charge isoforms of wurinary hCG 1.

pl B/1 n
5.3 1.27+0.16** 7
4.9 1.04+0.10 4
4.5 1.00+£0.09 10
4.0 0.981+0.18 9
3.5 0.91+0.15 5

1M NaCl 0.88+0.17 6
**p<0.005
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5.4.2 TSA in partially 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 chromatofocusing. The I- uptake
response to the wunfractionated 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 (plI 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 (1.2710.23; 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 isoforms of urinary hCG 2.

pI B/1 n
5.3 1.2740.23* 5
4.9 0.9810.11 6
4.5 1.03+0.12 11
4.0 1.0710.14 10
3.5 1.01+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 STIMULATING ACTIVITY OF
DESIALYLATED hCG

The thyroi(i stimulating activity of urinary hCG has been
measured after enzymatic desialylation obtained by
pretreatment 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 majority of the
sample has been tested in the bioassay.

The pretreatment with neuraminidase was effective in
removing sialic acid residues from hCG, as demonstrated by
the different elution pattern both in gel filtration and
chromatofocusing. The separation on Sephadex G-100 showed
that desialylated hCG (ds-hCG) eluted at a lower apparent
mol.wt. than hCG, aceerding to the incubation time (Fig. 34a).
As represented in the graph, the values of Kav 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 immunoactivity

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 I" uptake.
As shown in Fig. 35a, the I" 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
samples were taken in the 1st trimester (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 1Ist
trimester in comparison to post-partum values (16.5+3.0 vs
15.1£2.0 pmol/L, respectively). However, a significant
decrease has been observed in 2nd and 3rd trimester

(12.9£2.1 and 12.3+2.4 pmol/L; p < 0.001) (Fig.36).

- 128 -



201 ®

FT4 pmol/L
m -&! IHl
o
@®, B‘Po o]
o
)
o
&
o
HiH

10 ]

1st 2nd 3rd P-pP.

Fig. 36 -FT4 concentrations in 1st, 2nd, 3rd trimester of
pregnancy and post-par’ﬁm 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, 129 + 2.1 and 124 + 2.4, vs 15.1
+ 2.0 (mean * SD, n = 32); p < 0.001]. '
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Tab.12 -TT4, TT3, FT4 concentrations in 32 normal women as

evaluated post-partum (4-10 weeks after delivery).

TT4 TT3 FT4
(nmol/L) (nmol/L) (pmol/L)

post-partum 76 - 135 14 - 24 11.6 - 18.6
(meantSD) (95 = 16) (1.8 £ 0.3) (15.1x 2.0)
normal range 69 - 141 1.3 -25 8.1 - 20.0

The normal range for each hormone is indicate in the Table, showing

that all women were biochemically euthyroid.

FT4 levels remained in the normal 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).

TT4 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 -TT4 and TT3 concentrations in 1st, 2nd, 3rd trimesters

of pregnancy and post partum in 32 normal women.

TTa TT3
(nmol/L) (nmol/L)
1st trim 142 + 32 2.38 + 0.6
2nd trim 138 + 33 270 £ 0.5
3rd trim 141 + 36 292 + 0.5
post partum 95 + 16%* 1.84 + (0.3**

Hormonal values (meantSD) 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 < 0.001

6.3 THYROXINE-BINDING GLOBULIN LEVELS.

TBG concentrations have showed a progressive increase
during the course of pregnancy. Although a strong individual
variability 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)

Ist trim 823 + 268**
2nd trim 1174 £ 374%*
3rd trim 1297 + 351**
post partum 494 + 104

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<0.001.

The increase in TBG concentrations was reflected by the
augmentation of TT4 and TT3 levels in the 1st trimester;
contrary to TT4, TT3 levels showed a further increase at the
following stages of pregnancy, as shown in Fig. 37. The
continuous increase of TBG, in front of TT4 levels remaining
elevated but constant after the 1st trimester, caused a
progressive desaturation of TBG and a progressive decrease of

the TT4/TBG 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

Analysis of the results obtained following 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 (lst trimester and post-partum) and
non-pregnant samples, where hCG concentrations 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
Ist trimester 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 trimester only, accompanied 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%z 5.5 SE.
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Fig. 39 -Recovery of standard hTSH added to 1st trim. and
post-partum serum (a) and to normal samples with
undetectable hCG (b). hTSH levels are comparable in
all the samples examined (0.4 and 1.9 mU/L).

- 136 -



3 r'y
a
o
&
n
2 2- ‘e
D o =] A
E - °°%, dﬁ A
= o o
w - & 2] AT'a
B C (:)
o & a ° &
1 rl o o ‘t
R & M
. ° o o
a A
v o o
- o o A
o -
1st 2nd 3rd p-pP-

Fig. 40 - TSH concentrations in 1st, 2nd, 3rd trimester of
pregnancy and post-parum period. TSH significantly
decreases in thelst trimester, returning to post-
partum values in 2nd and 3rd trimesters [0.72 = 0.09
vsl1.26 = 0.09, 1.09 £ 0.10 and 1.23 * 0.12 mU/L
(mean % SE, n = 32); p < 0.001].
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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 trimesters did not
significantly differ and the slight increase, reported in the 3rd
trimester 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,

respectively.

6.5 CORRELATION BETWEEN hCG, TSH AND THYROID
HORMONE LEVELS.

In the 1st trimester, a significant negative correlation
between hCG and TSH has been found, both considering basal
TSH values (r"2=0.18; p<0.02) and the percent TSH reduction
(r72=0.19; p<0.05), as shown in Fig. 41. Furthermore, the
correlation with TSH levels was stronger (r22=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 (r*?=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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Fig. 42 - Correlation between hCG and TSH levels when
considering only the earliest weeks of the 1st

trimester (8-10 wks' gestation).
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Fig. 43 - Scattergram of TSH in relation to hCG concentrations
in individual subjects in the 2nd (a) and 3rd (b)
trimesters of pregnancy. As shown in the graph, the

correlation was not significant.
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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).

Conversely, FT4 was significantly related in a negative
fashion with TSH in the 1st trimester and post-partum
(r22=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 Chromatofocusing profile

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
Ist and 2nd trim., by six major peaks corresponding to pH 5.3
-49 - 45 - 41 - 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.

pl 4.0 IM NaCl ‘acidic’ hCG
Ist trim 27.7+4.9 31.5t4.3 59.5+4.2
2nd _trim 21.9+4.1 25.3+3.3 47.316.6
hCG 1 11.7£5.0 12.6+7.1 23.6x6.7

19.745.1 14.0+8.0 34.0+£7.0

hCG 2
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Fig. 47 - Chromatofocusing profile of serum hCG in 1st and 2nd

trimesters of pregnancy.
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When comparing 1st and 2nd trimester, more ‘acidic’
components were found in the 1st trimester (59.5% * 4.2 vs
47.3% t 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 circulating 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 % =0.05; p =0.63, respectively).
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No correlation was found between TSA and % of ‘'acidic’ hCG
(pI <4.0), either in 1st (172=0.29; p=0.21) and in 2nd trim.
(rA2=0.26; p=0.25). Furthermore, a significant positive
correlation was not found even considering both trimesters
together (r72=0.27; p=0.06), although acidic isoforms were
present in a higher proportion at the earlier stage of
pregnancy. A better correlation (r22=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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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 Hese
hormones are dimeric with two dissimilar, noncovalently
associated subunits, a and B. The o subunit is common to all
the glycoprotein hormones and, in humans, encoded by a
single gene. Unlike the a subunit, the B 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 B-subunit,
and both bind to the same testicular and ovarian receptors
stimulating steroid synthesis. Similarly, an intrinsic thyroid
stimulating 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
led to different estimatcs‘gthe 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
comparable discriminating power 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 EDg, 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
differ 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 demonstrated by the other common
parameters.

A significant thyroid stimulating activity in urinary hCG has
been demonstrated both in partially purified commercial
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 relative biopotency, calculated at the EDg, 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 relative biopotency of hCG, compared to hTSH,
established in our bioassay system is lower than that
described in other studies employing human 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 pU/ml
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
established in vitro using rat thyroid cells, does not
necessarily represent in vivo conditions physiologically
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 I° 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 I- wuptake. It was assumed therefore that
stimulation was a thyroid cell or thyroid cell-derived specific
phenomenon.

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 completely neutralize hCG.
Interestingly, however, while we observed a reduction in hCG
immunoactivity, the thyrotropic activity 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,

- 158 -



modifications within the carboxy-terminal region of hCG are
known to increase its adenylate cyclase-stimulating activity
for human thyroid membranes, and decrease 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
determinanks 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
hormoﬁe 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 !23I-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 important species-related difference 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 ISOFORMS AND THYROID STIMULATING
ACTIVITY

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 difffences 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
peripheral hormones (thyroid and ovarian hormones)
(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
eutopic and ectopic 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).
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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
cluting 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 pl 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
differences, in particular the Jlarge amount 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 pl 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 pl
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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
represent a key intermediate in the posttranslational
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 I- 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-
related differences might explain discrepant biological
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 sialylated forms expressing
gonadotropic activity. A preliminary 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 pl 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

- 166 -



TV, by an average of 20%, has been observed during
pregnancy (189). These changes were associated to
biochemical features of thyroid stimulation, specifically high
T3/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.

The issue of thyroid status during pregnancy iSOFmore 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 importance 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 0.1mU/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
Ist 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 hCGﬁlas
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
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 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 diminution in FT4 as measured 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 disturbance 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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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
putative "placental thyroid stimulator” (PTS) assumes
regulatory control over maternal thyroid secretion, causing a
rise in T4, possibly accompanied by slight rise in the in vivo
FT4 1level, albeit FT4 as measured in vitro does not
significantly increase. Indeed the transient depression of TSH
during early pregnancy suggests that the pituitary 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 hypothalamic/pituitary/thyroid feedback
system. However as the effects of this stimulator diminish in

the 2nd and 3rd trimesters, the hypothalamic/pituitary/

-172 -



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
observations and with theoretical analysis 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
temporary existence 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 pI<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 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 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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