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FOREWORD 

"Frontiers In Thyroidology" assembles the prize lectures, symposia, 
and papers presented during the Ninth International Thyroid Congress in 
Sao Paulo, Brazil in September, 1985. This book represents the State-of
the-Art in thyroid studies with its continuous expansion into the areas of 
immunology, molecular biology, clinical and environmental medicine. As its 
name also indicates, the material compiled in this volume defines important 
questions to be answered in basic and applied aspects of the thyroid. So, 
this book clearly demonstrates the rewards, excitement, and challenges posed 
by the thyroid gland. Once again, the thyroid gland, through its unique and 
important functions and implications in health and disease, has been able 
to congregate scientists throughout the world to communicate their findings, 
to share their expertise and experiences, and to strengthen their bonds of 
friendship and commitment to make a better world through their work. 

This publication consists of 309 papers in 19 different topics. The 
prize lectures and symposia review and update our knowledge in basic and 
clinical aspects of exceptional interest in the thyroid field. "Frontiers 
in Thyroidology" adds to a series of publications from previous interna
tional thyroid meetings which includes: "Advances in Thyroid Research", 
London, 1960; "Current Topics in Thyroid Research", Rome, 1965; "Further 
Advances in Thyroid Research", Vienna, 1970; "Thyroid Research", Boston, 
1975, and "Thyroid Research VIII", Sydney, 1980. 

We would like to express our gratitude to Mrs. P. Langford and Drs. 
1.1. Braverman, L.J. DeGroot, J.T. Dunn, R.H. Lindsay, J.M. Montalvo, K.C. 
Neill, J. Robbins, P.G. Walfish, and J.F. Wilber for their expert and gen
erous assistance in reviewing and editing the manuscripts for this volume. 
Their help has added significantly to the final presentation of the book. 
We would also like to thank Dr. David Evered, Director of the CIBA Founda
tion, for housing, once again, the members of the Program Organizing Com
mittee in London, May, 1985. We are also grateful to Mrs. Silvia Gabay who 
organized the manuscripts received during the 9th ITC, Mrs. Suzanne Clay at 
the University of Mississippi Medical Center who generously provided admin
istrative assistance and arranged facilities for word processing, and to 
Mrs. Carol Boone who with expertise and dedication undertook the tremendous 
task of retyping and organizing all manuscripts for final publication. 

September, 1986 
Geraldo A. Medeiros-Neto 
Eduardo Gaitan 
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THYROTROPIN-RELEASING HORMONE ACTION IN THYROTROPIC CELLS: MECHANISM OF 

STIMULATION OF THYROID-STIMULATING HORMONE SECRETION 

Marvin C. Gershengorn 

Division of Endocrinology and Metabolism, Department of 
Medicine, Cornell University Medical College and the New 
York Hospital, New York, NY, USA 

Production of pituitary thyrotropin (thyroid-stimulating hormone; 
TSH), the major modulator of secretion of L-triiodothyronine (L-T3) and 
L-thyroxine (L-T4) from the thyroid gland, is, in turn, regulated by the 
circulating thyroid hormone level. Superimposed on the pituitary-thyroid 
feedback system is a modulation by the central nervous system that appears 
to be mediated, in large part, by hypothalamic thyrotropin-releasing hormone 
(TRH). The studies described herein were undertaken to define the intra
cellular events that mediate TRH stimulation of the thyrotroph, in partic
ular, TRH stimulation of TSH secretion. 

In order to study the molecular mechanisms involved in transducing the 
signal of TRH-receptor interaction at the cell surface into regulators of 
intracellular processes, it is necessary to employ a homogeneous population 
of thyrotrophs so that the intracellular events monitored can be presumed 
to occur uniformly in all the cells. A thyrotropic cell culture system 
that is responsive to physiological concentrations of thyroid hormones and 
to TRH was developed for these studies (1-3). Pituitary thyrotropic tumors 
were induced in mice of the LAF1/J strain by ablation of the thyroid gland 
with radioiodine as originally described by Furth and his colleagues (4); 
the pituitary tumors were then serially transplanted into similarly radio
thyroidectomized mice. Short-term suspension cell cultures of thyrotropic 
(TtT) cells were established after enzymatic dispersion and selective 
attachment techniques and incubated in Ham's F-12 medium supplemented with 
15% horse serum and 2.5% fetal bovine serum. Electron micrographs of cells 
in suspension culture showed that they have morphological traits character
istic of thyrotrophs in hypothyroid animals. The cultures appeared morpho
logically to be comprised of a homogeneous population of epithelial cells 
containing TSH secretory granules and were shown to synthesize and secrete 
TSH. 

The binding of many hormones and neurotransmitters to plasma membrane 
receptors appears to be coupled to stimulation of secretion ~artly by an 
elevation of cytoplasmic free calcium ion concentration ([Ca +Ji) (5). 
Stimulus-induced elevation of [ca2+Ji is caused by release of intracellular 
calcium into the cytoplasm or by increased influx of extracellular ca2+ 
into the cytoplasm, or both (6). In some cells, binding of a calcium
mobilizing stimulus to its receptor causes a rapid enhancement of the 
hydrolysis of phosphatidylinositol 4,5-bisphosphate [Ptdins(4,5)P2] by a 
phospholipase C (or phosphodiesterase) to yield inositoltrisphosphate 



(InsP3) and 1,2-diacylglycerol, and an increase in the level of unesterified 
arachidonic acid (7,8). It has been proposed that InsP3 , 1,2-diacy1glycerol 
and arachidonic acid serve as intracellular mediators to activate secretion. 
InsP3 ap~ears to act to mobilize calcium from an intracellular pool to ele
vate [Ca +Ji· 1,2-Diacylglycerol may exert its effects by activating a 
calcium- and phospholipid-dependent protein kinase (protein kinase C). 
Arachidonic acid may stimulate secretion by directly affecting exocytosis. 
It appears that this general model of signal transduction is applicable to 
TRH stimulation of TSH secretion. In this report, I review the data from 
studies in my laboratory that support this hypothesis. 

The effect of TRH on [ca2+Ji was studied using the fluorescent ca2+ 
chelator, Quin 2, trapped within the cytoplasm of TtT cells (9). In control 
cells incubated in medium containing 1.5 mM ca2+, a physiologic concentra
tion, resting [ca2+]i was 110 nM. TRH (1 ~) caused a rapid elevation of 
[ca2+Ji to 700 nM followed by a sustained elevation to 240 nM. Previous 
studies in which fluxes of radiocalcium were measured (10,11) and in which 
cellular membrane-bound ca2+ was monitored with the fluorescent probe, 
chlortetracycline (12), provided evidence that the elevation of [ca2+ji 
was caused by both release of ca2+ from intracellular stores and stimula
tion of ca2+ influx. This was confirmed in studies with Quin 2. In fact, 
there appears to be a temporal sequence of rapid release of intracellular 
ca2+ that comprises the major component of the rapid peak elevation of 
[ca2+Ji followed by enhanced influx of extracellular ca2+ that causes the 
sustained elevation of [ca2+Ji· The mechanism whereby TRH stimulates 
influx of extracellular ca2+ appears to involve a TRH-induced, transient 
depolarization of TtT cells, which we measured with the lipophilic cation 
triphenylmethylphosphonium ion (13), that opens "ca2+ channels" in the 
plasma membrane. 

The effects of TRH on lipid metabolism in TtT cells were studied. The 
effects of TRH on the levels of Ptdins(4,5)P2 and InsP3 were measured in 
cells labeled with [3H]inositol to isotopic steady-state. Under these con
ditions of labeling, changes in 3H-radioactivity reflect changes in the 
masses of these compounds. TRH caused a rapid decrease in the content of 
[3H]Ptdins(4,5)P2· Simultaneously, there was a rapid increase in the level 
of [3H]InsP3 (9). Because InsP3 can only be formed in mammalian cells by 
hydrolysis of Ptdins(4,5)P2, these data demonstrate that an early effect of 
TRH in thyrotropic cells is stimulation of the phos~holipase C-mediated hy
drolysis of Ptdins(4,5)P2. In cells labeled with [ H]arachidonic acid to 
isotopic steady-state, TRH stimulated a transient increase in the content 
of unesterified [3H]arachidonic acid and of 1,2-[3H]diacylglycerol (14). 

Berridge (7) proposed that InsP3 may function as the intracellular 
mediator to release ca2+ from a cellular pool(s). The ability of InsP3 to 
release ca2+ was studied in a preparation of detergent-permeabilized rat 
pituitary mammotropic (GH3) cells in order to expose intracellular ca2+ 
pools to InsP3 (15). InsP3 caused a very rapid loss of previiously seques
tered ca2+ from a nonmitochondrial pool within permeabilized cells. The 
effect of InsP3 was specific, as there was no effect of other inositol 
sugars at similar or even higher concentrations. These findings are con
sistent with the notion that InsP3 is the intracellular messenger genera
ted after TRH binding to its receptor that causes mobilization of Ca2+ from 
a pool within pituitary cells, perhaps within the endoplasmic reticulum. 
These studies have not as yet been performed in TtT cells; however, similar 
findings would be expected. 

Many previous studies have shown that agents that elevate [Ca2+Ji 
stimulate TSH secretion (for review, see 16). Recently, it was shown that 
phorbol esters, which presumably act as simulators of 1,2-diacylglycerol 
to activate protein kinase C, stimulate TSH secretion (17). In TtT cells, 
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Fig. 1. Model of TRH stimulation of TSH secretion. 

arachidonic acid added exogenously also caused TSH secretion (14). 
three products of rapid changes in thyr~trope metabolism caused by 
potential mediators of stimulated secretion of TSH. 

Hence, 
TRH are 

The following model may be proposed for the intracellular events in
volved in TRH stimulation of TSH secretion (Fig. 1). The binding of TRH 
to its plasma membrane receptor stimulates the hydrolysis of Ptdlns(4,S)P2 
to yield InsP3 and 1,2-diacylglycerol, and there is a concomitant increase 
in unesterified arachidonic acid. These three agents serve subsequent me
diator functions. InsP3 causes the release of ca2+ from a nonmitochondrial 
pool to rapidly elevate [ca2+Ji· TRH also causes depolarization of the cell 
surface leading to opening of ca2+ channels, enhanced ca2+ influx, and con
tinued elevation of [ca2+Ji· The elevation of [ca2+]i couples stimulus to 
secretion. The elevation of [ca2+Ji may activate exocytosis directly or 
through phosphorylation of proteins involved in the exocytotic process via 
activation of ca2+_ and calmodulin-dependent protein kinase(s), or both. 
Concomitant with the effects of InsP3 and of elevation of [ca2+]i, phospho
rylation of proteins involved in the exocytotic process may be stimulated 
through 1,2-diacylglycerol activation of protein kinase C and arachidonic 
acid may directly stimulate exocytosis by interacting with the membrane of 
secretory granules. This model is proposed to serve as a guide to further 
investigation into the molecular events that couple TRH-receptor interaction 
at the cell surface to the transduction and amplification of intracellular 
signals that lead to stimulation of TSH secretion. 
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THYROID HORMONES AND THE DEVELOPING BRAIN 

Gabriella Morreale de Escobar 

Departamento de Endocrinologia Experimental, Instituto de 
Investigaciones Biomedicas, CSIC & Facultad de Medicina 
UAM, Madrid, Spain 

There are three main situations in which an association has been noted 
between anomalies of thyroid function and mental retardation: (A) Severe 
endemic goiter associated since the XVIth century with the birth of deaf
mute and imbecile inhabitants, known as cretins (1). This association was 
recognized before it was even known that goiter is an enlarged thyroid. 
(B) Congenital hypothyroidism associated with severe mental retardation 
since Curling described two cases in the mid-XIXth century (2). (C) Mater
nal hypothyroxinemia, with or without clinical hypothyroidism, associated 
since the studies of Man et al. (3) with decreased mean I.Q. of the progeny. 

The possibility that in utero or neonatal exposure to hypothyroid con
ditions also affects brain development has been reviewed by Hollingsworth 
(4) and will not be discussed here. 

The severity of the brain damage is greatest for situation A, and least 
for situation C. The first could be recognized by laymen; the last required 
the development of quantitative tests to measure intellectual performance, 
but this does not mean that our understanding of the etiology of the brain 
damage parallels its severity. Indeed, our understanding of cretinism is 
still far from clear, despite the fact that it still affects millions. For
tunately, however, though we do not understand the underlying mechanisms, it 
is possible to P-revent the causes, or the consequences, of all three situa
tions. The birth of cretins can be eradicated by adequate iodine prophylaxis 
of the mother before, or very early in pregnancy. Though we cannot yet pre
vent congenital hypothyroidism, mass screening programs for the prevention 
of the ensuing mental retardation by early treatment with thyroid hormone 
are being very successful everywhere. These two points will be dealt with 
extensively in the present Congress by others (5,6). Adequate treatment of 
hypothyroxinemic mothers throughout pregnancy prevents adverse effects on 
the I.Q. of the progeny (3). There is no scientific reason at present for 
brain damage to continue to occur because of iodine deficiency, congenital 
hypothyroidism, or maternal hypothyroxinemia. 

Some experimental models which have been used to clarify problems re
lated to conditions A-C will be briefly discussed here, not in the chrono
logical order in which these associations were recognized, but in the order 
in which experimental models were established and used to investigate the 
underlying mechanisms. 
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CONGENITAL HYPOTHYROIDISM 

Typical clinical findings regarding the mental development of babies 
with congenital hypothyroidism have indicated that the earlier the hypothy
roid condition supervenes and the longer the condition is left untreated, 
the more profound the ensuing irreversible damage. On the contrary, the 
earlier an adequate treatment with thyroid hormone is instituted, the 
greater the likelihood of ensuring a normal I.Q. Onset of treatment after 
three months of age reduces drastically the probability that mental retar
dation will be prevented (7) in babies with prenatal hypothyroidism. How
ever, in order to prevent other less neuropsychological sequelae, treatment 
has to be instituted before one month. On the other hand, if hypothyroidism 
supervenes after birth, the probability increases that a normal I.Q. will 
be attained even when treatment is delayed for a few months. Thus, it would 
appear from such information that lack of fetal thyroid hormones would al
ready have a damaging effect on phase(s) of brain development occurring after 
midgestation (when the fetal thyroid becomes active), and that the thyroid 
hormone deficiency has to continue and affect brain development for more 
than the first three months after birth for brain damage to result in a low 
I.Q. Fig. 1 tries to summarize known events regarding fetal thyroid func
tion (upper panel) and brain maturation (lower panel) in the human. The 
most active phase of neuroblast multiplication occurs at about 18-20 weeks 
of gestation, antedating the onset of active T4 secretion by the fetal thy
roid. Thus, lack of fetal thyroid function is not expected to affect neuro
blast multiplication markedly, but it cannot be excluded that it might still 
affect neuroblasts undergoing mitosis during the late third trimester, or in 
brain structures, such as the cerebellum, where neuroblast multiplication is 
retarded with respect to that of the forebrain, and mostly postnatal. At 
the end of gestation and during the first months after birth, the brain 
growth spurt takes place. This reflects rapid multiplication of the glial 
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Fig. 1. Schematic representation of the 
timing of the changes in human 
fetal and neonatal TSH, T4, and 
T3 levels (upper panel) and of 
main events during the brain 
growth spurt (lower panel). The 
fetal thyroid starts secreting 
hormone at the beginning of the 
4th month of gestation, but is 
fully active at about the 20th 
week (mid-gestation) as assessed 
from the sharp rise in serum T4, 
consequent to the previous surge 
in TSH (8). The developmental 
events in the brain are shown as 
increments in DNA or weight over 
5-week periods, and are taken 
from Dobbing (9). The shaded 
areas, N and G, represent the 
phases of peak neuroblast and 
glial cell replication. The 
diagram represents mainly events 
in the forebrain, timing of cer
ebellar events being retarded, 
with most of the growth spurt 
occurring after birth. 
Reprinted from Morreale de 
Escobar et al. (14) by courtesy 
of Marcel Dekker, Inc. 



cell population, and increased deposition of proteins and lipids, as the 
neurons and glial cells differentiate. In addition, there is rapid growth 
of axonal and dendritic processes, which permit the establishment of neu
ronal circuits and connections. Some of these processes (myelination, for 
instance) may continue well into the second and third year after birth. 
All of them might be affected by a lack of fetal thyroid hormones persis
ting for more than three months after birth. 

Since the pioneering work of Eayrs (10), the rat thyroidectomized at 
birth, or within the first two weeks after birth, has been used to obtain 
a model for the understanding of human congenital hypothyroidism. In this 
species, the phase of active neuroblast multiplication is taking place 
during the last days preceding birth with the brain growth spurt peaking at 
about the 2nd-3rd postnatal week. Plasma T4 is low at birth and increases 
postnatally. Thus, it was hoped that identification of some event in brain 
maturation which would be affected by thyroidectomy at birth would give us 
an insight into the "physical basis within the brain of higher mental func
tions" (9). Unfortunately, it turned out that "everything appears to go 
wrong in the brain of animals rendered prematurely hypothyroid" (11). Many 
excellent overviews covering hundreds of studies on different morphologi
cal, biochemical, electrophysiological, and behavioral aspects of the prob
lem have appeared, some being quoted in reviews from our group (12-14). It 
is in general believed that thyroid hormones are needed for normal differen
tiation of brain cells; in their absence, normal brain maturation would not 
take place. An excess of thyroid hormone during a critical period would 
have the opposite effect, by signaling the cells to stop mitosis premature
ly and initiate differentiation. The end result would also be an abnormal 
brain. However, we cannot yet give an account of the primary event(s) of 
brain development in which the thyroid hormones are involved directly. 

As already proposed by Eayrs, the connectivity of cortical neurons might 
ultimately be altered. On the assumption that neurons of the cerebral cortex 
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Fig. 2. Effects of thyroidectomy (T) at 10 
days of age on the number of spines 
per apical shaft of pyramidal neu
rons from the rat visual cortex. 
The number of spines was decreased 
by T from the earliest date studied 
(20 days of age) as compared to 
that of age-paired controls (C). 
Data are from Ruiz-Marcos et al. 
(15). 
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are necessary for the establishment of the circuitry needed for higher mental 
functions, we have investigated the effects of early thyroidectomy (T) on the 
connectivity of pyramidal cells. This might be assessed indirectly by mea
suring the number of dendritic spines of the apical shaft, and the distribu
tion of their density along the shaft. Both of these variables change du.ring 
brain development, following a pattern which is essentially the same for sev
eral species, the rat and man included (13). We decided to study first the 
effects ofT at 10 days of age (T10), a moment when the differentiation of 
pyramidal cells is starting, and to choose those pyramidal cells with the 
cell body deep in layer V, as their shaft transverses the entire cortex. 
Both the number and distribution of apical shaft spines were markedly af
fected (15) by T10. In normal rats, the number of spines increases from 10 
to 80 days of age, but this increase was blunted markedly in T10 rats (Fig. 
2): spine number no longer increased after 25 days of age, and remained at 
about 60% of the control (C) value thereafter. Spine distribution was mark
edly deranged (Fig. 3). Such changes were also found in pyramids from the 
auditory cortex (16). Considering the role of spines as connecting appara
tus (13) and that synaptic contacts from afferents are needed for spines to 
appear, it may be concluded that connectivity of the pyramidal neurons is 
decreased by T10, and that this might be due to a decrease in specific af
ferents making contact with the pyramidal cell. 

When T4 was injected into T10 rats at a dose of 1.5 ~g/100 g body 
weight (BW) per day, starting at 12, 15, 20, 30, or 40 days of age and con
tinuing until 60 days of age, it was found that the hormone bad no ameliora
ting effect on spine number or distribution when onset of treatment was de
layed to 20 days of age, or later, despite normalization of other thyroid 
hormone-dependent developmental processes, such as body growth (17). Onset 
of T4 treatment at 12 days of age had a clear-cut ameliorating affect, with 
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Fig. 3. Effects of thyroidectomy 
(T) at 10 days of age on 
the distribution of apical 
spines along the shaft. 
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each 50 ~m segment is plot
ted against the distance 
from the cell body. The 
left-hand panels show the 
normal evolution of the 
distribution in C rats; the 
right-hand panels the cor
responding distribution in 
T rats at 20, 40, and 80 
days of age. Data are from 
Ruiz-Marcos et al. (15). 



onset at 15 days of age having an intermediate effect. The lack of effec
tiveness of T4 started after 20 days of age was not due to the shorter 
treatment period, as illustrated in Fig. 4, where spine distribution is 
compared for TlO rats treated with T4 for about 30 days, starting at 12 
(left-hand panel), or at 30 (right-hand panel) days of age. Thus, these 
findings suggest that alterations in neuronal connectivity could be related 
to permanent defects in behavior (and to mental retardation), which can only 
be prevented by very early treatment with thyroid hormone. There is at pre
sent no evidence that early T4 treatment actually reverses the effects of 
TlO, as data suggest that it merely prevents further deterioration of the 
measured variables, but this important point remains to be clarified. 

We carried out a control experiment in rats thyroidectomized at 40 and 
120 days of age, predicting that no alterations would be detected in corti
cal neurons, as it was then believed that the adult rat brain is insensitive 
to thyroid hormone. However, we found (18) that the number of spines de
creased, both when compared to that of age-paired C rats and to the number 
found before thyroidectomy. A decrease may already be shown by 10 days 
after T40 (Cartagena et al., unpublished). Fig. 5 illustrates the effects 
of T40 on spine distribution. There is an important difference between 
juvenile- or adult-onset hypothyroidism and neonatal thyroidectomy. The 
variables we measured were permanently altered by TlO unless almost immedi
ate treatment with T4 was instituted, whereas in the case of T40, they were 
practically reversed to normality with 1.75 ~g T4/lOO g BW per day despite 
a 30 day delay in onset of treatment (19). These results are consistent 
with the clinical observation that defects of mental function in cases of 
"acquired" hypothyroidism are reversed with treatment, in contrast to those 
of congenital hypothyroidism left untreated for several months after birth. 

40 day - old rats 60 day- old rats 

~r--------------------, 
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Fig. 4. Effect of treatment of rats T at 10 days of age with 1 . 5 ~g 
T4/lOO g BW/day, starting at 12 (left-hand panel) or 30 
(right-hand panel) days of age and continuing for about 30 
days. Shaded areas represent the 95% confidence intervals for 
spine distribution of C and T rats given placebo; the black 
squares the data for the T4-treated rats. As may be seen, 
spine distribution fell within C confidence intervals when T4 
treatment was started at 12 days of age, but fell within the 
confidence intervals of placebo-treated T rats if onset of 
treatment was delayed until 30 days of age. Reprinted from 
Morreale de Escobar et al. (14) by courtesy of Marcel Dekker, 
Inc. Data from Ruiz-Marcos et al. (17). 
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Fig. 5. Effects of thyroidectomy (T) performed 
at 40 days of age, on the distribution 
of spines along the shaft of pyramidal 
cells. The shaded area (C) corre
sponds to the 95% confidence int e rvals 
for normal rats at 40 days of age (C), 
the full circles (Cl) to normal rats 
at 120 days of age, and the open cir
cles (T1) to rats T at 40 days of age, 
studied a t 120 days of age. Data are 
from Ruiz-Marcos et al. (18). 

The underlying mechanisms resulting in permanent decrease of the measured 
variables after T10, and a reversible decrease after T40, are still not 
understood. Some possibilities are discussed elsewhere (13). 

Recently, other investigators have described rapid biochemical respon
ses of the adult brain to thyroidectomy (20,21), and maintenance of cerebra l 
T3 homeostasis (22), findings which all support an important role of thyroid 
hormones ~n brain function throughout life, and not only during brain devel
opment. 

Although many changes occur in the brain after both neonatal- or adult
onset hypothyro idism, this does not necessarily mean that thyroid hormone 
exerts direct effects on brain cells. They could, for instance, be mediated 
through growth hormone, other growth-promoting factors, etc. However, it i s 
now known that both neurons and glial cells contain nuclear receptors for 
T3, which are more abundant in the neurons (23). Receptor numbers in glial 
cell lines are increased by in vitro incubation with short chain fatty acids 
known to affect proliferatio;-and differentiation of mammalian ce lls (24). 
Using cells cultured in thyroid hormone-free serum, direct effects of T3 
added i n vitro in physiological concentrations have been shown both in glial 
cells (2s) and neurons (26). Thus, thyroid hormones do have direc t effects 
on brain cells, though we do .not know which would be the primary event(s) 
leading to many varied biological end-points of thyroid hormone action in 
the brain. 

Are any of these findings relevant to our understanding of endemic 
cretinism? The clinical characteristics of the endemic cretin, espec ially 
those of the neurological type, which is the one most frequently found in 
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most severe goiter endemias, differs in important respects from those of un
treated congenital hypothyroidism (27). The neurological lesions most fre
quently found (28), apart from mental deficiency of a characteristic type, 
are severe impairment of hearing and speech, spasticity, particularly in
volving the proximal lower extremities, extrapyramidal disorders of rigidity 
and bradykinesia, and, less frequently, strabismus. Thyroid function is 
usually comparable to that of other non-cretin inhabitants of the same area, 
and there are no clear signs that neurological cretins were as hypothyroid 
during the prenatal and perinatal period, as endemic cretins of the myxede
matous type, or congenital hypothyroid babies. The fact that primary organ 
formation within the CNS is normal would indicate that the timing of the 
insult should be placed after the first three months of gestation, and the 
cochlear damage further localizes the period of injury to the second tri
mester of pregnancy, at about 14-18 weeks. This does not preclude that in
sults leading to other CNS abnormalities and mental retardation might occur 
later in pregnancy, but it already indicates that timing of the damage is 
earlier than that which leads to the defects described in congenital hypo
thyroidism. Though it was initially proposed (29) that it was the lack of 
iodine itself, as trace element, which was responsible for the early damage, 
maternal hypothyroxinemia has received increasing attention (30), as many 
of the iodine deficiency disorders (increased abortions, stillbirths and 
perinatal mortality, congenital defects, neuromotor impairment of non-cretin 
offspring) (1) are similar to those described in hypothyroxinemic women 
without iodine deficiency (3). 

Thus, considering that the experimental model used for congenital hypo
thyroidism is not adequate to investigate the problem of endemic cretinism, 
it appeared appropriate to first investigate the effects of maternal hypo
thyroxinemia on the CNS of the developing rat embryo. 

MATERNAL HYPOTHYROXINEMIA 

The clinical and experimental observations indicating that maternal 
hypothyroidism decreases reproductive competence and the development of the 
offspring, intellectual competence included, have been summarized elsewhere 
(31); our experimental results in rats, and those of others in sheep, being 
described in detail elsewhere in this Congress (6,32). In brief, adult 
female rats were thyroidectomized (T) and later mated. the concepta were 
obtained at 11, 14, 16, 17, 20, and 21 days of gestation (dg), and compared 
to those from normal (C) age-paired rats. Their development was assessed 
by their BW and the organ weights of 20 and 21-day-old fetuses. The con
centrations of both T4 and T3 were determined by RIA in embryotrophoblasts 
(ET), embryos (E), and placentas (P), and in 20 and 21-day-old fetal organs. 
The analytical procedure involves extensive extraction in chloroform; meth
anol, back-extraction into aqueous phase, and purification of this phase 
through BioRad AG 1X2 Columns. The final eluates used for RIA were free of 
interfering substances. 

It was found that maternal T resulted in a marked decrease in the 
number of viable embryos and in their individual BW. Individual placental 
weights were hardly affected. Onset of fetal thyroid secretion (at 17.5 dg 
in the rat) did not result in complete and immediate catch-up, and fetuses 
at term were still smaller than C. Cerebral weights were lower, DNA concen
trations increased, and protein/DNA ratios decreased. 

Before onset of fetal thyroid function, T4 and T3 could be clearly de
tected in 9-12-day-old ET, and 13-14-day-old E and P from C mothers. Con
centrations of both iodothyronines were decreased by maternal T to undetect
able levels. However, even after 17.5 dg, the total extrathyroidal concen
trations of both iodothyronines were reduced as compared to fetuses from C 
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mothers (Figs. 5 and 6). This decrease in total body T4 and T3 concentra
tions did not affect all organs to the same degree, the iodothyronine con
centrations in the brain being normal in 20-day-old fetuses, although still 
decreased in other organs and tissues. In 21-day-old fetuses, cerebral con
centrations were actually increased in parallel to the increase in cerebral 
DNA concentration. 

Thus, present results confirm that T4 and T3 are found in developing 
embryonic tissues early in pregnancy (33) and that they are of maternal 
origin. Maternal T results in thyroid hormone deficiency of the developing 
embryo before onset of fetal thyroid function, a situation not immediately 
corrected by its initiation. The possibility exists that early thyroid hor
mone deficiency affects early brain development and that some adverse effects 
might have become permanent by the time fetal thyroid function overcomes the 
early hypothyroid situation. In this connection, it is of interest that 
Bernal et al. (34) have found nuclear receptors for T3 in brain from 14-
day-old rat fetuses and in 13-day-old whole rat embryos. Both the hormone 
and its nuclear receptor were also found in human fetal brain as early as 
10 weeks of gestation and in a 7-week-old whole human embryo (34). Our 
findings do not necessarily exclude that the adverse effects of maternal 
hypothyroxinemia on the offspring are due to the hypothyroid condition of 
the mother, making maintenance of pregnancy, transfer of nutrients, etc., 
difficult, but they do raise the possibility that the thyroid hormone de
ficiency of the embryonic tissues themselves contributes to their delayed 
development. 

IODINE DEFICIENCY AND CRETINISM 

In areas of severe iodine deficiency, inhabitants may have very low 
circulating T4, and high TSH levels, T3 usually remaining the same, but do 
not usually present overt signs of hypothyroidism. This situation may be 
reproduced by feeding rats a low iodine diet (LID). Although it was assumed 
that euthyroidism is maintained at the expense of the normal circulating T3 
levels, we have previously shown for the rat on LID that the concentrations 
of T3 and/or biological end-points of thyroid hormone action are lower in 
the anterior pituitary, liver, and brain than those for LID+I rats (35,36), 
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(LID) or the same diet supplemented with KI (LID+I). Data 
are from ref. 31, 32, and 37. 
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despite normal plasma T3 levels. How would the low circulating T4 and 
normal T3, levels affect embryonic tissues developing in LID rats? 

Adult female rats were fed an LID containing 0.02-0.06 ~g I/g, or the 
same LID supplemented with KI (7-10 ~g/rat/day). the LID and LID+! rats 
were mated, and 11-day-old ET, 17-day-old E and P obtained. At 21 dg, P 
were obtained, as well as fetal blood, brain, liver, and the rest of the 
fetus (trachea+ thyroid exluded, termed carcass). More detailed results 
are reported elsewhere in this Congress (37). LID feeding resulted in a 
marked decrease of maternal T4 concentrations in plasma, liver, and brain. 
T3 concentrations in maternal plasma from LID dams fluctuated around those 
of the LID+! dams. However, as previously found (35,36), the concentrations 
of T3 in the liver and brain were always lower than expected from the plasma 
T3 levels alone. Figs. 6 and 7 show T4 and T3 concentrations in embryonic 
tissues obtained before onset of fetal thyroid activity, from LID and LID+! 
dams, and compares them with those from T and C dams (31,32). T4 in 11-day
old ET from LID dams was very low, but T3 concentration was not altered, 
whereas both were low in ET from T dams. In 17-day-old E from LID dams, T4 
concentration was markedly decreased and T3 was also lower, although not as 
low as after maternal T. Although not shown, the same was found for 17 and 
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21-day-old P. Thus, before onset of fetal thyroid secretion, embryonic tis

sues from LID dams were markedly deficient in T4 and increasingly deficient 

in T3. Once fetal thyroid secretion had started, a fetal deficiency in T4 

and T3 persisted, as shown for 21-day-o1d fetal plasma, brain, liver, and 

carcass in Fig. 8. Thus, although the T3 deficiency of embryonic tissues 

from LID dams is initially less severe than for T dams, it persists until 

term in all organs studied. 

The number of viable embryos and their individual BW were reduced in 

LID dams, but not to the same degree as in T dams. The brain weight, both 

absolute and relative to BW, and the DNA and protein contents were decreased 

in 21-day-old fetuses from LID dams. Their thyroids were visibly enlarged 

(about 3-5 times). 

Thus, it may be concluded at present that the adult iodine-deficient 

rat is somewhat hypothyroid (at least as respects pituitary, liver, and 

brain), and has a decreased reproductive competence, as regards the number 

of viable embryos and their development. The embryonic tissues developing 

in such mothers are thyroid hormone-deficient both before and after onset 

of fetal thyroid function, at least until term. It does not appear unrea

sonable to assume that if the severity of the iodine deprivation were greater 

than that obtained with the diet we have used, maternal serum T3 might also 

decrease, and the embryonic tissues might be almost as T3-deficient as those 

from T dams early in pregnancy. 

Might these findings have any bearing on the congenital defects, cretin

ism included, described for inhabitants of severely iodine-deficient areas? 

As indicated above, in such areas there is an increased reproductive failure, 

poor motor coordination of offspring having been related to the low maternal 

hypothyroxinemia of severely iodine-deficient women (30). The accompanying 

deficiency in thyroid hormones of embryonic tissues early in gestation, which 

would persist after onset of fetal thyroid function because of the low avail

ability of iodine, might be playing an important role. Bernal et al. (34) 

have found nuclear receptors for T3 in human and rat fetuses well before the 

thyroid becomes active. Iodothyronines were found in the human brain at 10 

weeks of gestation, and in a whole 7-week-old embryo. It does not seem un

reasonable that the simultaneous presence of the hormone and its nuclear 

receptor might lead to a biological effect earlier in development than pre

viously believed. Thus, embryos from severely iodine-deficient mothers might 

be thyroid hormoce-deficient and hypothyroid even before the stage of brain 

development when the damage leading to neurological cretinism is supposed to 

occur (28). 

Fig. 9 attempts to summarize some of the concepts briefly discussed 

here, using information available from Fig. 1 as basis. It should be borne 

in mind that too little information is available at present to permit them 

to be little more than purely hypothetical. Thus, the upper panels show 

thyroid hormones available to the fetus and newborn, using the plasma T4 

data from Fig. 1, but superimposing on it the possible T4 of maternal origin. 

The relative proportions of the maternal T4 versus the fetal T4 are not known 

at present. As regards the lower panels, the lowering of the brain DNA and 

weight curves which might result from the insult should not be taken quanti

tatively; the insult might not affect total DNA appreciably, for instance, 

but might have affected proliferation of selected cohorts of brain cells, 

leaving irreversible functional defects. The graphs also do not illustrate 

possible effects on differentiation, which have been included in the weight 

curve. They simply point out the likely duration of the insult which might 

be attributed to fetal hypothyroidism and to maternal hypothyroxinemia. In 

the first case (B) the insult is not likely to affect acquisition of neurons, 

except those underoing mitosis late in gestation or after birth, but might 

affect acquisition of glial cells, and the differentiation of both neurons 
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Fig. 9. Schematic representation of possible timing of events relating 
changes in thyroid hormone contents and cerebral development 
events in the case of human congenital hypothyroidism (B), mater
nal hypothyroxinemia (C), and maternal iodine deficiency (A). The 
illustration is based on Fig. 1 for the normal pattern of events. 
The shaded areas, superimposed on the normal pattern, indicate the 
thyroid hormone contents and cerebral maturational events in the 
three situations (A-C); the black areas indicate the duration and 
likely intensity of the insult to the developing brain. 

and glial cells. In the second case (C), the insult would be present ear
lier in gestation, but onset of fetal thyroid function would overcome it. 
Thus, it might well affect neuronal cell acquisition and differentiation. 
Despite onset of fetal thyroid function, some permanent defect might remain. 
In the case of iodine deficiency (A), both the maternal T4 supply and fetal 
thyroid function are affected. Thyroid function of the newborn might im
prove if more iodine becomes available through milk than through the pla
centa. However, the period of insult would extend from early in gestation 
throughout pregnancy and after birth. Thus, it might affect both neuronal 
and glial cell acquisition and their diffe r entiation and lead to more severe 
damage than either mate rnal hypothyroxinemia or fetal hypothyroidism alone. 
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IODINE-SUFFICIENT GOITER AND AUTOIMMUNE THYROIDITIS: THE KENTUCKY AND 

COLOMBIAN EXPERIENCE 

Eduardo Gaitan 

University of Mississippi Medical School and Veterans 
Administration Medical Center 
Jackson, MS, USA 

Thyroid disorders constitute today a significant public health problem 
in Colombia, S.A. and in the United States (1,2). Goiter continues to occur 
in some areas despite adequate iodine supplementation. For instance, a con
tinued high prevalence of goiter in many localities of western Colombia, as 
well as in the coal-rich Appalachian area of eastern Kentucky, has been re
ported (1,2). The incidence of lymphocytic autoimmune thyroiditis (AT) has 
has steadily increased in the U.S. during the past five decades and it has 
been attributed to iodine prophylaxis and excessive iodine intake (2). In 
western Colombia, S.A., where iodine prophylaxis was instituted thirty years 
ago, a similar trend has been documented (3). However, lymphocytic infil
tration was of high degree in most of the U.S. glands, while it was minimal 
in 70% of the Colombian cases. Thus, recent studies were designed to reas
sess and gain insight into the problem of goiter and AT in areas of eastern 
Kentucky and western Colombia, where goiter persists despite iodine supple
mentation. Nearby localities where goiter has not been a problem were 
similarly investigated. 

EPIDEMIOLOGICAL STUDIES 

Studies were conducted in 1983-1984 in a randomized representative 
sample of 1,321 schoolchildren, equal numbers of each sex, between the ages 
of 9 and 15 years living in Bourbon, Breathitt, and Owsley Counties of 
Kentucky, U.S.A. and in the municipal localities of La Cumbre, La Habana, 
Vijes, Darien, and Alaska in western Colombia, S.A. Goiter size was graded 
using a modification of the W.H.O. criteria (Grades 1b and 2) (4) and mea
sured by the surface outline method (5). The coefficient of variation among 
observers was 10%. Spot urine samples were collected from 50% of the chil
dren examined to determine iodine (6) and thiocyanate (7) excretions, and 
blood samples from 35% to measure free T4, Total T4, T3, and TSH by RIA 
and anti-thyroglobulin (TgAB) and antithyroid microsomal (TmAB) antibodies 
by hemagglutination techniques. Fine-needle aspiration cytologies were 
obtained from 50 of the Colombian children with goiter and their immediate 
goitrous family (8). Data was statistically analyzed by one-way analysis 
of variance, the Student-Newman-Keuls multiple range test, and the Chi
square after adjustment for percentage with and without goiter. 

Results show (Fig. 1) that goiter, lymphocytic autoimmune thyroiditis 
(AT), and subclinical hypothyroidism (SH) are intimately related in Kentucky 
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Fig. 1. Goiter among school children 9-15 years of age from 
Kentucky (USA) and Colombia (SA) in 1983-1984. 

children. Seventy percent (70%) of posLtLve antibodies are found in chil

dren with the largest goiters (Grade 2), and only 6% in non-goitrous indi

viduals. There was equal distribution of goiters by sex among children 

with negative antithyroid antibodies, but three out of four with positive 

ABs were females. By contrast, a low incidence of AT is documented in the 

Colombian goitrous children using immunological tests and fine-needle aspi

ration cytologies in children with Grade 2 goiters and those with SH. Uri

nary iodine, SCN, and other hormonal CFT4, T4, T3U, FTI, and T3-RIA) mea
surements were comparable between the American and Colombian groups. 

Results clearly demonstrate that these goiters are not due to iodine 

deficiency and that iodine supplementation is not the primary environmental 

cause of AT. Other region-specific environmental (organic and microbial 

water pollutants) and immunogenetic factors (HLA-DRS) (9) may be responsi

ble for the significantly different prevalence rates in goiter, AT, and SH 

(Fig. 1) among nearby localities, as well as between the North American and 

and Colombian populations. 
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ENVIRONMENTAL GOITROGENESIS 

Epidemiological evidence from western Colombia indicates that environ
mental factors other than iodine deficiency are responsible for the persis
tence of goiter (1). A relationship between drinking water and goiter 
prevalence rates has been documented (10-12). These studies indicate that 
goitrogenic organic compounds contaminate the water supply, constituting 
the main factor underlying the endemia. Investigation in 37 localities of 
western Colombia showed a significant correlation between the distribution 
of rock types (sedimentary, metamorphic, and igneous) and goiter prevalence 
(13,14), supporting the hypothesis that sedimentary rocks rich in organic 
matter (coals, shales, cherts, etc.), are the source of water-borne goitre
gens. 

Because the correlation (p<.OOOS) between goiter prevalence and rock 
types accounted for 57% of the variation in goiter prevalence, bacterial 
contamination of water supplies was investigated as a potential factor in
volved in the remaining 43% (15). The overall concentration of bacteria 
in the pipeline system was significantly associated with increased goiter 
prevalence, and ~ pneumoniae in the water source associated with decreased 
prevalence. A model fitted with the geological and bacteriological varia
bles accounted for 80% of the variability in goiter prevalence. These 
findings may be explained on the basis of bacterial synthesis and degrada
tion of the organic pollutants that cause goiter, and/or production of gram 
(-) bacterial antibodies (e.g., E. coli) with growth promoting effects on 
the thyroid (16,17). ------

We have gained knowledge on the physical state of organic goitrogens 
in water. Physico-chemical analyses (1,18) from the goitrogenic Well of 
Candelaria Town in western Colombia (1,10-12) indicate that the active com
pounds form dissociable complexes and/or they are part of larger organic 
molecules, possibly humic substances (HS). This notion is strongly rein
forced by results of elemental analysis and infrared spectrometry. 

Recently, over 30 organic compounds, including resorcinol, were iden
tified (19) by GC/MS in activated carbon extracts from the Candelaria Well 
water with antithyroid activity. However, only four compounds, not includ
ing resorcinol, were found in the extracts from the non-goitrogenic Well 
water. Besides aliphatic hydrocarbons and dibutyl and dioctyl phthalates, 
also found in earlier studies (10,11), halogenated hydrocarbons, fatty 
acids, phenol, resorcinol and its derivative cyclopentanediol, were iden
tified in the goitrogenic Well water extract. In the earlier studies, 
sulfur-bearing organic compounds, possibily aliphatic disulfides, with 
potent antithyroid activity were also found (10,11). Studies in 1984 (Table 
1) indicated the presence of a substituted resorcinol (2,4-dihydroxyaceto
phenone), as well as phthalate esters in the drinking water from the coal
rich Appalachian area of eastern Kentucky. 

Humic substances (HS), high molecular weight complex polymeric com
pounds, are the principal organic components of soils and waters (20,21). 
HS are also present in coals, shales, and possibly other carbonaceous 
sedimentary rocks. Resorcinol and other parent antithyroid phenolic and 
phenolic-carboxylic compounds (21,22) (phloroglucinol, pyrogallol, 5-meth
ylresorcinol (orcinol), 3,4- and 3,5-dihydroxybenzoic acids (DHBA), and the 
ortho (o)- and meta (m)-phthalic acids) are monimeric byproducts of reduc
tion, o~idation, and ;icrobial degradation of HS. As much as 8% of shale 
bitumen is constituted by phenols which are also the major organic pollu-. 
tants in aqueous effluents from coal-conversion processes (21). Resorcinol 
and other antithyroid phenolic pollutants comprise as much as 4 g/1 in the 
aqueous effluent from a bench-scale coal liquefaction unit (23). Coal
conversion waste waters also contain thiocyanate and s2- (24,25), again 
known to possess antithyroid properties. 
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Table 1. Tentative Identifications Resulting from GC/MS Analysis of 
Organics Separated from Water Samples by Purge/Trap Method 
and by Adsorption on XAD or Activated Carbon and Extracted 
with Organic Solvents 

Compounds 

Phenolics 

Resorcinol (1,3-dihydroxybenzene)* and Subst. 

Resorcinol (2,4-dihydroxyacetophenone)* 

Phenol* 

Polycyclic Aromatic Hydrocarbons (PAR) 

Naphthalenes* 

Methoxyanthracene* 

Halogenated Aliphatic Hydrocarbons 

Bromoform 

Others 

Halogenated Aromatic Hydrocarbons 

Dichlorobenzene 

Phthalates 

Sulfurated Organics 

Thiophenes 

Aliphatic disulfides 

Higher mol. wt. S cpd. 

Other Organics 

Aliphatic hydrocarbons* 

Fatty acids 

Kentuckr 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

ND 

Nr 

+ 

+ 

*Coal and shale derived; + - Identified; ND - Non-detected 

Colombia 

+ 

? 

+ 

ND 

ND 

+ 

ND 

+ 

+ 

+ 

+ 

+ 

+ 

Our results (22), are in agreement with those of others demonstrating 
in vitro and in vivo the antithyroid and goitrogenic effects of resorcinol 
and other parent phenolic and phenolic carboxylic compounds (21). We have 
demonstrated also significant enhancement of the goitrogenic activity of 
resorcinol in the Gunn rat (26) with UDP-glucuronyl transferase deficiency. 
This defect results in decreased conjugation and excretion of resorcinol 
with glucuronic acid. Cytoplasmic melanin-like granules in the thyroid 
gland are also characteristic of the Gunn rat strain (27). Microscopic 
examination of thyroid follicular cells obtained by fine-needle aspiration 
from the Colombian children in 1984, disclosed that 11 (24%) goiters were 
also filled with brownish granules, which by Masson-Fontana Ammoniacal 
Silver stain contained melanin-like material. These granules may represent 
peroxidase catalyzed cross-coupling of dihydroxyphenols (resorcinol, dihy
droxybenzoic acids) with tyrosine. Formation of dark-colored nitrogenous 
polymers by this type of reaction, has been observed in soils and microbial 
culture (28). Colombian goiter may then be comparable to that of Gunn rats 
in pathogenesis. 
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We have also examined for antithyroid effects substituted resorcinols 
present in high concentrations in aqueous effluents from coal liquefaction 
plants (23) and found potent antithyroid activities of these pollutants 
(29), which may enter community water supplies, constituting a potential 
environmental goitrogenic factor. 

Similarly, we have investigated the antithyroid effects of some bio
flavonoids, C6-C3-C6 polyphenols, widely distributed in nature. Results 
indicate that they possess intrinsic (30,31) antithyroid activity. Cyan
idin, a naturally-occurring bioflavonoid used as model subunit of flavonoid
type HS, yields by reductive degradation the antithyroid monomers resorcin
ol, phloroglucinol, and orcinol (21,22). Decaying organic matter (plants 
and animals) rich in these materials, becomes the substrate of flavonoid
type HS during the process of fossilization (humification and carbonifica
tion). Besides, bioflavonoids in high concentrations are present in vari
ous staple foods of the Third World (millet, shorghum, beans, ground nut) 
(30,32). Thus, bioflavonoid structures might be the link for phenolic goi
trogens in foodstuffs (millet) and those in rocks, soils, and water. 

The ubiquitous phthalate esters have been frequently identified as 
water pollutants (21). Dibutyl and dioctyl phthalates have consistently 
been present in the goitrogenic well water supplying the endemic goiter 
district of Candelaria Town (10,11,19,33). Phthalate esters were also found 
recently in water supplies of Kentucky and Colombia. Most commonly, they 
result from industrial pollution or artificial contamination, but phthalates 
are also reported to occur naturally in shale, crude oil, petroleum, plants, 
and as fungal metabolites (21). Although phthalates and phthalic acids do 
not possess intrinsic goitrogenic activity (22), they undergo biodegradation 
by gram-negative bacteria with production of intermediate metabolites, such 
as dihydroxybenzoic acids (DHBAs) (21), known to possess antithyroid prop
erties. Thus, phthalates, with bacterial intermediation, may become a 
source of environmental goitrogens. 

ENVIRONMENTAL "TRIGGERS" OF AUTOIMMUNE THYROIDITIS 

Except for an increased prevalence of primary hypothyroidism with ele
vated titers of antithyroid microsomal ABs (TmAB) which was documented among 
workers in a plant that manufactured polybrominated biphenyls (PBBs) (34), 
no association thus far has been investigated in humans between environmen
tal pollutants and AT. However, AT has been observed after administration 
of the carcinogens methylcholanthrene (MCA) and dimethylbenzanthracene 
(DMBA) (polycyclic aromatic hydrocarbons) (PAH) and of carbon tetrachloride 
to the BUF inbred strain of rats (9,35). Similarly, injection of mouse 
thyroglobulin with bacterial lipopolysaccharide or with complete Freund's 
adjuvant containing mycobacteria, induce autoimmune thyroiditis in "good
responder" mice, whereas "poor-responder" strains develop little pathologic 
response. "Good" and "poor" responders differ in their H-2 haplotype (9). 
A relationship between loci in the major histocompatibility complex (MHC) 
and susceptibility to autoimmune thyroid disease has also been demonstrated 
in man. For instance, the histocompatibility (HLA)-DRS antigen is seen with 
increased frequency in patients with goitrous thyroiditis, whereas atrophic 
thyroiditis is associated with the HLA-DR3 (9). 

Our studies in 1984 demonstrated the presence of bromoform, as well as 
other halogenated aliphatic and aromatic hydrocarbons, and the PAH, anthra
cene, in drinking water from the coal-rich Appalachian area of eastern Ken
tucky (Table 1). Thus, it appears that resorcinol and other antithyroid 
compounds, as well as organic potential "triggers" of AT, possibly derived 
from HS and sedimentary rocks, may play with bacterial intermediation, an 
important role in the causation of goiter and AT in eastern Kentucky and 
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western Colombia. Furthermore, we have constructed some family pedigrees 
of children with goiter from Owsley County and Colombia. These pedigrees 
clearly indicate the familial nature of iodine-sufficient goiters and sug
gest that AT may be under separate genetic control. Thus, the question 
arises as to whether the same organic pollutants that cause goiter operate 
in genetically predisposed individuals to trigger the pathogenic mechanism 
leading to AT and/or they simply act as "promoters", sensitizing the thyroid 
to the "trigger" action of other organic or microbial pollutants. 
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NEONATAL HYPOTHYROID SCREENING: NATIONWIDE EXPERIENCE IN JAPAN 

Minoru Irie 

The First Department of Medicine 
Toho University, School of Medicine 
Tokyo, Japan 

Our initial ·1otivation for this study was, of course, to identify the 
patients with congenital hypothyroidism and treat them as early as possible. 
Klein et al. (1) have shown that mental retardation can be prevented if the 
patient is treated at an early stage. Clinical diagnosis is often difficult 
except in severe cases with quite typical signs and symptoms, and this is 
often too late for effective treatment to prevent mental retardation. A 
screening test is, therefore, thought to be necessary. 

In 1973, Dussault et al. (2) in Canada reported that T4 concentration 
can be measured using blood filter paper disc, which is commonly employed 
for the screening of inborn errors of metabolism, and they were the first 
to screen by this method (3). We successfully measured TSH by radioimmuno
assay (RIA) using dried heel blood disc on filter paper, which then was 
used for the pilot study on the screening of primary hypothyroidism. We 
selected TSH determination because blood TSH shows marked elevation in pa
tients with primary hypothyroidism, both in cases with low or low normal 
T4 concentrations, enabling detection not only of severe, but also of mild 
or subclinical hypothyroidism. The other reason for this selection was 
that primary hypothyroidism, especially cases with thyroid aplasia, is the 
most important disorder compared to secondary or tertiary hypothyroidism 
as the cause of mental retardation. 

In 1975, the Research Project Team on the Screening of Congenital Hypo
thyroidism was started by the Ministry of Health and Welfare in our country, 
and after the Team detected approximately 40 cases, the screening of congen
ital hypothyroidism was included as a part of the Multiple Screening Program 
of the government in 1979. This program now includes six disorders: phenyl
ketonuria, maple syrup urine disease, homocystinuria, histidinemia, galac
tosemia, and congenital hypothyroidsm. 

I will briefly describe the selection of TSH or T4 as the primary 
screening method, since I have presented a detailed paper at this meeting 
(5). To attempt to solve this problem, three institutes (Tokyo and Chiba, 
Kanagawa, and Sapporo) measured both TSH and T4 from the same blood disc 
samples taken mostly at the 5th-7th day after birth, and compared results. 
Table 1 shows the number of newborns screened and types of hypothyroidism 
detected. The total number screened by both TSH and T4 measurement was 
more than 734,000 and total cases detected were 115. This group consisted 
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Table 1. Types and Numbers of Hypothyroidism Detected by 
Both TSH and T4 Screening 

Items/Institutes I II III Total 

Number of newborns 
screened 278,378 337,531 118,401 734,310 

Primary 
hypothyroidism 32 43 19 94 

Transient primary 
hypothyroidism 3 12 3 18 

Secondary 
hypothyroidism 0 3 0 3 

Total 35 58 22 115 

of 94 cases with primary hypothyroidism, 18 with transient primary hypothy
roidism, and only three with secondary or tertiary hypothyroidism. Table 
2 summarizes the comparison of determination of TSH and T4 for the screen
ing of primary congenital hypothyroidism. Sixty-four cases were detected 
by high TSH and low T4, but it is noteworthy that 30 cases were detected 
by high TSH and normal T4, and no case was found by normal TSH and low T4. 
From these and other results, we believe that primary TSH screening is pref
erable to primary T4 for the detection of congenital hypothyroidism, and 
that secondary or tertiary hypothyroidism are extremely rare at the neo
natal period. Thus, we use primary heel blood TSH measurement routinely 
and enzyme immunoassay of neonatal TSH is also being employed in our coun
try (6). 

Table 3 is the summary of the nationwide neonatal hypothyroid screen
ing in Japan, which shows the statistics of the Ministry of Health and Wel
fare, starting April, 1979, to March, 1985. Total number of the screened 
subjects is close to 7,430,000 and patients detected were 932. If we add 
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Table 2. Comparison of TSH and T4 Determination for 
Screening of Primary Congenital Hypothyroidism 

Determinations/ 
Institutes 

High TSH 
Low T4 

High TSH 
Normal T4 

Normal TSH 
Low T4 

Total 

I 

23 

9 

0 

32 

II 

27 

16 

0 

43 

III 

14 

5 

0 

19 

Total 
(n=94) 

64 

30 

0 

94 



Table 3. Summary of Neonatal Hypothyroid Screening in Japan 
(April, 1979 - March, 1985)* 

No. of 
No. of subjects Screening No. of 

Year births screened rate patients Incidenc-e 

1979, April 1,633,434 335,795 20.6% 41 1/8,200 

1980, April 1,555,076 1,206,905 77.6% 151 1/8,000 

1981, April 1,520,293 1,441,472 94.8% 185 1/7,800 

1982, April 1,519,436 1,489,600 98.0% 177 1/8,400 

1983, April 1,508,058 1,487,573 98.6% 181 1/8,200 

1984, April 1,472,196 1,467,728 99.7% 197 1/7,500 

Total 9,208,593 7,429,073 932 1/8,000 

*Statistics by Ministry of Health and Welfare. 

the patients detected during the period of pilot study to those detected 
after April, 1985, the total number exceeds 1,000. The incidence in Japan 
is then about 1:8000. The screening rate increased every year, and the 
latest percentage reached as high as 99.7%. 

Apart from the statistics of the government, the Research Project Team 
on Congenital Hypothyroidism (Chief: Dr. H. Nakajima and Dr. M. Irie) is 

Table 4. Cases of Congenital Hypothyroidism Detected by the Screening 

Under 
Transient follow-up 

Congenital Transient hyperthyro- (no final 
hypothyroidism hypothyroidism tropinemia diagnosis) 

By Mar. 1977 2 

1978 7 1 1 

1979 21 2 6 

1980 46 6 0 1 

1981 110 18 16 4 

1982 116 17 15 12 

1983 101 13 17 14 

1984 98 34 22 3 

Total 501 91 77 34 
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Table 5. Types of Congenital Hypothyroidism Detected by Screening 

Male Female Ratio Total (%) 

Thyroid aplasia or 
hypoplasia 28 59 1 2.1 87 (27.0) 

Ectopic thyroid 48 132 2.8 180 (55.9) 

Dyshormonogenesis 21 32 1 1.5 53 (16.5) 

Secondary hypothyroidism 1* 0 1 ( 0.3) 

Total 98 223 321 

Not determined 180 

*Due to hamartoma of pituitary gland. 

sending questionnaires to the specialized hospitals and collecting the clin
ical and laboratory data every year. Most of the past results have already 
been reported (7-12). I would like to show the most recent data accumulated 
by the Research Project Team. 

Table 4 shows the types and numbers of congenital hypothyroidism detec
ted every year beginning in 1977 to the present time. The types of hypothy
roidism, detected by TSH measurement, were primary hypothyroidism, transient 
primary congenital hypothyroidism, and transient hyperthyrotropinemia. The 
case numbers of each category are shown in Table 4. Among the cases of con
genital hypothyroidism, etiology of the disease was defined as shown in 
Table 5. Thyroid aplasia or hypoplasia was present in 27%, ectopic thyroid 
in 56%, and dyshormonogenesis in 16.5% of the 321 cases examined. Only one 
case of secondary hypothyroidism was recorded at that time. This patient 
died eventually with a hamartoma in the pituitary region found at autopsy. 
The other two cases mentioned before were diagnosed recently. 

Fig. 1 shows some of the characteristics of the patients detected by 
the screening. Sex ratio revealed that there are twice as many female 
patients as males, accounting for 68% of total patients. The gestational 
age, birth weight, and birth height are not essentially different from the 
normal control newborns. Fig. 2 shows some radiological and laboratory 
data at the time of examination by the pediatrician. The absence of distal 
femur epiphysis is known to be characteristic of typical congenital hypo
thyroidism, but this was present in 72% of the total 434 patients examined. 
Serum TSH was high in all patients, average being more than 200 ~U/ml, but 
serum T4 and T3 values were variable, with average values for T4 of 4.5 ~g/ 
dl, and for T3 of 122 ~g/dl. Antimicrosomal antibody and antithyroblobulin 
antibody were positive in 9.8% and 5.1%, respectively, which are definitely 
higher than in the general population. This finding suggests a causative 
role of autoimmunity for this disorder, which should be studied further. 
Fig. 3 shows the family history on thyroid disorders of the cases detected. 
This was high and positive in 8.6%, including hyperthyroidism, hypothyroid
ism, and various other thyroid disorders. The 10 cases who had congenital 
hypothyroidism were mostly due to dyshormonogenesis. Complications of other 
disorders (Table 6) were present in 11.6%, which is unexpectedly high; among 
those, congenital heart disease, Down's syndrome, and miscellaneous anomalies 
were the main clinical complications. The reasons for this should also be 
studied further. 
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Gestatoonal 
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Weoght 
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Heoght 

M/F = 1/ 2.1 
n=501 

n=493 
39.8Wks 

r-------...J+ so 
<37W (n=18. 3.7%} 
0: 43W (n ..; 4. 1.1%} 

Fig. 1. Summarized data of congenital 
hypothyroidism detected by the 
screening. 

n=493 

n=339 

3146g 

~ 
< 2500g (n = 42. 8.5%) 
0: 4000g (n-18. 3.7%) 

49.3c'" 

+ 

Distal Femur 
Epiphysis n = 434 

219,...U/od 

TSH~n-:4~8~o:::!:==;;;~~~~l11~7~~so 
0J:;321 was handled as 321 

n-481 4.5JJg/dQ 
3.6 

Non-detectable was handled as 0 

122rf!/dQ 

n-455 64 

An to Thyroglobulin Ab. positove 15/ 295 ( 5. 1 %} 
Anto Mocrosomal Ab. posotive 29/ 295 ( 9.8%} 

?ig . 2 . Summarized data of congenital 
hypothyroidism. 

We have found 77 cases of transient primary hypothyroidism, and Fig. 
4 shows the known etiology of this condition. Fetography and dyshormonogen
esis were the main causes, but s even cases had very low birth weight. Pre
ma ture infants are known to have low T4 and some of them high TSH (13). I n 
cases of prema ture infant s , we s hould then be caut ious i n the interpreta
tion of the screening values of TSH and T4 at the time of birth. For these 
infants, we dec ided recently t o do a second screening at least one month 
after birth. Among seven premature subjects who showed high TSH and low T4 
in our series, only one cas e was eventually proven to be primary hypothy
roidism. Positive TSH binding inhibitor immunoglobulin (TBII) as a cause 
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Positive 43 (8.6%) 

Hyperthyro1d1sm 

10 Congen1tal Hypothyro1d1sm 
1------1 

Chron1c Thyro1d1t1s 6 

Hypothyro1d1sm 

S1mple Go1ter 

Nodular Go1ter 

Go1ter 

Thyroid Cancer 

Unknown 

13 

Fig. 3. Family history of thyroid 
disorders in patients with 
congenital hypothyroidism. 

Table 6. Complications Associated with Congenital 
Hypothyroidism 

Present 58 (11.6%) 

Congenital heart diseases 

Minor anomaly 

Down's syndrome 

Cerebral anomaly 

Dislocation of hip joint 

Inguinal hernia 

Rectal atresia 

Cornelia de Lange syndrome 

45X/47XXX 

Protein-losing gastroenteropathy 

16 

14 

10 

7 

4 

3 

2 

1 

1 

1 



Fetography Jl 1 

Dyshormonogenes1s llJ 

Very Low B1rth 
We1ght Infant 

Pos1t1ve 
TSH B1nd1ng 
lnh1b1tor Immunoglobulin 

(TBII) 

Ant1thyro1dal 
Drug to Mother 

Excess lod1de 7 

Unknown 

71 

71 

sl 

8 
II 

Fig. 4. Causes of transient hypothy
roidism (n=91; 46 male, 45 
female). 

of transient primary hypothyroidism was first reported in Japan by Matsuura 
and co-workers (14), with the collaboration of the Kyoto University group, 
and this has now been demonstrated in seven cases of our series. As to TBG 
deficiency or decrease, we are finding more patients in Japan. During this 
study concomitantly to TSH and T4 measurement (Table 7), the Sapporo City 
Institute of Public Health measured TBG by radioimmunoassay using the blood 
filter paper discs. They found 352 cases with TBG less than 14.9 ~g/ml 
among 118,401 cases, the ratio being 1:336. If we take the cases with TBG 
less than 4.9 ~g/ml, the number is 128, the ratio being 1:925. Regarding 
the sex ratio, the group of TBG less than 4.9 ~g/ml consists of all males, 
and that of TBG 5.0-14.9 ~g/ml consists of about 50% males. 

Table 7. Distribution of TBG Deficiency and Decrease 
(Institute III*) 

Values of TBG 

0- 4.9 ~g/ml 

5.0- 9.9 ~g/m 

10.0 - 14.9 ~g/ml 

Total 0 - 14.9 

Number 

128 

63 

161 

352 

Ratio 

(1 925) 

(1 1879) 

(1 735) 

(1 336) 

*Total number screened: 118,401; normal newborns: 140; 
mean+ SD: 25.5 + 2.67 ~g/ml; range: 17.6 + 31.3 ~g/ml. 
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Finally, I will describe briefly the treatment and follow-up study. 
The standard method of treatment is the administration of L-T4, 5-10 ~g/kg 
initially, and adjustment of the dose within four weeks by clinical and 
laboratory findings in the patients. We now have one to six years' data 
on DQ or IQ in treated patients with congenital hypothyroidism detected by 
our screening. As shown in Table 8, the results are excellent in both 
mental and physical development, and no neurological and psychological dis
turbances have been noted up to now. Some patients with DQ or IQ below 70 
were complicated with either Down's syndrome or Cornelia de Lange syndrome. 
The overall distribution of DQ and IQ is quite favorable when compared to 
the general population. Before we started the screening and treatment, we 
were not certain of the influence of the lack of thyroid hormone in utero 
for brain development, but it appears that this may not be a problem. 

In summary, we have initiated the screening of congenital hypothyroid
ism with TSH measurement of the blood filter paper disc, and it is now pro
ceeding on a governmental basis as part of a multiple neonatal screening 
program in Japan. We have screened more than 7.4 million infants and de
tected approximately 1,000 patients, the incidence being about 1:8,000 in 
our country. The comparison of primary TSH and T4 measurement was made in 
three major institutes in more than 734,000 subjects, and it was concluded 
that primary TSH determination is preferable to primary T4 for the screen
ing of congenital hypothyroidism if one has to choose between these mea
surements. Secondary or tertiary hypothyroidism was extremely rare in neo
nates in our study. Besides, most of them are also diagnosed clinically, 
so the screening should lean towards the diagnosis of primary hypothyroid
ism. Some of the clinical features and laboratory and radiological find
ings described here are from data of the Research Project Team on Congenital 
Hypothyroidism of the Ministry of Health and Welfare in Japan. The follow
up study of DQ and IQ during these six years have showed quite satisfactory 
results. 

Table 8. Follow-up Data of DQ or 
Hypothyroidism Detected 

Age at 
examination 

lY DQ 

2Y ~ 

3Y DQ 

4Y DQ or IQ 

5Y DQ or IQ 

6Y IQ 

The last DQ or IQ 
at this study 

(%) 

34 

Mean + SD {n) 

106 + 13 (192) 

110 + 19 (166) 

105 + 18 ( 91) 

105 + 14 40) 

113 + 15 11) 

112 + 16 8) 

107 + 17 (311) 

IQ 
by 

in Treated Patients with Congenital 
Screening 

~90 

180 

146 

81 

36 

10 

7 

277 
(89.1) 

89-85 

5 

6 

3 

1 

0 

0 

8 
(2.6) 

84-80 

2 

7 

1 

3 

1 

1 

13 
(4.2) 

79-70 

3 

2 

4 

0 

0 

0 

6 
(1.9) 

70) 

2 

5 

2 

0 

0 

0 

7 
(2.3) 
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IODINE DEFICIENCY, THE THYROID, AND THE BRAIN 

Basil S. Hetzel 

CSIRO Division of Human Nutrition 
Adelaide, South Australia 

The establishment of the essential link between iodine deficiency, 
thyroid function, and brain development has emerged over the past 20 years 
from a fascinating combination of clinical, epidemiological, and experimen
tal studies. 

The central human phenomenon that focuses this relationship is. the con
dition of endemic cretinism, a condition well known in Alpine Europe in the 
Middle Ages, which was mentioned in Diderot's Encyclopedia in 1754 and was 
of such importance as to warrant a special Commission set up by the King of 
Sardinia (who was also King of Savoy) in 1848 (1). It was also reported by 
McCarrison (2) from the N.W. Frontier Region of India. 

However, endemic cretinism was virtually forgotten in the first half 
of the twentieth century after McCarrison's description until it was "re
discovered" in New Guinea by McCullagh (3) in the East - Papua New Guinea, 
and Choufoer, Querido, et al. (4) in the West - in what is now Irian Jaya, 
a province of Indonesia. In the rugged Highlands of this very large island, 
these investigators were astounded to find not only very high rates of goiter 
prevalence, but a great abundance of mental defectives who were usually suf
fering from deaf-mutism and sometimes spastic diplegia. 

McCarrison (2) in his classical study of 203 cretins distinguished two 
types: One a "nervous" cretin with mental deficiency, deaf-mutism, ataxia, 
and spasticity without hypothyroidism, which he clearly distinguished from 
a hypothyroid type which he considered characteristic of Europe. Over the 
last 20 years the nervous or neurological cretin has been recognized to be 
the most common type in all parts of the world - Alpine Europe, Latin Amer
ica, Papua New Guinea, Indonesia, China, and the Himalayas with the excep
tion of Zaire in Africa where the hypothyroid cretin predominates, probably 
due to the high cassava (goitrogen) intake (5). Only the hypothyroid form 
of cretinism is responsive to thyroid hormones. 

The important observation that raised great doubt as to the importance 
of iodine deficiency was the apparent "spontaneous" disappearance of cretin
ism from the Alpine region. This was noted by Wespi (6) in Switzerland 
where deaf-mutism disappeared in cantons where both iodized salt was and 
was not used. Costa (7) provided further data with his observations in the 
Piedmont, formerly part of Savoy, the same area which was the subject of 
the original Sardinian Commission in 1848 - cretins were still to be seen 
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but they were in older age groups in spite of the lack of an iodized salt 
program. 

The relation of iodine deficiency to the thyroid and brain development 
has become my personal special interest. It has provided me with a series 
of three adventures which I will review. 

My first adventure was in the Western Highlands of Papua New Guinea, 
where we were able to demonstrate the prevention of endemic cretinism in 
a controlled trial with iodized oil injections. This epidemiological study 
established the relationship of iodine to brain development but raised ques
tions about the mechanisms involved. It did indicate that the spontaneous 
disappearance of cretins from Alpine Europe was probably due to an increase 
in iodine intake due to greater availability of foodstuffs from non-iodine 
deficient areas. 

This led to my second adventure which was concerned with animal models 
and a systematic investigation of the mechanism of the effect of iodine 
deficiency on fetal brain development. This finally proved the effect at 
the experimental level and established the role of both maternal and fetal 
thyroid function. 

My third adventure has been concerned with the implication of this 
work for international public health. The recognition of the gap between 
our knowledge and its application to the millions suffering from iodine 
deficiency has led to the formation of the International Council for the 
Control of Iodine Deficiency Disorders (ICCIDD). 

PAPUA NEW GUINEA 

My first adventure was in Papua New Guinea over the period 1964-1972. 
When this small developing country became the responsibility of the Austra
lian Government after World War II, an active Department of Public Health 
developed with strong leadership from the late Dr. John Gunther and Dr. Roy 
Scragg. Research collaboration with Australian investigators was encour
aged. So it was that with a thyroid laboratory and excellent staff, and a 
long-standing interest in the thyroid hormones and thyrotoxicosis, I decided 
to explore the problem of endemic goiter in Papua New Guinea in collabora
tion with the Department of Public Health. 

In due course, we established the presence of severe iodine deficiency 
in Papua New Guinea and were able to demonstrate the value of the injection 
of iodized oil in its correction (8). The effect of a single injection was 
shown to last up to 4 1/2 years. The effect of the iodized oil in reducing 
existing goiter with rise in thyroxine iodine and fall in TSH was also shown 
(8). This effect became well known to the villagers who presented themselves 
in large numbers at health centers and hospitals, requesting the injections. 
This fact continues to be a very useful aid in acceptance of an iodized oil 
program. 

We, like our predecessors in Papua New Guinea, were confronted with the 
remarkable phenomenon of the neurological cretins. We reported a series of 
254 cases that usually showed some degree of deaf-mutism (70%), followed by 
neurological signs of an upper motor neurone lesion in less than half (9). 
In view of the doubt about the relation of iodine deficiency to cretinism, 
we decided to set up a controlled trial with the iodized oil, although we 
were far from sure as to whether we would be able to successfully complete 
it. 
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The study was carried out with the support and collaboration of the 
Public Health Department which accepted that the study was ethically just
ified. Iodized oil or saline injections were given to alternate families 
in the Jimi River District in the Western Highlands at the time of the first 
census (1966). Each child born subsequently was examined for evidence of 
motor retardation, as assessed by the usual milestones of sitting, standing, 
or walking, and for evidence of deafness. Examination was carried out with
out knowledge as to whether the mother had received the iodized oil injec
tion or saline (10). 

Infants presenting with a full syndrome of hearing and speech abnor
malities, together with abnormalities of motor development with or without 
squint, were classified as suffering from endemic cretinism. By these cri
teria, there were seven cretins born to women who had received iodized oil 
out of a total of 687 children. In six of these seven cases, conception 
had occurred prior to the iodized oil injections. 

In the untreated group, there were 25 endemic cretins out of a total 
of 688 children born since the trial began. In five of these 25, conception 
had occurred prior to saline being given. 

It was concluded that an injection of iodized oil given prior to preg
nancy could prevent the occurrence of the neurological syndrome of endemic 
cretinism in the infant. The occurrence of the syndrome in those who were 
pregnant at the time of oil injection indicated that the damage probably 
occurred during the first half of pregnancy, possibly in the first trimes
ter. 

The value of iodized oil injection in the prevention of endemic cre
tinism was subsequently confirmed in Zaire and in South America (11). 

Subsequent observations in Papua New Guinea revealed the existence of 
a coordination defect in otherwise apparently normal children subjected to 
iodine deficiency in pregnancy, in contrast to the group whose mothers had 
received an iodized oil injection (12). This observation has also been 
made in Indonesia, and indicates a wider spectrum of neurological effects 
of iodine deficiency in pregnancy. 

ANIMAL MODELS 

My second adventure (1976-1985) has been the establishment of animal 
models, first in the sheep and then in the marmoset. This followed my move 
to the CSIRO Division of Human Nutrition - the National Nutrition Research 
Institute in Australia, where I was fortunate to have a group of colleagues 
(Brian Potter, Gordon Jones, Graham Mcintosh, and others) who had long ex
perience of trace element work in sheep. Arising from the New Guinea work, 
we decided to try to investigate the effect of severe iodine deficiency in 
pregnancy on the development of the fetal brain in the lamb. We chose this 
animal because of its availability and because we knew that surgical pro
cedures would be possible in which to investigate the role of the maternal 
and fetal thyroid. 

Iodine Deficiency in the Sheep 

Severe iodine deficiency was produced in sheep (13) with a low-iodine 
diet of crushed maize and pelleted pea pollard (8-15 ~g iodine/kg) which 
provided 5-8 ~g of iodine per day. After a period of five months, although 
body weights were maintained, iodine deficiency was evident with the appear
ance of goiter, low plasma T4 and TJ values, elevated TSH levels, and low 
daily urinary excretion of iodine. Control animals received the same diet 
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but were supplemented with an iodized oil injection (1 ml = 400 mg iodine). 
The ewes were mated with normal fertile rams, dates of conception estab
lished, and fetuses delivered at 56, 70, 98, and 140 days' gestation by 
hysterectomy (13). 

Goiter was evident from 70 days in the iodine-deficient fetuses and 
thyroid histology revealed evidence of hyperplasia from 56 days' gestation. 
The increase in thyroid weight was associated with a reduction in fetal 
thyroid iodine content, reduced plasma T4 values, and increased plasma TSH. 

The iodine-deficient fetuses at 140 days were grossly different in 
physical appearance to the control fetuses (13). There was reduced weight, 
absence of wool growth, goiter, varying degress of subluxation of the foot 
joints, and deformation of the skull. There was also delayed bone matura
tion as indicated by delayed appearance of epiphyses in the limbs. 

There was a lowered brain weight and brain DNA as early as 70 days, in
dicating a reduction in cell number probably due to slowed neuroblast multi
plication which normally occurs from 40-80 days in the sheep (13). Delayed 
maturation of the cerebellum was shown by reduced migration of cells from 
the external granular layer to the internal granular layer and increased 
density of Purkinje cells. In the cerebral hemispheres, the cells were 
more densely packed in the motor and visual areas (13). 

The effects of severe iodine deficiency on fetal brain development in 
the sheep were more severe but similar to those of fetal thyroidectomy car
ried out at 50-60 days or at 98 days (14). Maternal thyroidectomy carried 
out some six weeks before pregnancy had a significant effect on fetal brain 
development in mid-gestation (14). The combination of maternal thyroidec
tomy and fetal thyroidectomy at 98 days produced more severe effects than 
that of iodine deficiency (14,15). 

The findings following maternal, fetal, and combined thyroidectomy 
suggest that the effect of iodine deficiency on fetal brain development is 
mediated by the combination of reduced maternal and fetal thyroid secretion 
and not by a direct effect of iodine (14). The effect of reduced maternal 
secretion occurs in the first half of pregnancy and the effect of reduced 
fetal secretion in the latter half of pregnancy. The conclusion is consis
tent with recent evidence in the rat of the passage of maternal thyroxine 
across the placental barrier early in pregnancy (16,17). It also explains 
the significant relationship found between the level of maternal T4 and the 
extent of the coordination defect in the Papua New Guinea trial (18). 

THE KNOWLEDGE APPLICATION GAP - TOWARD PREVENTION AND ERADICATION 

The new knowledge of the effects of iodine deficiency on brain devel
opment required a modification of our traditional thinking of "goiter" as 
the major effect of iodine deficiency. It was apparent that the effects 
extended through fetal life to the neonate and child, constituting a spec
trum ranging from stillbirths, cretinism, neonatal hypothyroidism, and ju
venile hypothyroidism, to impaired hearing and brain development and func
tion, as well as goiter at all ages. This led to my introduction of the 
term "Iodine Deficiency Disorders" (IDD) to refer to all the effects of 
iodine deficiency on human growth and development which can be prevented 
by correction of iodine deficiency (19). This latter feature is very impor
tant in distinguishing IDD from other forms of goiter or mental deficiency 
which are not due to iodine deficiency. 

The lack of awareness of these broad effects of iodine deficiency on 
growth and development, particularly brain development, has been a major 
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factor in the continued inertia surrounding the development of iodization 
programs. This inertia is worldwide. Effective IDD control programs are 
an exception rather than the rule. In Latin America, Argentina, Brazil, 
Guatemala and Colombia have achieved success; in Africa, Zaire; and in 
Asia, only Indonesia and China are making some progress, apart from Papua 
New Guinea (19). In SE Asia, there are 300 million people at risk (20). 
In China, approximately one third of the population (310,000,000) is at 
risk with only half the population adequately covered so far, in spite of 
energetic efforts dating mainly from as recently as 1978 (21). 

A series of international meetings over the past decade has called 
for the eradication of goiter and cretinism and the iodine deficiency dis
orders. These include the World Food Council (1974), the General Assembly 
of the United Nations (1978), the International Nutrition Congress (Rio de 
Janiero, 1978), the Regional WHO/UNICEF Committee for Southeast Asia (1981, 
1982), the Asia and Oceania Thyroid Congress (Tokyo, 1982), the 4th 4$ian 
Congress of Nutrition (Bangkok, 1983), and the PAHO/WHO Meeting (Lima, 
1983). 

The 4th Asian Congress of Nutrition in Bangkok included an interna
tional Symposium on the Control of Iodine Deficiency in Asia. This sym
posium (22) agreed on a series of resolutions including adopting the term 
IDD, noting the importance of effects on the brain and the limitations im
posed by iodine deficiency on social life and development. They pointed 
to the feasibility of eradication using iodized salt and iodized oil, the 
need for monitoring and reappraisal of existing programs, and the oppor
tunity to make a major input to Health for All by the Year 2000. 

In May-1984, I received an invitation through the Australian Govern
ment to prepare a Report on a Global Strategy for the eradication of IDD. 
This invitation came from the Administrative Coordinating Committee of the 
United Nations Agencies Standing Committee on Nutrition (ACC/SCN). This 
body, which meets each year, coordinates international nutrition activities 
for the UN Agencies (there are about 14 of them with such an interest in
cluding particularly WHO, FAO, and UNICEF). It also includes representa
tives of National Governments (called "bilaterals") with an interest in 
international nutrition. This report was duly prepared with the assistance 
of a grant from the Australian Development Assistance Bureau (ADAB). It 
was accepted as a background document by the ACC/SCN at its 1985 meeting 
in Nairobi. At that time, a subcommittee was appointed to prepare a short 
statement for submission to the Secretary-General of the United Nations for 
consideration and, if approved, transmission to the UN Agencies for the 
development of a 10 year plan of action. This Subcommittee duly met at 
PAHO Washington in May under the Chairmanship of Dr. E. de Maeyer (WHO) 
and included J. B. Stanbury, C. H. Thi1ly, and myself. 

In my report, I recommended the establishment of an International Con
sultative Group to provide expertise for the international agencies and 
national governments with major IDD problems as a necessary step to develop 
more active IDD control programs. The ACC/SCN approved this step at the 
Nairobi meeting in February, 1985. It followed earlier initiatives which 
established international consultative groups for Vitamin A (INAVC) and for 
nutritional anemia (INACG) eight to ten years ago. 

Subsequently, in Delhi in March, 1985, I convened a meeting of a group 
of interested experts at the time of the WHO/UNICEF Intercountry Workshop 
which decided to establish the International Council for Control of Iodine 
Deficiency Disorders (ICCIDD). Dr. John B. Stanbury was elected Chairman, 
Professor V. Ramalingaswami, Vice-Chairman, Dr. J. T. Dunn, Secretary, and 
I was appointed Executive Director. The original group of 12 has been 
designated the Founding Board. It has now been extended by invitation to 
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a total of about 30 members who have substantial research or practical 
interest in IDD. A further preliminary meeting has just been held in Sao 
Paulo (1st September). The formation of the ICCIDD was announced at the 
IDD Satellite Meeting and I am pleased to take the opportunity of a further 
announcement to the Ninth International Thyroid Congress. 

The ICCIDD will be formally inaugurated at a meeting in Kathmandu, 
Nepal, March 23-27, 1986. By that time, a draft constitution will be drawn 
up and a strategy and work plan will be submitted. 

Initial support for ICCIDD has been generously provided by UNICEF. 
The New York office has agreed to an initial grant of $150,000 a year for 
two years. ADAB in Australia has also provided funds for the Secretariat 
which is being established in Adelaide at the CSIRO Division of Human Nu
trition. 

The ICCIDD will act as an expert resource on all aspects of IDD and 
control programs. Its primary function is to bridge the great knowledge 
application gap which is so obvious in this field. Its prime purpose is 
to help the international agencies and national governments with signifi
cant IDD problems to develop effective programs. 

It aims to establish a multidisciplinary global network of 200 members 
who will act as a resource on all aspects, including communication, plan
ning and economics, as well as technical expertise on iodinated salt and 
iodinated oil, and thyroid pathology, physiology, and biochemistry. New 
technology will be fostered. Adequate monitoring and evaluation procedures 
will be introduced. To this end, ICCIDD plans to introduce a global moni
toring system for IDD, with the establishment of a global network of labo
ratories providing determinations of T4 and TSH on cord bloods from remote 
areas. These data will be provided to national governments and interna
tional agencies to provide evidence indicating the urgency of the IDD prob
lem in relation to the prevention of mental deficiency. This system will 
also help to provide quality control for new laboratories, as well as mon
itoring of IDD control programs. 

Reginal IDD Coordinators will be appointed to be responsible for gen
eral surveillance of the countries with major IDD problems in the various 
WHO Regions. This will include the gathering of prevalence data and pro
gram development. The Regional Coordinator will also be able to develop a 
Regional multidisciplinary team to be available for consultation in the 
Region. 

Consultations with national governments and international agencies are 
being arranged. Further funding from international agencies and bilateral 
countries will be sought at a modest level for the ICCIDD itself. Its 
function is to assist the development of IDD control programs by national 
governments but not to actually run these programs. 

It is hoped that the ICCIDD will be an important development in rela
tion to the ultimate objective of eradication of IDD. It will provide sci
entists with an active interest in IDD with a framework for operation, so 
that initiatives produce a greater return than is the case at present. 

The technology for eradication of IDD is available and feasible; how
ever, much more than technology is involved. That is why the ICCIDD is 
necessary to secure the proper application and use of science and technol
ogy for the benefit of the very large populations living in iodine-deficient 
areas who are at risk of IDD. 
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This, then, is the end of my third adventure, the outcome of research 
on the relation of iodine, thyroid, and brain into a great global public 
health program, which could be a triumph for our generation in the field 
of international health and nutrition. It would be great if at the next 
ITC in 1990, substantial progress towards global eradication could be re
ported. 
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NEUROENDOCRINE CONTROL OF TSH AND PRL: ROLE OF DOPAMINE 

The association of hypothyroidism and hyperprolactinemia has been 
known for many years and suggested that the abnormally elevated PRL levels 
in primary hypothyroidism might result from a decreased hypothalamic dopa
mine (DA) secretion rather than increased TRH stimulation, reflecting a 
general action of thyroid hormones on hypothalamic DA activity (1,2). The 
same mechanism is probably present in hypothalamic hypothyroidism defined 
by exaggerated and/or delayed TSH response to TRH, with reduced biological 
activity as suggested by the decreased T3 response to endogenous TSH re
leased, probably dependent on alterations on its carbohydrate moiety, since 
it was demonstrated that TRH (decreased in central hypothyroidism) regulates 
TSH glycosylation (3). Furthermore, patients with hypothalamic hypothyroid
ism have an excess of S-TSH (4), reflecting an alteration in the combining 
properties of TSH subunits which may result from the abnormal glycosylation 
(3). As can be seen in Fig. 1, the greatly increased PRL levels were cor
rected by thyroid replacement. Besides, a decrease in hypothalamic and/or 
pituitary DA content or activity would be associated with decreased response 
to DA receptor blocking drugs such as chlorpromazine, metoclopramide, and 
domperidone. In effect, in patients with primary hypothyroidism and slight 
increase in basal PRL, we have shown a significantly lower increment in 
serum PRL after chlorpromazine when compared to normals (unpublished data). 
Scanlon and co-workers demonstrated that after the administration of meto
clopramide (1) or domperidone (5), there was a significant release of TSH 
in euthyroid and subclinical hypothyroid patients, but not in those with 
overt hypothyroidism who lack DA inhibition of TSH release but may show 
marked DA inhibition of PRL secretion. It is then possible that thyroid 
hormones regulate hypothalamic DA either by enhancing DA secretion or by 
modulating DA receptors on the thyrotroph, the last possibility being the 
most likely. Therefore, thyroid hormones act directly on the thyrotrophs, 
inhibiting TSH secretion and stimulating hypothalamic DA secretion which 
acts as an intermediate step in the inhibition of TSH release (2). The 
stimulation of hypothalamic DA by thyroid hormones also inhibits PRL secre
tion by lactotrophs (2). Thus, it appears that thyroid hormones modulate 
the DA inhibitory tonus on the thyrotroph. 
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Fig. 1. TSH and PRL responses to TRH stimulation in a patient with idio
pathic hypopituitarism, hypothalamic hypothyroidism, and hyperpro
lactinemia. (Hatched lines indicate mean~ SD.) A.J.M. - 13 year 
old male. 
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TSH BIOSYNTHESIS 

The a and S-subunits are independently synthesized in precursor forms 
by the translation of separated mRNA molecules. These subunits are then 
processed to glycosylated forms, followed by their combination to form the 
biologically active TSH molecule prior to secretion from the thyrotroph 
(6) (Fig. 2). Recombinant DNA techniques have been utilized by Kourides 
and co-workers to clone DNA molecules complementary to a and S-TSH-mRNA 
(6). They demonstrated that in the mouse, the genes for a and S-TSH reside 
in different chromosomes. RIAs have indicated that human plasma and pitui
tary ratios of TSH/S-TSH are greater than one, suggesting that the limiting 
factor in the production of complete TSH is S-subunit biosynthesis. 

As for human DNA, it was shown that there is only one gene for the a
subunits of all four glycoprotein hormones and two S-TSH genes, at least in 
the mouse. Kourides et al. (6) demonstrated that the negative feedback of 
thyroid hormones on the pituitary of mice was predominant on S-TSH-mRNA 
levels by inhibition of S-TSH transcription. Finally, in mouse pituitary 
TSH tumor, there was found a relationship between a and S-TSH-mRNA levels 
and correspondent protein values, suggesting transcriptional control of a 
and S-TSH levels (6). 

ROLE OF THE PITUITARY DEIODINASE 

It has been demonstrated by Silva et al. (7) that, in the rat, serum 
T3 is the most important source of nuclear T3 to the peripheral tissues 
(liver and kidney). However, half to two-thirds of nuclear T3 is derived 
from intracellular T4 to T3 conversion in the anterior pituitary, cerebral 
cortex, and cerebellum. The enzyme that converts T4 to T3 (5'-iodothyro
nine deiodinase) was classified as Type I or PTU-sensitive (found in the 
kidney and liver) to distinguish it from Type II or PTU-insensitive 5'
iodothyronine deiodinase found in the CNS which has a Km for T4 much lower 
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Fig. 2. Schematic representation of TSH biosynthesis. 
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than that of the Type I enzyme. The physiological characteristics of the 
5'-iodothyronine deiodinase clearly indicate that the two different enzy
matic pathways of T3 generation are a mechanism regulating the thyroid 
status of peripheral tissues independently of the CNS, providing another 
level of regulation of tissular T3, typically demonstrated in conditions 
of reduced T4 when the brain is protected by an increase in its capacity 
to convert T4 to T3. The clinical implication of decreased 5'-iodothyro
nine deiodinase is seen in the "euthyroid sick patient" with low T4 and T3 
levels and normal TSH, accumulation of rT3 (reflection of the impaired Type 
I T4 5'-deiodinase), and maintenance of the Type II enzyme activity. The 
peripheral reduction in the rate of T4 to T3 conversion, thus decreasing 
the availability of T3, can be seen as of physiological advantage in such 
condition. 

TSH-PRODUCING TUMORS 

TSH-producing tumors which induce hyperthyroidism have the following 
characteristics (8-10): a) Autonomy-unresponsive (a-TSH and TSH) to TRH 
and T3 and/or T4. b) Rapid growth and invasion with frequent recurrences. 
c) Increase in a-TSH subunit relative to TSH but undetectable 8-TSH: Molar 
a-TSH/TSH ratio> 1. d) Heterogenous forms of TSH with different bioactivi
ties, as found in serum and pituitaries of mice with TSH tumors by Weintraub 
and co-workers (11). These tumors can be classified as: a) Not associated 
with hypersecretion of other hormones. b) Associated with overproduction 
of other hormones: PRL and/or GH, representing a relatively common tumor 
frequently associated with acromegaly, less frequently with hyperprolactin
emia, and even less frequently with hyperthyroidism (12). The reason for 
the clinical silence of some of the hormones detected in tumor tissue is 
that either they are not secreted in excess and/or there is secretion of 
abnormal hormones, the last possibility being more frequent regarding TSH 
(12). All data suggest a common cytogenesis of these tumors. 
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It is well known that the secretion of the anterior pituitary (AP) 
hormones, thyrotropin (TSH) and prolactin (PRL), is under tonic stimulatory 
and inhibitory control, respectively, by the hypothalamus. It is now clear 
also that the hypothalamic control of AP hormone secretion is mediated by 
the release into the portal blood vessels of a variety of peptidic and non
peptidic substances. Data gathered during the last few years have demon
strated that TRH and the central neurotransmitter dopamine (DA) have impor
tant actions on TSH and PRL release from the AP. Furthermore, somatostatin 
and a variety of other central neurotransmitters such as noradrenaline have 
effects which will be considered briefly. 

BASIC PHYSIOLOGY AND CONTROL MECHANISMS 

The Role of TRH 

TRH is secreted by hypothalamic neurons into the hypophyseal portal 
system which originates at the median eminence. From here, the peptide is 
transported to the anterior pituitary gland. There is now no doubt that the 
dominant stimulatory effect exerted by the hypothalamus on TSH synthesis and 
released is mediated by TRH since: 1) TRH stimulates TSH release in vivo, in 
vitro, and after infusion into portal blood vessels in a physiological dose
range (1). 2) Passive immunization with anti-TRH antiserum leads to a de
cline in basal TSH levels in euthyroid and hypothyroid rats. In addition, 
sheep in which antibodies to TRH are raised show a decline in thyroid func
tion (2). 3) TRH immunoreactivity can be detected in portal blood vessels 
(3). 4) Specific, high affinity, low capacity TRH receptors are present on 
thyrotroph membranes (4). 

In contrast to the well-established role of TRH in the control of TSH, 
a biphasic pattern of TSH release is seen after prolonged intravenous in
fusion of TRH in man. The early phase may well reflect the release of a 
readily releasable pool of stored TSH within the thyrotrophs, whereas the 
later phase would be due to release of newly synthesized TSH produced under 
the influence of increased TRH drive (5). 
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This dominant stimulatory effect exerted by the hypothalamus via TRH 
on TSH synthesis and release is counterbalanced by the direct pituitary 
inhibition of TSH by thyroid hormones. In this process, the local intra
pituitary conversion of T4 to TJ is most important, whereas other tissues 
have a greater capacity to take up circulating TJ. In addition to their 
direct inhibitory effects on TSH synthesis and secretion, thyroid hormones 
modulate the number of TRH receptors on the thyrotroph. In vitro studies 
have demonstrated a twofold increase in TRH binding to anterior pituitary 
membranes from hypothyroid animals, which can be reduced by thyroid hormone 
replacement. In contrast, it has been shown that estrogens have an opposite 
effect, acting to increase the number of TRH receptors. This latter process 
could explain in part the greater TSH responses to TRH observed in females 
than in males (5). 

Whether thyroid hormones have any direct hypothalamic action on TRH 
synthesis and release remains controversial, although there is some evidence 
to suggest a negative feedback inhibitory role. After microinjections of 
nanomolar concentrations of T3 into the hypothalami of hypothyroid monkeys, 
there is a rapid reduction in TSH levels (6). It remains to be demonstrated, 
however, whether this effect is mediated by actions on TRH or on other hypo
thalamic regulators of TSH release. 

In contrast to the well-established role of TRH in the control of TSH 
secretion, it is still disputed whether TRH is a physiological prolactin
releasing factor (7). Factors supporting such a role are: a) the minimal 
effective threshold dose of TRH is the same for both TSH and PRL (5), b) in 
rats, the PRL response to suckling is accompanied by TSH release and by an 
increase of TRH in portal blood (2,5), and c) in sheep immunized against 
TRH, the PRL response to heat exposure is reduced (2). 

However, against a physiological PRL-releasing role for TRH are the 
following: a) in man, there is no elevation in TSH levels following physio
logical stimuli to PRL release such as suckling and stress (5,7), b) the 
circadian rhythms of TSH and PRL are dissociated (5), and c) injection of 
TRH antibodies in rats has no consistent effect on PRL concentrations in 
serum (2). 

In summary, it is clear that TRH plays a major role in the neuroregu
lation of TSH, as well as in the PRL response to suckling in the rat. How
ever, it still remains to be established whether TRH plays an important role 
in the control of PRL secretion in humans. 

The Role of DA 

The role of DA as a physiological inhibitor of TSH and PRL secretion 
is now clearly established (5,7) and the evidence is summarized: 1) DA in
hibits TSH and PRL release in vivo and in vitro, 2) endogenous DA antagonism 
leads to a rapid increase in-PRL and TSHllevels, 3) DA is present in portal 
blood at concentrations which inhibit PRL and TSH in vivo, and 4) specific 
high affinity DA receptors are present on anterior]pituitary cells. 

Furthermore, there is a striking parallelism between the inhibition of 
TSH and PRL by DA and DA agonist and antagonist drugs and the displacement 
of the specific binding of 3H-DHE to rat AP cells in vitro. There is also 
good animal evidence that PRL and TSH may regulate~heir own secretion via 
an increase in hypothalamic dopaminergic activity and an increase in the 
number of DA receptors on the thyrotroph respectively (Fig. 1). Such evi
dence can be summarized as follows. 1) PRL administration to rats causes: 
a) reduced PRL levels in intact but not in pituitary transplanted rats, b) 
increased DA turnover in the median eminence, c) a selective increase in the 
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Fig. 1. Hypothetical model of PRL and TSH modulation of DA activity. According to this model, TSH (left) will influence the DA inhibition of TSH secretion by an increase in the number of DA receptors in g the thyrotroph. In contrast, PRL (right) acts mainly by increasin DA release by the TIDA neurons, resulting in increased PRL inhibition. The possibility of a direct PRL negative auto feedback is also considered. 

activity of tubero-infundibular but not striatal DA neurons. 2) intraventricular PRL injections reduce PRL and TSH release. 3) DA levels in hypophyseal portal blood are increased in rats with ectopically transplanted PRL-secreting adenomas. 4) Recent in vitro data have shown that administration of TSH increases the number oflDA receptors and the Bmax of the inhibition of TSH but not PRL secretion by DA (8). 

In addition, other peripheral factors such as thyroid hormones and estrogens may influence the inhibition of PRL and TSH secretion by DA. Recent data from cultured rat AP cells from both euthyroid and hypothyroid animals suggests that thyroid hormones have opposite actions with regard to the DA 
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control of PRL and TSH; a slight facilitation of DA inhibition of PRL secre
tion and a powerful antagonism of the DA control of TSH (9). It is likely 
that these actions of thyroid hormones are mediated through modulation of 
the number of DA receptors on lactotrophs and thyrotrophs respectively. 

With regard to the effects of estrogens on the control of PRL and TSH 
secretion by DA, there is also considerable debate (7,10). In vitro data 
from rat AP cells have demonstrated that estrogen treatment impairs PRL re
sponsiveness to DA, and it has been shown also that DA receptors on the AP 
decrease markedly on the morning of proestrus which coincides with the pre
ovulatory PRL surge. However, in the hypogonadal monkey and in humans, es
trogen administration increases the inhibitory effect of exogenously admin
istered DA on PRL and TSH secretion (10). The explanation for these appar
ently contradictory findings is unclear. It is possible that this could 
simply be a reflection of differences in the duration and dosage of admin
istered estrogen. In support of this, it has been recently demonstrated 
that administration of very low doses of estradiol to rats leads to an in
crease in pituitary dopamine receptor binding, while higher doses have the 
opposite effect (11). 

Other Central Factors Involved in the Control of PRL and TSH Release 

Although DA is the dominant physiological mediator of the hypothalamic 
inhibition of PRL release, there is increasing evidence for the involvement 
of other neurotransmitter pathways in the inhibition of PRL release. GABA 
may be an inhibitory neurotransmitter, and possibly has a direct action on 
the pituitary gland mediated by specific GABA receptors. This area is some
what controversial, since pharmacological concentrations of GABA are neces
sary to inhibit PRL release, and hypophyseal stalk plasma from diestrous 
rats contains low levels of GABA, similar to those found in the peripheral 
circulation (7). Histaminergic pathways have been implicated also in PRL 
inhibition, since administration of the H2-receptor blocking drug, cimeti
dine, causes an acute rise in plasma PRL concentrations. This effect is 
mediated by central H2-receptors rather than via a peripheral action on the 
pituitary lactotroph DA receptor. Similarly, an inhibitory role for the TRH 
metabolite, his-pro-diketopiperazine (DKP), has been suggested. However, 
conflicting data have been reported concerning the actions of DKP on PRL 
secretion in vitro (7). Recently, we have investigated the effect of admin
istration Of a 200 ~ i.v. bolus of DKP on TSH and PRL secretion in both 
normal subjects and patients with microprolactinomas and primary hypothy
roidism. We were unable to detect any effect of DKP on basal or stimulated 
PRL and TSH levels (12). More recently, it has been reported that Sauvagine, 
a peptide which is similar in structure to CRF, exerts a powerful inhibitory 
action on PRL secretion in vitro. More importantly, the inhibition was long
lasting and PRL levels remained suppressed several hours after Sauvagine ad
ministration (13). This latter finding clearly merits further investigation. 
Finally, it has been proposed recently that 6AP (part of the precursor pro
tein of GnRH) may be the long sought peptidic prolactin-inhibiting factor. 
However, further data are needed before this can be established (14). 

In addition to thyroid hormones and DA, somatostatin may also be a 
physiological inhibitor of TSH release (5). Administration of somatostatin 
antisera to cultured anterior pituitary cells causes elevation of both growth 
hormone (GH) and TSH levels in the medium, and when administered to intact 
rats enhances the TSH response to both cold stress and TRH, as well as ele
vating basal GH and TSH levels. There is no such evidence in man. Somato
statin infusion does, however, lower the elevated basal plasma TSH levels 
in patients with primary thyroid failure, suppresses the TSH response to TRH, 
and abolishes the nocturnal elevation in basal TSH levels. Other neuroregu
lators such as neurotensin, cholecystokinin, and acetyl-choline have also 
been shown to influence the release of TSH from the anterior pituitary, but 
the significance of these actions is unclear at present (5). 
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In addition to TRH, there are other factors that may stimulate PRL and 
TSH secretion by the AP gland. With regard to PRL, there are a large number 
of molecules which have been reported to stimulate synthesis and/or secre
tion in vitro. These include: VIP, s-endorphin, leu-enkephalin, bombesin, 
acetyl-choline, angiotensin II, vasopressin, substance P, secretin, PHI, 
and cholecystokinin (4). However, it still remains to be established wheth
er they can stimulate PRL secretion when spontaneous PRL secretion is under 
tonic dopaminergic inhibition (as in the in vivo setting). Nevertheless, 
there is now clear evidence indicating th~ VIP may well be a prolactin
releasing factor (4) since: a) VIP is present in hypophyseal stalk plasma, 
b) low concentrations of VIP stimulate PRL release in vivo and in vitro, 
and c) VIP receptors are found on pituitary membran;-preparations. 

With regard to TSH, it is established that alpha-noradrenergic path
ways play a stimulatory role in the intact animal. We have reported recent
ly that this stimulatory action could be mediated, at least in part, direct
at pituitry level via a1 adrenergic receptors (15). Moreover, this in vitro 
stimulatory effect can be demonstrated at agonist concentrations similar to 
to those found in hypophyseal portal blood. Other factors reported to have 
a stimulatory action on TSH release include melatonin and opioids but, again, 
the significance is unclear at present (5). 

Alterations in TSH Regulation 

These may be manifest either as alterations in basal plasma concentra
tions of TSH or alterations in the pattern and degree of the TSH response 
to TSH or DA blocking drugs. The most clear-cut alterations in TSH control 
occur in primary thyroid diseases (5,16). Basal TSH and responses to TRH 
are suppressed in primary hyperthyroidism from any cause. It should be 
remembered that in severe primary hypothyroidism the plasma concentrations 
of TSH may be lower than anticipated and the TSH responses to both TRH and 
DA antagonists may also be low (5,16). 

Until recently, more reliance has been placed on the TSH response to 
dynamic testing unless the basal TSH is clearly elevated, since most current 
TSH radioimmunoassays are unable to distinguish between low and normal basal 
TSH levels. Even here, however, in so-called "TSH toxicosis" the absence of 
a TSH response to TRH in the presence of elevated TSH levels points to the 
presence of a TSH-secreting pituitary adenoma. In most other pituitary 
disease states (with the exception of hyperprolactinemia), the TSH response 
to TRH is usually normal or reduced and a flat TSH response is strongly sug
gestive of a pituitary lesion. It should be emphasized that factors other 
than tumor size may also determine the degree of TSH responsiveness to TRH. 

In hypothalamic disease of any etiology, the TSH response to TRH may 
be suppressed or show a delayed and, not infrequently, exaggerated pattern, 
peak TSH levels being achieved at 60 minutes following TRH administration 
(5,16). However, these patterns of TSH response to TRH are not limited to 
patients with hypothalamic disease, but may also be observed in patients 
with pituitary stalk lesions. Alterations in basal TSH levels and responses 
to TRH and DA antagonist can also occur in a variety of neuropsychiatric 
(p.c. anorexia nervosa, unipolar depression) and endocrine/metabolic dis
orders such as chronic renal failure, starvation, Cushing's syndrome, etc. 
However, there are considerable overlaps and, although such alterations in 
the TSH response may be helpful, diagnostically they provide little infor
mation as to etiology, site of disease, or precise neuropeptide/neurotrans
mitter imbalances (5,16). 

Alterations in PRL Regulation 

Hyperprolactinemia is a common clinical hypothalamic-pituitary disorder 
and it is now clear that prolactinomas are the most common anterior pituitary 
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Fig. 2. Schematic representation of possible 
DA-mediated interactions between TSH 
and PRL in patients with autonomously 
functioning microprolactinomas. PRL 
stimulates increased DA release into 
hypophyseal portal blood leading to 
increased dopaminergic inhibition of 
TSH release. However, the increased 
DA concentrations are unable to control 
PRL release by the adenomatous cells, 
possibly because of reduced sensitivity 
to DA, or because of defective delivery 
of DA caused by dissociation of the 
adenoma from the hypophyseal portal 
blood supply. 

tumors. The diagnosis of prolactinoma can be particularly difficult in the 
case of microadenomas because of the difficulty of interpreting minor radio
logical changes and because basal PRL levels can be near normal. Although 
a reduced or absent PRL response to TRH or DA antagonist correlates well 
with the presence of a prolactinoma, they are also observed in stalk-com
pression hyperprolactinemia (17) and the presence of considerable PRL re
sponses to these agents by no means excludes a diagnosis of adenomatous hy
perprolactinemia (17). Probably the best approach is to investigate the TSH 
response to DA antagonism (5), which is usually clearly exaggerated in the 
absence of stalk-compression. This exaggerated response probably reflects 
the increase in hypothalamic DA turnover caused by the positive feedback 
actions of high PRL levels (Fig. 2). 

REFERENCES 

1. Porter JC, Vale W, Burgus R, et al. Endocrinology 89: 1054, 1971. 
2. Fraser HM and McNeilly AS. In EC Griffiths and GW Bennett (eds), 

Thyrotropin Releasing Hormone, Raven Press, New York, 1983, p 179. 
3. Sheward WJ, Harmer AJ, Fraser HM, et al. Endocrinology 113: 1865, 

1983. 
4. De Lean A, Ferland C, Drouin J, et a1. Endocrinology 100: 1496, 

1977. 
5. Peters JR, Foard SM, Dieguez C, et al. Endocrinol Metab 12: 669, 

1983. 
6, Belchetz PE, Gredley G, Bird D, et al. J Endocrinol 76: 439, 1977. 
7. Leong DA, Frawley LS, and Neill JD. Ann Rev Physiol 45: 109, 1983. 
8. Foard SM, Peters JR, Dieguez C, et al. Endocrinology 1985 (in press). 
9. Foard SM, Peters JR, Dieguez C, et al. Endocrinology 115: 407, 1984. 
10. Va1cavi R, Harris P, Foard SM, et al. Clin Endocrinol 1985 (in press). 
11. Falardeau P and DiPaolo T. 67th Annual Meeting of the Endocrine 

Society, Baltimore, USA. Abstract 459, 1985. 
12. Peters JR, Foard SM, Dieguez C, et al. Clin Endocrinol 1985 (in 

press). 
13. Motta M. First Meeting of the British Neuroendocrine Group, Oxford, 

UK, 1985. 
14. 
15. 

54 

Nikolics K, Mason A, Stonyl E, et al. 
Peters JR, Foard SM, Dieguez C, et al. 

Nature 316: 511, 1985. 
Endocrinology 113: 133, 1983. 



16. Scanlon MF, Peters JR, Foord SM, et al. In EC Griffiths and GW Bennett 
(eds), Thyrotropin Releasing Hormone, Raven Press, New York, 1983, p 
303. 

17. Scanlon MF, Peters JR, Salvador J, et al. Clin Endocrinol 1985 (in 
press). 

55 



TSH BIOSYNTHESIS 

Ione A. Kourides, James A. Gurr, Ofra Wolf, and G. Kerr 
Whitfield 

Laboratory of Molecular Endocrinology 
Memorial Sloan-Kettering Cancer Center 
New York, NY, USA 

The pituitary glycoprotein hormones, thyroid-stimulating hormone (TSH), 
luteinizing hormone (LH), and follicle-stimulating hormone (PSH), and the 
placental hormone chorionic gonadotropin (CG) constitute a family of hor
mones, each of which consists of two dissimilar, non-covalently bound sub
units, a and B (1). In a particular species, these hormones share a common 
a subunit, whereas each B subunit is unique and confers biologic specific
ity to the complete dimeric hormone. Each subunit is glycosylated, the a 
and B subunits of TSH having two and one oligosaccharide side chains, re
spectively, which are N-linked to the protein through asparagine residues 
(1). Glycosylation is required for subunit combination and protection from 
intracellular degradation, but not for secretion (2,3). Both subunits are 
required for biologic activity (1). 

In the absence of cultured cells which produce either complete TSH or 
its free a and B subunits, we and other workers have used mouse TSH-secreting 
pituitary tumors to study TSH biosynthesis (4-14). These tumors, first de
scribed by Jacob Furth (15), arise spontaneously in hypothyroid LAF1 mice. 
They are transplantable into the flanks of these mice and, thus, can provide 
large amounts of tissue for the isolation of TSH protein and mRNA. These 
tumors do not secrete the related gonadotropins LH and FSH, nor pituitary 
growth hormone and prolactin (4,15). Moreover, these tumors are benign and 
show qualitatively normal responses to physiological regulators of TSH pro
duction such as thyroid hormones (T3 and T4) and TRH (4-16). However, with 
repeated passage in the animal, production of complete TSH and TSH-8 subunit 
decreases such that, ultimately, only free a subunit is synthesized (16,17). 
These a-secreting tumors will also grow in euthyroid animals and are no 
longer hormonally regulated. Unfortunately, it has not proved possible to 
maintain thyrotropic tumors 1n culture. 

The multi-step pathway by which thyroid-stimulating hormone and the 
gonadotropins must be synthesized contains many potential points for the 
regulation of subunit biosynthesis. For example, control may occur at the 
level of a or B subunit gene transcription, nuclear mRNA precursor proces
sing or stability, cytoplasmic mRNA stability, mRNA translation, protein 
processing and glycosylation, subunit combination, or secretion from the 
cell. Despite this complexity, many insights into the mechanism of glyco
protein hormone biosynthesis at the molecular level have now been gained, 
particularly by the application of recombinant DNA techniques. 
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The secretion, and in some cases the synthesis, of TSH is regulated 
by TRH, glucocorticoids, thyroid hormones, somatostatin, and dopaminergic 
agents. TRH causes the rapid stimulatio of TSH and subunit secretion from 
the pituitary. Although the exact mechanism of TRH action on TSH secretion 
is unknown, it has been shown that TRH treatment of thyrotropic tumor cells 
results in changes in calcium flux, phosphatidylinositol breakdown, and an 
increase in diacylglycerol levels (18,19). By analogy with similar results 
from more extensive studies of the action of TRH on prolactin secretion, 
TRH may also stimulate TSH secretion both via calcium-dependent protein 
kinases and the activation of protein kinase C by diacylglycerol (20-22). 
TRH also appears to stimulate the glycosylation of secreted a and TSH-8 
subunits in the hypothyroid and normal pituitary (23,24). Thyroid hormones 
inhibit TSH and subunit secretion (4-14), and they also inhibit subunit syn
thesis (5-13), predominantly at the level of TSH-8 gene transcription (11, 
12). Glucocorticoids reduce plasma levels of TSH and its a and 8 subunits, 
but these effects are not mediated by changes in a and TSH-8 mRNA levels 
(25). Both somatostatin (26) and dopamine (27) inhibit the TRH-induced 
release of TSH and its subunits from pituitary cells. 

Elucidation of the post-translational events involved in a and TSH-8 
subunit glycosylation, carbohydrate processing, and subunit combination 
has been primarily undertaken by Weintraub and coworkers employing pulse
chase labeling studies in tumor minces and isolated cells (2,3,14,23,24, 
28,29). During the synthesis of glycoproteins, preformed core oligosac
charides (glucose3-mannose9-N-acetylglucosamine2) are transferred ~bloc 
from dolichol intermediates to asparagine residues in the rough endoplasmic 
reticulum (ER) (30). Complex carbohydrate side chains are then formed by 
removal of glucose and mannose residues and subsequent addition of residues 
such as galactose, N-acetylglucosamine, and sialic acid (30). The enzyme 
endoglycosidase H has been used to characterize the carbohydrate side chains 
attached to immunoprecipitated a and TSH-8 subunits since it will cleave the 
high-mannose core, but not the complex, oligosaccharide side chains (31,32). 
This work has shown that the a and TSH-8 subunits are co-translationally 
glycosylated with the addition of a single, endoglycosidase H-sensitive, 
oligosaccharide moiety in the rough ER. This is followed by the addition 
of a second high mannose side chain to the a subunit, also in the rough ER. 
Combination of these core glycosylated subunits begins in the rough ER, but 
occurs predominantly in the smooth ER and Golgi compartments of the cell. 
Processing of carbohydrate side chains to their complex forms takes place 
mainly in these latter compartments. Carbohydrate processing appears not 
to be a requirement for subunit combination since endoglycosidase H-sensitive 
and resistant forms of both the a and TSH-8 subunits are found in intact TSH 
(14). However, core glycosylation is required for the a subunit to combine 
effectively with TSH-8; it also prevents both intracellular aggregation and 
degradation of the TSH subunits (2,3). Interestingly, it has been found 
that free TSH-8 subunits migrate through the processing pathway at a faster 
rate than do TSH or the free a subunit and that the rate-limiting steps in 
oligosaccharide processing of free a subunits differ from those of complete 
TSH and free TSH-8 (28,29). In related work, Strickland and Pierce (31) 
have reported that core glycosylation is required for correct folding of 
the a subunit during cell-free biosynthesis and, hence, for effective combi
nation with a 8 subunit. Additionally, various investigators had shown 
that the secreted free a subunit had a slightly higher molecular weight and 
carbohydrate content than a forms combined with B, either intra- or extra
cellularly (3,32-35). Parsons, Bloomfield, and Pierce (36) then reported 
that the free a subunit derived from bovine pituitaries is glycosylated at 
an additional site with 0-linked oligosaccharide. This a subunit with a 
third carbohydrate side chain cannot combine with a 8 subunit (36). 

It has recently been shown that modification of a and B carbohydrate 
structure may be important in regulation (23,24). Hypothyroidism, for 
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example, caused a specific stimulation of carbohydrate synthesis of both 
combined TSH subunits (23). Acute TRH treatment of hypothyroid pituitaries 
increased the relative glycosylation of both combined a and TSH-S subunits 
(24). These hormonally induced changes in carbohydrate structure may be of 
regulatory significance, since TSH glycosylation is a determinant of TSH 
biological activity and clearance rate (3). 

Mouse TSH-secreting tumors characteristically vary widely in their pro
duction of TSH. Moreo·-e.-, they usually synthesize in excess of the a sub
unit protein relative to TSH-S (4,5,7,10,37), as does the normal pituitary 
(38). This suggested that the a and TSH-S subunits might be synthesized 
from separate mRNAs and that a and TSH-S biosynthesis might not be concor
dantly regulated. We and others have shown independent biosynthesis of a 
and TSH-S pre-subunits by in vitro translation (39-42). Messenger RNA was 
extracted from TSH-secreting tumors, poly (A)-enriched and fractionated by 
sucrose density gradient centrifugation. Individual mRNA fractions were 
translated in reticulocyte lysate or wheat germ cell-free translation sys
tems. Immunoprecipitation of [35s]-methionine-labeled a and TSH-S protein 
showed that a and TSH-S synthesis was directed by separate mRNAs and not 
by a common mRNA precursor (40-42). The mature a and TSH-S subunits were 
also shown to be formed from pre-subunits which were cleaved of a signal 
peptide and glycosylated by translation in the presence of microsomal mem
branes. Our experiments consistently showed excess a to S synthesis in 
these in vitro systems, using different TSH-secreting pituitary tumor mRNAs 
(40-42T.'" --

We then separated the a and TSH-13 mRNAs utilizing sucrose gradient 
centrifugation and urea/polyacrylamide gel electrophoresis (42). Separate 
bands eluted from the gel contained mRNA that directed the synthesis of 
either a or TSH-S subunit, but not both, when translated in a cell-free 
system. Subsequently, it was shown that a and S subunits of all the glyco
protein hormones are synthesized utilizing separate mRNAs (43-45). a mRNA 
is modestly larger than TSH-S mRNA, about 850 vs 750 nucleotides in length 
(46). 

To facilitate the study of the structure of TSH genes and the regula
tion of their expression, we synthesized and cloned DNAs complementary to 
the mRNAs encoding the presubunits of a and TSH-S (46). The a and TSH-S 
colonies in our eDNA library were identified by hybridization-selection and 
cell-free translation. Colonies were first screened in groups of seven and 
later individually by fixing the plasmid DNA to nitrocellulose filters and 
hybridizing them with mouse tumor poly(A) mRNA; the specifically hybridized 
mRNA was eluted and translated in the reticulocyte lysate translation system 
supplemented with microsomal membranes. The protein product was identified 
by polyacrylamide gel electrophoresis and immunoprec1p1tation. The comple
mentary DNAs for mouse (47,48), rat (49), cow (50,51), and human (52) a 
subunits have not been sequenced, as have complementary DNAs for the mouse 
(46), rat (53), and cow (54) TSH-S subunits. The deduced amino acid se
quences show that each pre-a subunit consists of 96 amino acids plus a 24 
amino acid signal sequence, whereas the pre-TSH-S subunits each contain 118 
amino acids and a 20 amino acid signal sequence. The nucleotide sequence 
homology in the coding sequences among the various a subunits is more than 
75% in the coding sequences and among the TSH-S subunits is more than 80%. 

These eDNA probes have been used to isolate and characterize the genes 
for several a and TSH-S subunits from genomic libraries. We have isolated 
gene fragments of mouse a (55), mouse TSH-S (55), and human TSH-S Other 
investigators have studied the structure of the bovine (56) and human (57, 
58) a genes. The single human and bovine a genes each contain three introns 
which interrupt the exon sequences in precisely the same locations. That 
the bovine a gene is 16.5 kb long, whereas the human a gene is 9.4 kb long, 
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is due solely to the longer 5'-intron of the bovine gene. We have so far 
determined that there is a sigble mouse a gene which is at least 4 kb long 
and includes two introns which interrupt the coding region of the mouse a 
gene in similar positions to the 3'-ward introns in the human a gene. The 
human and mouse TSH-B genes are currently being characterized in our lab
oratory. The single mouse TSH-B gene is ~ 5 kb long with 3 introns; the 
human TSH-B gene is also single with at least 2 introns, the 3'-ward of which 
is in exactly the same position as that in the mouse TSH-B gene. The 3'
ward intron of the mouse and human TSH-B genes interrupts these gene sequen
ces in a similar position as in the LH-8 and CG-B genes (59-61). However, 
the TSH-B genes differ in the position and size of their remaining introns 
from the LH-B and CG-B genes. 

We have localized the genes for the mouse a and TSH-B subunits to spe
cific chromosomes using mouse-hamster somatic cell hybrids whose chromosome 
composition was determined by karotype and isoenzyme analysis (62). Chro
mosomes were assigned by hybridization of a and TSH-B eDNA probes with 
Southern blots of chromosomal DNA digested with BamHI. The mouse a gene 
was found to reside on chromosome 4 and the TSH-B gene on chromosome 3. 
In addition, mouse LH-B was assigned to mouse chromosome 7 (62,63). 

Moreover, we have recently determined the chromosomal location of the 
gene for human TSH-B (64). A fragment of the human TSH-B gene was used as 
a hybridization probe to analyze Southern blots of DNA from rodent-human 
somatic cell hybrids. Analysis of the segregation of the EcoRI fragment 
containing human TSH-B sequences allowed the assignment of the TSH-B gene 
to human chromosome 1. A subregional assignment of the gene to 1p22 was 
achieved using a set of hybrids containing partially overlapping segments 
of this chromosome. We also have independently confirmed the assignment 
by Naylor et al. (63) of the a subunit gene to human chromosome 6. In the 
human, the LH-B/CG-B gene cluster has been assigned to chromosome 19. Thus, 
it appears that the genes for the subunits of the glycoprotein hormones may 
all be found on different chromosomes, with the exception of the LH-8/CG-B 

gene cluster in which CG-B has probably only recently evolved by gene dup
lication from LH-B, in primates. 

Negative feedback by thyroid hormones is the major regulator of pitu
itary TSH synthesis and secretion, with the effect on secretion being more 
rapid (3-14). Mouse thyrotropic tumors almost always show an excess of free 
a subunit over TSH-B, as in fact do the normal mouse and human pituitary 

(37,38). In hypothyroidism, however, the ratio of free a to TSH-B becomes 
more balanced (37,38). As further evidence for the independent regulation 
of a and TSH-8 gene expression, the TSH-B content of tumors and of the pitu
itaries of hypothyroid mice is invariably decreased much more markedly and 
rapidly than a content, by thyroid hormone treatment. In studying the mech
anism of this discordant regulation of a and TSH-B subunit biosynthesis by 
thyroid hormones, we (10) and others (6,7) have shown unbalanced changes 
in a and TSH-B mRNA levels. Thus, T3 treatment (20 ~g/100 g body weight) 
or tumor-bearing mice for either 4 or 10 days reduced the tumor TSH-B pro
tein content to 29% and 10% of control, respectively, with a similar de
crease in tumor TSH content. However, there was no significant change in 
tumor a content at either time point. Hybridization of tumor poly(A) mRNA 
with labeled a and TSH-B eDNA probes showed that tumor TSH-B mRNA content 
was reduced to less than 10% of control at both 4 and 10 days, whereas there 
was no change in a mRNA content at 4 or 10 days. Similar changes were seen 
when translatable a and TSH-B mRNA levels were assayed in the reticulocyte 
lysate system (10). Chin et al. (13) have reported similar discordant ef
fects on tumor a and TSH-B mRNAs as early as 1 and 4 hours after T4 treat
ment. In addition, we and others have found that thyroid hormones cause a 
more marked and rapid effect on TSH-B than on a mRNA levels in the pitu
itaries of non-tumor-bearing hypothyroid mice (6,7,25). In our experiments 
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on the effects of thyroid hormone on hypothyroid pituitary a and TSH-S 
mRNA, we used lower doses of T3 (0.5 to 2.0 ~g/100 g body weight) and a 
shorter treatment time (1, .2, or 3 days); we again noted faster and more 
potent suppression of TSH-S than a mRNA. We also demonstrated minor stim
ulatory effects of TRH on a and TSH-S mRNA, but no effect of dexamethasone 
or bromocriptine (25). 

We have also used the "run off" in vitro transcription assay to de
termine whether thyroid hormones exer~discordant effects on a and TSH-S 
mRNA levels at the level of a and TSH-S gene transcription (11). In this 
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Fig. 1. Effects of T3 treatment on a and 
TSH-a gene transcription and mRNA 
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Fig. 2. Effect of T3 treatment on o. and TSH-6 gene 
transcription and mRNA content in tumor 
109F. Methods are as described for Fig. 1. 

assay, isolated nuclei are allowed to synthesize RNA in vitro in the pres
ence of [o.p32]-UTP; the labeled RNA is isolated and then hybridized to 
filter-bound plasmid DNA probes to measure specific RNA synthesis. There 
is no re-initiation in vitro, and the assay measures the number of RNA 
polymerase molecules-on~gene at the time of isolation of the nuclei. 
Using this assay we found that T3 treatment decreased tumor TSH-6 gene 
transcription to less than 10% of control levels after both 2 and 6 hours. 
In contrast, o. gene transcription was only slightly reduced at 2 hours and 
had returned to control levels at 6 hours. Although the tumor contained 
approximately equal amounts of o. and TSH-6 mRNA, the rate of TSH-6 gene 
transcription was approximately three times greater than the rate of o. gene 
transcription (Fig. 1). Similarly, in a second tumor in which o. mRNA con
tent was about sixfold greater than TSH-6 mRNA, the rate of TSH-6 gene 
transcription was still 50% greater than the rate of o. gene transcription 
(Fig. 2). These findings suggest that there is a considerable difference 
in stability between o. and TSH-6 mRNAs or mRNA precursors. Although we do 
not yet know whether thyroid hormones influence mRNA stability, these find
ings suggest that mRNA turnover rates are important in the regulation of 
o. and TSH-6 subunit biosynthesis (11). In similar studies, Shupnik et al. 
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(12) have found a more rapid and marked effect of thyroid hormone on TSH-B 
gene transcription than on a gene transcription, with a significant de
crease in TSH-S gene transcription as early as 30 minutes after T4 admin
istration. The rapidity of the thyroid hormone effect is consistent with 
inhibition of gene transcription by direct interaction of the nuclear thy
roid hormone receptor complex with control regions of the a and TSH-S genes. 
Shupnik et al. (12) noted that the transcription rates of a and TSH-S mRNA 
were equivalent. This finding could be due to the fact that they used dif
ferent tumors for their studies. 

In conclusion, TSH biosynthesis is primarily affected by thyroid hor
mones; regulation of the subunits is discordant and mainly exerted on TSH-S. 
Thyroid hormones decrease a and TSH-S mRNA levels by inhibiting a and TSH-S 
gene transcription. Other levels of regulation, such as RNA stability, gly
cosylation, and secretion, appear to modulate TSH biosynthesis more subtly. 
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ROLE OF THE PITUITARY IODOTHYRONINE S'DEIODINASE ACTIVITY IN THE NEGATIVE 

FEEDBACK BY THYROID HORMONE UPON TSH RELEASE 

J. Enrique Silva 

Howard Hughes Medical Institute Laboratory, Brigham and 
Womens' Hospital, Department of Medicine, Harvard Medical 
School, Boston, MA, USA 

It is widely accepted that triiodothyronine (T3) accounts for nearly 
all of the thyromimetic potency of thyroidal secretion. The nuclear thy
roid hormone receptors bind T3 with > 10-fold higher affinity than thyrox
ine (T4), and the intracellular concentration of T4 is not enough to occupy 
more than 10% of these receptors--a substantial fraction of which may ac
tually be non-specifically bound. About a decade ago, this and the rela
tively rapid exchange of plasma T3 with the receptor, led to the concept 
that the thyroid status of the tissues was closely reflected by the plasma 
concentration of T3 (1). 

There was, however, one conspicuous exception. In a number of condi
tions, experimental as well as clinical, TSH was elevated in spite of normal 
plasma T3 levels. For example, in experimental iodine deficiency, serum TSH 
rises promptly after placing the animals on the iodine-deficient diet, yet 
the plasma T3 remains normal (2), unless the deficiency is extreme and pro
longed. Patients in early stages of thyroid gland insufficiency exhibit 
elevated serum TSH levels with T3 well within normal limits. In both pa
tients and iodine-deficient rats, tissue hypothyroidism is barely evident 
or simply inapparent, consistent with the concept that the availability of 
T3 for most tissues depended largely on plasma T3 (3). Only the pituitary 
gland is evidently hypothyroid, as reflected by the elevation in TSH (2). 
The reduced plasma T4 in these conditions appeared as the driving force in 
the elevation of TSH. 

These findings could be explained in a number of ways: 1) the suppres
sion of TSH could be mediated by mechanisms different from the other effects 
of thyroid hormone, i.e., other than via the nuclear receptors, with T4 
being as active as, or more active than, T3; 2) there could be previously 
unrecognized nuclear T4 receptors in the pituitary; and 3) there could be 
intrapituitary T3 generation and plasma T4 could be a rate-limiting factor. 
Two pieces of evidence favored either the first or the second explanation. 
One was the failure to demonstrate TJ generation in pituitary homogenates 
by Galton (4} and, the other, the observation by Larsen and Frumess that 
propylthiouracil (PTU) did not prevent the acute T4-mediated inhibition of 
TSH release (5). 

The first experiments performed to explore this seemingly unique effect 
of T4 on the thyrotrophs addressed the question as to whether or not the TJ
induced TSH release inhibition was mediated by the nuclear receptors. The 
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results of these experiments showed that the acute inhibition of TSH re
lease after a single injection of T3 to hypothyroid rats correlates chrono
logically and quantitatively with the T3 specifically bound to the nuclear 
receptors (6), and that the inhibition after various doses of T3 is linearly 
related to nuclear occupancy (7). Along with the earlier observations that 
the inhibition of protein synthesis by cycloheximide or actinomycin D pre
vented the suppressive effects of T3 upon TSH, these results suggested that 
this effect of T3 was not different from other effects of the hormone, but 
the T4 inhibition of TSH release could still be mediated by other mecha
nisms. 

Although cytoplasmic pituitary proteins can bind T3 and T4 in a satu
rable fashion (8), because of their low affinity for T4, these binding pro
teins do not appear to be receptors; so, other than the weak binding of T4 
to the nuclear T3 receptors, no binding sites qualifying as receptors for 
T4 appeared to be present in the pituitary. When we examined the nuclei of 
the pituitary cells for T4 binding after injecting tracer amounts of radio
active T4 into euthyroid rats, we only found radioactive T3 bound to these 
nuclei (9). Most importantly, the radioactively labeled T3 found in the 
nuclei was specifically bound to the nuclear receptors and could not be 
accounted for by the minute amounts of radioactive plasma T3 present under 
those experimental conditions (6~7). In those and subsequent experiments, 
the nuclear to plasma ratio of 1LSI-T3 [T4l shortly after the injection of 
125I-T4 and 131I-T3 exceeded the nuclear to plasma ratio of 131I-T3 [T3l by 
a factor of 2-3, indicating rapid and active intrapituitary T4 to T3 con
version (6,7,9). When TSH suppression after T4 was examined in hypothyroid 
rats, the time course and the extent of the suppression could be closely 
related to the T3 [T4] found specifically bound to the nuclear receptors 
(6,7). Only in the pituitary gland, but not in liver or kidney, did the 
simultaneous administration of T3 and T4 result in significantly larger 
amounts of T3 than after the same doses of T3 alone (7), and the simulta
neous administration of submaximal doses of T4 and T3 resulted in additive 
TSH suppression without higher levels of plasma T3 than after the T3 alone 
(7). Radioisotopic kinetic analyses with pulse injections of 125I-T4 and 
131I-T3 (9), and subsequently by constant infusion by van Doorn et al. (10) 
or by isotopic equilibrium by Obregon et al. (11), indicate that in euthy
roid rats the T3 nuclear receptors are about 80% saturated, and that about 
half of this T3 derives from local (intrapituitary) production. That at 
physiological doses of T4 all, or nearly all, of the suppressive effect of 
T4 on TSH was due to the T3 generated in the pituitary was demonstrated by 
the observation that iopanoic acid, a competitive inhibitor of T4 to T3 con
version, prevented the effect of T4 on TSH, but not that of T3 (12). Al
though basically indirect, all of this evidence suggested that the appar
ently unique effect of T4 on TSH release was due to intrapituitary T3 gen
eration with subsequent binding of the T3 [T4l to the nuclear receptors, 
and to the fact that the latter constituted about 50% of the nuclear T3. 

Thus, pituitary S'deiodination of T4 seems to play a crucial role in 
determining the physiological characteristics of the feedback of thyroid 
hormones on TSH secretion. I will now discuss briefly some characteristics 
of the pituitary S'deiodinase activity. Before the experiments described 
above, Larsen and Frumess had found that PTU did not prevent the acute in
hibition of TSH by a single replacement dose of T4, and that in thyroidec
tomized rats maintained on T4, the concomitant administration of PTU reduced 
plasma T3 levels by 60-70%, prevented the normalization of the thyroid hor
mone-dependent hepatic alpha-glycerophosphate dehydrogenase, but barely af
fected the suppression of TSH by the replacement with T4 (5). In light of 
the experiments described above, these results strongly suggest that pitui
tary T4 S'deiodination is PTU-sensitive. In vivo studies demonstrated that 
the quantity of T3 specifically bound to the pituitary nuclei after T4 was 
not affected by pretreatment with PTU (7). Experiments with pituitary 
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fragments also showed that nuclear 125I-T3 derived from labeled T4 placed 
in the incubation medium was resistant to PTU inhibition and, at variance 
with liver-catalyzed T4 to T3 conversion, this reaction in the pituitary 
fragments was not affected by fasting (13). Furthermore, all of the locally 
generated 125I-T3 [T4] after in vivo injection of 125I-T4 was PTU-insensitive 
while, in the same animals, PTU decreased serum and liver 125I-T3 [T4l (14). 
Studies with pituitary homogenates demonstrated that T4 S'deiodination in 
the pituitary was highly dependent on thiol reducing agents like dithio
threitol, and also confirmed that T4 to T3 conversion was not affected by 
as much as 1 mM PTU (15). Similar observations in central nervous tissue, 
both in vivo and in vitro (14), and the partial inhibition of reverse T3 
(rT3) S'deiodination by PTU, led to the conclusion that in these tissues 
there were two separate enzymatic pathways that could catalyze rT3 S'deio
dination (16). One of these enzymes was indistinguishable from the well
characterized S'deiodinase in liver and kidney (termed by our group Type I 
5'deiodinase or S'D-I), and the other was different in a number of features: 
preferred T4 over T3 as substrate, had a markedly lower Km for T4 and T3 
than the renal or hepatic enzymes, exhibited sequential type of kinetics, 
was insensitive to PTU, and responded markedly, rapidly, and in opposite 
direction to hypo and hyperthyroidism when compared with S'D-I (17). This 
is the Type II S'deiodinase, S'D-II. It is the pituitary S'D-II that ac
counts for all the T3 locally generated in vivo in this gland, and for all 
the other results described above. This enzyme is a key element in deter
mining the pituitary responsiveness to feedback by T4. 

Before analyzing the physiological implications of the peculiarities 
of the interactions of the pituitary with T4 and T3, I would like to exam
ine some of the evidence indicating that a similar mechanism operates also 
in humans. For obvious reasons, this evidence is largely indirect and is 
summarized in Table 1. 

Whereas the observation of hypothyroxinemia with normal T3 and eleva
ted TSH is familiar to all clinicians, the other evidences deserve some 
comment. Moderate iodine deficiency prevents the normal elevation in total 
serum T4 seen in pregnancy, resulting in a reduction of serum free T4 con
centration. This situation is corrected by the administration of 300 ~g 
of iodine daily which is accompanied by a normalization of free T4 concen
tration, a modest but highly significant reduction in TSH, but no change 
in total or free serum T3 concentration. These findings suggest that the 
modest increase in TSH maintains the level of T3 in the face of reduced T4, 
and that the latter drives the elevation of TSH. When the iodine supply is 

Table 1. Evidence Suggesting that Plasma T4, Probably Through T4 to T3 
Conversion, is at Least as Important as Plasma T3 in the 
Feedback on TSH Secretion in Humans 

1) Elevation of serum TSH in hypothyroxinemia with normal serum T3 in 
a number of conditions such as iodine deficiency, failing thyroid 
syndrome, etc. 

2) Pharmacological blockade of T4 to T3 conversion is followed by TSH 
elevation unaccounted for by reduced serum T3 (18,19,20). 

3) Cases of TSH-induced hyperthyroidism where TSH can be suppressed 
with exogenous T3 but not T4 (21). 

4) Some cases of nonthyroidal illness where the normal serum TSH can 
be, in part, explained by elevated levels of free T4. 
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normalized, the secretion of TSH decreases and with it that of T3, but the 
latter remains normal since the precursor molecule, T4, is now normally 
available (22). 

Studies with iodinated contrast dyes (18) and amiodarone (19), all sub
stances that inhibit T4 to T3 conversion, show that these agents elicit a 
fall in serum T3 levels and an elevation in serum T4 and TSH. Although in 
these early studies no correction of serum T3 was intended and part of the 
TSH elevation may be accounted for by the fall in serum T3, the observation 
is consistent with the concept that T4 to T3 conversion is necessary for the 
feedback. If T4 had significant intrinsic effect, its elevation would be 
expected to suppress TSH and the system would reequilibrate with only a min
imal elevation of T4. In more recent studies where exogenous T3 was admin
istered to maintain the plasma T3, iopanoic acid increased the response to 
TRH (20). In unpublished studies, Silva and Michaud observed that in cir
rhotic patients given large doses of iodine, a fall in the elevated free T4 
of 1 ng/dl (without return to the normal range), induced a significant in
crease in basal and TRH-stimulated TSH. In these protocols, the iodine was 
administered along with T3 to prevent a drop in plasma T3 resulting from the 
reduced secretion. The administration of iopanoic acid, along with small 
and repeated doses of T3 to prevent the reduction in plasma T3, resulted in 
~n elevation of TSH but, in this case, free T4 was elevated, not reduced. 

A family described by Rosler et al. (21) presented with hyperthyroidism 
and elevated TSH. In these cases, the administration of T3, but not of T4, 
could suppress TSH; a single daily dose of 25 or SO ~g of T3 could cause a 
suppression of TSH sufficient to maintain the patients euthyroid. Although 
in these, as in other cases described subsequently (23), there are other 
possible explanations, an isolated defect of pituitary S'D-II is a clear 
and reasonable explanation. 

I will now discuss briefly some physiological implications of the 
presence of S'D in the pituitary. Since T3 is several times more potent 
than T4 and most tissues in the body can exchange T3 rapidly with plasma, 
all physiological responses leading to the maintenance of plasma T3 levels 
will prevent hypothyroidism when the thyroid gland fails. The fact that 
plasma T4, due to the pituitary S'D-II and other mechanisms to be discus
sed next, has such an important impact on TSH secretion is of tremendous 
adaptive advantage. Because of these mechanisms, the body can increase 
markedly the secretion of TSH without hypothyroidism of vital tissues such 
as heart, liver, or kidney. If plasma T3 was the main or the only signal 
feeding back on TSH, a sufficient stimulation of the thyroid to increase 
the T3 secretion to a level that compensates for the drop in extrathyroidal 
T3 generation would not be possible. However, it is important to emphasize 
that pituitary S'D-II is a necessary, but not a sufficient, factor for the 
dual feedback. Liver and kidney produce T3 from T4 at a much faster rate 
than the pituitary, but in these tissues, T3 does not remain in the cell, 
it is exported. The reasons for the pituitary to retain a significant 
amount of the T3 produced locally are not clear. To date, we have found 
that all tissues with S'D-II produce a significant fraction of their T3 
content, but we have no other evidence of a cause-effect relationship be
tween the presence of this enzyme and a large fraction of locally produced 
T3. Studies in the central nervous system suggest that the rate of ex
change of T3 between the tissue and plasma may play an important role. In 
liver and kidney, the exchange of T3 with plasma is so fast (10-20 min to 
reach equilibrium), that before T3 produced in situ can distribute within 
the cell, it is "diluted" by the T3 enteringfrom plasma (24). Thus, either 
the kinetics of exchange of T3 between the pituitary and plasma, or another 
factor such as some peculiarity of the subcellular distribution of S'D-II, 
accounts for the fact that approximately SO% of the T3 is locally generated. 
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The elucidation of this question awaits further investigation. It is in
teresting that in the tissues where local generation of T3 [T4] is a major 
input for the tissue T3, the degree of nuclear receptor saturation is higher 
than in tissues "importer" of plasma T3. In the pituitary gland, the recep
tors are approximately 80% saturated, which accounts for the low fraction 
of the TSH secretory capacity that is expressed in the euthyroid animal. 

Another unresolved question derives from the presence of S'D-II in the 
pituitary. As mentioned earlier, this enzyme increases rapidly and marked
ly in the central nervous system and the pituitary following thyroidectomy 
(26). Furthermore, plasma T4 seems to be the most important physiologi-
cal signal for the modulation of this enzyme (26). At first glance, it 
does not make teleological sense that thyrotrophs contain this enzyme, for 
the increase of its activity in hypothyroxinemia would hamper the reduction 
in intrapituitary T3 that should ensue and, hence, would reduce the TSH re
sponse. Even though we do not have a definite answer, the responses of the 
thyrotroph S'D-II might not be faithfully reflected by the overall responses 
of the whole pituitary, which is what we have examined in response to mani
pulations of the thyroid status. In the euthyroid rat anterior pituitary 
(and probably in other species as well), only a minor fraction of the cells 
(<10%) are thyrotrophs, becoming, at most, 40% of the cell population in 
chronically hypothyroid rats. The increase in S'D-II seen following thy
roidectomy might well not represent what occurs in the thyrotroph cells. 
The most solid piece of evidence in favor of this idea has been obtained 
by Koenig et al. (27). These authors have found that dispersed pituitary 
cells enriched in thyrotrophs respond significantly less to the removal of 
thyroid hormone from the medium than fractions of cells enriched in somato
trophs or lactotrophs. Moreover, a substantial part of the S'D-II thyroid 
hormone dependency can be accounted for by the contamination with the other 
cells containing the enzyme. Secondly, even observing the overall pituitary 
S'D-II response to hypothyroidism in rats given graded doses of methimazole, 
one sees that TSH is elevated to over SO% of the maximal response with minor 
reductions of T4, whereas it takes >SO% reduction in serum T4 levels to see 
a significant elevation in S'D-II (26). When one gives T4 to chronic hypo
thyroid rats, S'D-II in the pituitary requires more T4 to be suppressed than 
the cerebral cortex (26). Thus, the overall sensitivity of the pituitary 
S'D-II to T4 may be less than that of the central nervous system, and that 
of the thyrotrophs S'D-II even less than that of the other anterior pitui
tary cells. 
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TSH-SECRETING PITUITARY TUMORS 
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TSH-secreting pituitary tumors represent one major group of the syn
drome of inappropriate secretion of TSH (1). This syndrome is defined as 
inappropriately measurable or elevated concentrations of TSH in the pres
ence of increased total and free serum thyroid hormones, and is comprised 
of both neoplastic and non-neoplastic variants. Neoplastic TSH production 
by a pituitary tumor may occur in the setting of either a microadenoma or 
macroadenoma and may be associated with the production of other hormones, 
particularly growth hormone and prolactin. Because of increased awareness 
of physicians, these tumors are being recognized with increasing frequency. 
Currently, over 40 cases have been reported in the literature, and we have 
seen or are aware of several additional unreported cases. 

In diagnosing a TSH-secreting pituitary tumor, the physician must be 
aware of the fact that apparently elevated TSH levels in sera may result 
from anti-bovine TSH antibodies, anti-rabbit immunoglobulin antibodies and 
other substances that interfere with certain TSH radioimmunoassays. Anti
iodothyronine antibodies, elevated thyroxine-binding globulin, and abnormal 
albumin or prealbumin may also cause spurious elevations of total thyroid 
hormone levels, and, depending on the method used, false elevation of free 
thyroid hormone levels. Several other common thyroid problems must also 
be differentiated from the syndrome of inappropriate TSH secretion. More
over, the non-neoplastic variants of this syndrome must be considered and 
excluded. 

The non-neoplastic disorders are variants of thyroid hormone resis
tance which refers to sporadic or familial syndromes in which patients 
demonstrate variable degrees of refractoriness to the action of endogenous 
or exogenous thyroid hormones. Refetoff et al. (2,3) initially reported 
a family in which three of six children demonstrated deaf-mutism, delayed 
bone maturation and stippled elilhyses, goiter, elevated total and free 
serum T4 and T3, and elevated 3 I uptake. Despite elevated thyroid hor
mone levels, these patients displayed no clinical features of hyperthyroid
ism and also failed to respond to large exogenous doses of T4 or T3. These 
patients also demonstrated pituitary resistance to elevated serum free T4 
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and T3. Since this initial description, a number of other cases of gener
alized resistance to the action of thyroid hormone have been reported (1). 
Most of the cases have been familial but sporadic cases have also been 
described. In the familial cases, both autosomal recessive and autosomal 
dominant patterns of inheritance have been suggested, with variable expres
s~on of the disease in affected members of the same family. 

It was subsequently recognized that certain patients appeared to have 
selective pituitary resistance to the action of thyroid hormone. Gershen
gorn and Weintraub (4) initially described a patient with elevated free T4 
and T3 and inappropriately elevated TSH in the basal state and a marked TSH 
response to TRH. However, unlike patients with generalized resistance to 
thyroid hormone, this patient displayed clear clinical and biochemical fea
tures of peripheral hyperthyroidism. Moreover, exogenous T3 caused only a 
partial suppression of TSH and increased peripheral hyperthyroidism. Many 
additional sporadic cases of selective pituitary resistance have been re
ported, as well as one familial description of six affected females in three 
generations (1). In addition, a single case of selective peripheral but not 
pituitary resistance to the action of thyroid hormone was reported by Kaplan 
et al. (5). 

The distinction between neoplastic and non-neoplastic disease has sig
nificant therapeutic implications, and is determined by a constellation of 
clinical, biochemical, and radiologic findings. These features are likely 
to be modified if the patient has received thyroid ablative therapy, such 
as surgery, radioactive iodine, or antithyroid drugs, prior to establishing 
the diagnosis of inappropriate TSH secretion. In our experience, the most 
useful discriminator between neoplastic and non-neoplastic production of 
TSH is measurement of the plasma free alpha subunit (6). Normal TSH pro
duction results in equimolar serum concentrations of alpha and TSH, and an 
a/TSH ratio greater than one suggests neoplastic TSH secretion. Determina
tion of the alpha subunit is not generally available, but can be obtained 
from several research facilities, including our laboratory at the National 
Institutes of Health (NIH). Radiologic evaluation usually includes a sellar 
computerized axial tomographic (CT) scan, but results should be interpreted 
carefully with respect to the clinical setting, since pituitary enlargement 
may occur with primary hypothyroidism, and incidental nonfunctioning pitu
itary adenomas or prolactinomas may be seen. The CT scan can clarify ana
tomic characteristics of a tumor, and the location and extent of the tumor 
are determinants in the choice of a surgical technique. In selected cases, 
further study with newer techniques may be useful. These include nuclear 
magnetic resonance scanning (NMR) for anatomic structure, positron emission 
tomography (PET) scan for functional study, and bilateral venous petrosal 
sinus sampling for hormonal measurement during TRH administration. 

After the diagnosis of a TSH-secreting pituitary tumor has been made, 
treatment is usually directed toward surgical and/or radiation therapy, as 
pharmacologic therapy has not generally proven beneficial (7). Unfortu
nately there are no large, controlled clinical trials to compare various 
treatment modalities. Therapeutic decisions should take into consideration 
the age and general health of the patient, the location and apparent growth 
rate of the tumor, whether the tumor is previously untreated or the nature 
and timing of prior treatment, and the complications of the tumor, such as 
mass effects and altered endocrinologic function. Some of these complica
tions are associated with significant morbidity and decreased life expec
tancy if left untreated. The goal of therapy is to ablate neoplastic tissue 
and to restore euthyroidism and normal TSH levels, while preserving pitui
tary function. Previous experience indicates that most TSH-secreting ade
nomas are invasive and are associated with significant mass effects. In 
our opinion, early and aggressive treatment is indicated to avoid the com
plications of tumor growth and endocrinopathies. 
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We favor the use of surgical intervention for definitive treatment 
when a pituitary adenoma is confirmed and preoperative assessment of other 
pituitary function is complete. Therapy should be undertaken immediately 
if there is any sign of progressive visual compromise or neurologic dete
rioration. The preferred surgical approach is transsphenoidal microsurgery 
for tumors that are intrasellar or have mainly upward extension. Trans
frontal craniotomy may be necessary if there is growth outside the sella, 
in parasellar or retrosellar regions, or if there is extensive infiltra
tion of brain or vascular structures by tumor. Successful resection is 
accompanied by rapid fall in serum TSH and, subsequently, total and free 
thyroid hormone levels, as well as normalization of the tumor marker, alpha 
subunit. There should also be improvement of other biochemical abnormali
ties, if present, such as elevated growth hormone or prolactin. 

The complications of surgery develop most often in patients with 
large, locally invasive adenomas and include instances of surgical death. 
Postoperative complications include intracranial hemorrhage such as sub
arachnoid bleeding or organized hematoma; CSF rhinorrhea or meningitis; 
carotid artery damage resulting in bleeding, thrombosis, embolism, or cav
ernous sinus fistula; optic nerve damage, directly or secondary to vascular 
anatomic changes; nasal or sinus infection and damage; and endocrinologic 
dysfunction. Patients are observed postoperatively for neurologic deterio
ration which may require further surgery, for seizures which may require 
medication, and for pituitary dysfunction which may necessitate temporary 
or permanent treatment of hypothyroidism, hypocortisolism, hypogonadism, 
and diabetes insipidus. Despite the risks of surgery, one must consider 
the potential of developing many of the same complications related to pro
gressive tumor growth and invasion of critical tissue if the tumor is left 
untreated. 

Previous reports in the literature of surgical outcome dealt with 
macroadenomas, and in general there was residual tumor resulting in recur
rent endocrine or mass effects. Therefore, careful follow-up evaluations 
of clinical and biochemical parameters are necessary, especially of the 
alpha subunit, which may be the sole indicator of recurrence. Because com
plete resection of these tumors is not often achieved, adjunctive radiation 
or pharmacologic therapy with 131I, antithyroid drugs or dopamine agonists 
may be necessary. 

Radiation therapy of pituitary tumors in general can result in improve
ment of mass effects of the tumor and/or decreased secretory function. It 
is generally preferable to surgically debulk large tumors before administer
ing radiation therapy, depending on the ability of the patient to tolerate 
surgery and on a realistic appraisal of the risks and benefits of surgery, 
especially for large or invasive tumors. 

In the case of TSH-secreting tumors, the radiosensitivity of tumor 
tissue has not been established, and thus far radiation has been used only 
as an adjunct to surgery. Radiotherapy is associated with relatively low 
morbidity, but a major disadvantage is the slow response. Furthermore, hy
perthyroidism may persist from the continued secretion of TSH, even if some 
decrease in the serum level is achieved by treatment. 

Conventional supervoltage radiation is the method employed at NIH and 
is generally available. Use of this technique requires adequate radiologic 
localization, so that the field size and beam direction can be established 
by stimulation to maximize the dose delivered to the tumor. Reports of 
therapy for pituitary tumors generally suggest that a dose less than 4000 
rads is associated with higher recurrence rates and greater than 5000 rads 
with a higher incidence of complications. We recommend a tumor dose of 4500 
rads fractionated at 200 rads per day. Additional treatment resulting in a 
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Table 2. TSH-secreting Pituitary Tumors: TSH Dynamic Responses 

Patient TRH, Acute Dopamine Thyroid Corti co- Antithyroid 
Age/sex 500 meg IV agonists hormone steroids drugs 

1 52M 0 Minimal ~ Minimal ~ ~ NT 

2 43F + NT Minimal ~ NT NT 

3 25F + Minimal + 0 NT + 

4 35F + NT 0 NT NT 

5 31F + Minimal ~ 0 NT + 

6 36F + 0 0 0 + 

NT Not Tested 

higher total dose might be used for recurrent tumor which had previously 
been treated with radiation. The dose and timing of prior radiation would 
need to be taken into consideration. 

Immediate adverse effects such as hair loss and erythema are minimal 
with modern equipment, which delivers a small dose to skin and subcutaneous 
tissue. Late complications that have been reported with pituitary tumors 
occurred in the setting of the use of older equipment and less accurate lo
calization, administration of larger doses, and less fractionation of dose. 
Such complications of radiation have included hypopituitarism, optic nerve 
damage, brain necrosis, and induction of cerebral neoplasms. 

We have recently evaluated and treated six previously unreported pa
tients with TSH-secreting pituitary tumors at the U. S. National Institutes 
of Health. The biochemical profile, TSH dynamic responses, and therapeutic 
outcome of these cases are described in Tables 1-3. In only one of these 
patients (No. 3) was the tumor discovered at an early microadenoma stage 
(0.8 em). As is usually observed, the other patients had large tumors with 
extensive suprasellar extension or bony invasion. Two of these patients had 
associated hypersecretion of growth hormone (No. 2 and 6), two had hyper
prolactinemia (No. 4 and 5), and one hypersecretion of follicle-stimulating 
hormone (No. 6). Typically, all of the patients had been initially misdiag
nosed, and most were subjected to inappropriate treatment with 131I ablation 
of the thyroid or antithyroid drug therapy, leading to prolonged periods of 
clinical or chemical hypothyroidism. We believe that in patients who have 
not received prior pituitary surgical or radiation therapy, such periods of 
hypothyroidism can lead to an aggressive transformation of the tumor, as ob
SPrved following adrenalectomy for Cushing's disease in Nelson's syndrome. 

It is very clear from our experience that adequate therapy of TSH
secreting pituitary tumors depends on early diagnosis. Hopefully, in
creased awareness of physicians, as well as the availability of TSH immu
noassays with improved sensitivity and specificity, should permit earlier 
recognition of these tumors. Increased recognition and study of these 
patients are not only important clinically, but should provide fundamen
tal insights into the regulation of TSH biosynthesis, secretion and action. 
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EMERGING CONCEPTS IN INHERITED DISORDERS OF THYROID METABOLISM 

Geraldo Medeiros-Neto 

Thyroid Laboratory, Hospital das Clinicas 
University of Sao Paulo Medical School 
Sao Paulo, Brazil 

Congenital disorders of thyroid metabolism may result from complete 
or partial blockage at any biochemical step in hormone synthesis, storage, 
secretion, delivery, or utilization. Our understanding of inborn errors of 
thyroid awaited the development of sophisticated biochemical investigative 
tests pioneered by Stanbury just over 35 years ago (1). Since then, there 
has been an enormous growth of our knowledge of these disorders. The de
tailed molecular mechanism in each defect has been only partially elucida
ted but progress in this field has greatly assisted our knowledge of normal 
thyroid physiology. 

A large number of specific proteins controls the biochemical reactions 
involved in thyroid metabolism and base pair sequence changes in their con
trolling genes (mutations) result in inherited or sporadic errors. Reces
sive patterns of inheritance have been postulated for most of these syn
dromes, but dominant modes have been suggested in some families with gen
eralized resistance to thyroid hormone and an X-linked inherited thyroxine 
binding globulin deficiency and excess. 

Clinical or phenotypic variability in a single biochemical defect de
pends upon whether the defect is complete or incomplete, quantitative or 
qualitative, and changes in the enzyme or protein involved. Early decom
pensation is indicated by goitrous hypothyroidism at birth with growth and 
mental retardation. On the other side, euthyroid goiter may be present 
for many years in well-compensated defects. Environmental factors may be 
superimposed on biochemical heterogeneity and cause further variability 
in clinical presentation, as hronic iodine deficiency will further exac
erbate the metabolic problem caused by iodine transport defect. Finally, 
genetic heterogeneity may also affect clinical variability. In some kin
dreds with Pendred's syndrome, goiter and deafness are present, whereas 
others have goiter or deafness but not both, while others have only a pos
itive perchlorate discharge test. 

Inherited disorders of thyroid metabolism are best classified by the 
main site at which the biochemical block occurs (2). Research has shown 
that most categories in this classification are heterogeneous and this is 
indicated by subgroups. This symposium deals with recent advances on the 
hereditable defects in thyroid peroxidase function, abnormalities in thy
roid hormone-binding proteins, the multiple defects associated with thyro
globulin synthesis, and the inherited disorders of thyroid hormone action. 
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The organification defect is probably the most common inherited dis
order of thyroid metabolism, and 30% of the 257 patients with defective 
thyroid hormone metabolism studied in the Hospital das Clinicas, Sao Paulo, 
had an organification defect. Perchlorate-induced discharge (PDT) of 
greater than 50% of thyroid iodide at two hours after a tracer indicates 
virtually a complete absence of thyroid peroxidase activity. Partial ab
sence or qualitative minor defects will result in less than 40% discharge 
of accumulated iodide and the abnormal PDT may also be found in Hashimoto's 
thyroiditis and in patients with deficient Tg production. Reported defects 
in the organification process were divided by DeGroot's group into five 
main categories (2). It is recogn~zed that qualitative defects in TPO may 
be present in other thyroid diseases such as multinodular goiter (with a 
strong familial goiter prevalence) or in other thyroid metabolism defects 
such as iodide trapping or coupling defects, as reported in this Congress 
by Yamamoto et al. (3). The basic defect in Pendred's syndrome remains 
uncertain and may not be uniform, although a TPO reduced affinity for the 
phenolic substrates has been demonstrated (2). Also, the cause of senso
rineural deafness and its relationship, if any, with the partial organifi
cation defect are still unclear. 

The thyroid hormones T4 and T3 are bound to serum proteins (TBG, TBPA 
and albumin), TBG being the most important T4 transport protein (80%). In
herited abnormalities regarding TBG concentration, elevations, and deficien
cies have been published by several authors including the group of investi
gators from Rotterdam. Familial TBG excess is much less common than congen
ital TBG deficiency. An X-linked variant has been recently described in 
Aborigines and led to the question about whether polymorphism of TBG might 
not be due to genetically-induced alterations but caused by different TBG 
content of sialic acid. On the other hand, hereditary variations in TBPA 
are very rare. Hennemann and collaborators (4) have described two families 
with increased affinity of an abnormal albumin fraction for T4, and subse
quently this dysalbuminemic hyperthyroxinemia was found in other families. 
Much work has yet to be done about the genetic inheritance pattern in the 
abnormalities of thyroid hormone transport proteins. 

Another heterogeneous biochemical disorder of hormonogenesis is related 
to abnormal Tg formation and secretion. Quantitative and qualitative abnor
malities in Tg mRNA, the intracellular transport of Tg, and its glycosyla
tion have been described in both animals and man by Vassart and his group 
(5). Some of the animal studies in Afrikaner congenitally goitrous cattle, 
sheep, and goats are very informative. Large deletions of the Tg gene do 
not seem to be frequently involved. Considering the exceptional size of 
the Tg gene, it is logical to consider that abnormal splicing might be fre
quently involved in congenital goiter or even in sporadic euthyroid goiter 
with familial clustering. Recombinant DNA technology applied to Tg studies 
pioneered by Vassart and his collaborators have greatly expanded our knowl
edge in this field. 

Dr. Gross will report on the disorders related to resistance to thy
roid hormone action both in sporadic, as well as inherited cases. These 
patients show partial or generalized resistance to thyroid hormone, first 
described by Refetoff et al. (6). There is evidence that there may be de
fects also in the 5'monodeiodinases, both in man and animal studies. Stud
ies of cases of generalized thyroid hormone resistance may ultimately shed 
light on the mechanism of action of thyroid hormone. On present evidence, 
the most likely mode of action is via abnormal binding to a nuclear receptor 
protein, but it has been reported that the thyroid hormone-mediated post
transcriptional pathway may be affected. 
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HEREDITABLE DEFECTS IN THYROID PEROXIDASE FUNCTION* 

INTRODUCTION 

L.J. DeGroot and L. Portman 

Thyroid Study Unit 
University of Chicago 
Chicago, IL, USA 

The biochemical pathway leading to secretion of thyroid hormones de
pends on iodide transport, iodide oxidation; and binding of tyrosyl resi
dues present in thyroglobulin (Tg). This requires a normal thyroid perox
idase (TPO), T202 generating system, and supply of iodide and Tg. Abnor
malities of this process will be reviewed. Patients with defects of hor
mone synthesis typically display a compensatory growth of the thyroid and 
hypothyroidism or cretinism depending on the severity and time of onset of 
the thyroid hormone deficiency. These disorders are probably all congeni
tal, however, the underlying genetics is not fully understood. 

CLINICAL EVALUATION AND PLAN OF INVESTIGATION OF PATIENTS WITH SUSPECTED 
METABOLIC DEFECTS 

The patients with suspected metabolic defects within the thyroid are 
usually characterized by low T4, T3, and elevated TSH. The radioactive 
iodine scan is normal, whereas the uptake will be abnormal. In most pa
tients with defective iodination of Tg, the 2-h radioiodine uptake is very 
high and often more elevated than the 24-h uptake due to the slow but con
tinuous loss of nonoxidized iodide from the thyroid gland. Perchlorate
induced discharge of greater than 500% of thyroidal iodide at 2 hours after 
a tracer indicates virtually complete defect (partial defect 10-50%). A 
positive perchlorate discharge may also be found in Hashimoto's thyroidi
tis, and in patients with deficient Tg production. Furthermore, it should 
be noted that impaired absorption of KSCN- or KC104 may delay the discharge 
of 131I, and rapid thyroidal I- turnover may be misinterpreted as a dis
charge. 

Elucidation of the site of the biochemical defect depends upon in 
vitro tests made on material obtained at thyroid biopsy. 

CHARACTERISTICS OF NORMAL THYROID PEROXIDASE 

TPO is a hemoprotein with a prosthetic group identified as protopor
phyrin IX (1,2). It is a glycoprotein (3) but the CHO moiety has not yet 

*Supported in part by US PHS Grant, AM 13377 and ACS Grant. 
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been characterized. This enzyme is membrane-bound and its intracellular 
localization was recently demonstrated with monoclonal anti-TPO antibodies 
to be mainly in the endoplasmic reticulum and perinuclear cisternae and, 
to some extent, on apical cell membranes (4). The enzyme has at least two 
reactive sites, one for tyrosine and one for iodide; both substrates are 
oxidized in adjacent sites. It has been postulated that TPO, after an 
initial reaction with H202, oxidizes I- to form enzyme-bound hypoiodite, 
which iodinates tyrosine to form iodotyrosine (5). H2o2 functions as the 
oxidant of TPO. The source of H202 is not yet fully elucidated. NADPH 
cytochrome c reductase, NADH cytochrome bS reductase, xanthine-xanthine 
oxidase, and monoamine oxidase have each been shown to generate H202, but 
a definite role for one enzyme in Tg iodination has not yet been demonstra
ted (6). TPO has been shown to be inactivated in in vitro studies by thio
ureylene drugs (7) and under some conditions by high iodide concentrations 
(1). Free diiodotyrosine (DIT) is a positive regulator of TPO mediated 
coupling, but the importance of this factor in vivo is uncertain. 

The normal acceptor of oxidized iodide is tyrosyl at specific sites 
within the thyroglobulin molecule (8). Most thyroglobulin tyrosyl groups 
are not available for iodination. Other intracellular proteins, including 
tubulin are also normally iodinated to some extent (9). In hyperactive 
glands and on the absence of normal amounts of peroxidase, other proteins 
from within the cell or from serum (including albumin and gammaglobulin) 
may be iodinated (10,11). Recent studies have suggested that the thyroid 
"microsomal antigen" is a;::tually TPO, or a closely associated protein (12). 
It will be very important to characterize this antigen in patients with 
defects in TPO formation. 

METHODS FOR EVALUATION OF TPO FUNCTION IN VITRO 

Activity 

TPO act1v1ty is measured mainly by two assays, one using oxidation of 
substrates, the other iodination of various acceptors. In the triiodide 
assay, I- is oxidized to I) in the presence of excess I- (present as KI) 
if TPO and H202 are present. The activity is measured by the change of 
OD at 353 nm. Similarly, in the guaiacol assay, the rate of oxidation of 
guaiacol is recorded at 470 nm. The iodinating systems contain 1) peroxi
dase (crude, solubilized or highly purified), 2) iodine labeled with 131I, 
3) iodine acceptors (thyroglobulin, bovine serum albumin, free tyrosine, 
free monoiodotyrosine or diiodotyrosine), 4) H202 added directly or gener
ated enzymatically by glucose plus glucose oxidase, and S) a suitable 
buffer. Samples are taken after specified intervals and free and bound 
iodide are separated by chromatography. 

Solubilization 

The enzyme can be solubilized by various detergents (deoxycholate, 
digitonin, octyl-glucoside, etc.) alone or with addition of trypsin (2,12). 
The TPO activity should be measured before and after solubilization, in the 
solubilized material and in the pellet as well. During preparation, lo-S M 
KI is usually added to protect enzyme activity (13). 

Inhibitor 

In order to remove a low molecular weight peroxidase inhibitor, di
alysis in the appropriate buffer should be performed (14). 
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Co-factors 

The effect of the addition of the co-factor of TPO is performed by 
preincubation of the enzyme preparation with lo-4 M hematin at room temper
ature for one hour. Hematin alone or combined with albumin should produce 
negligible activity. Restoration of peroxidase activity implies a normal
ization of the enzymatic system (15). 

Receptor 

Protein abnormality of the receptor can be determined in vitro by the 
incorporation of iodine into thyroglobulin. TPO of the propositus (with 
iodide organification defect) or control are added to propositus or control 
thyroglobulin and both thyroglobulins can be exposed to another peroxidase. 
Abnormality of the acceptor protein is thus characterized by the inability 
of any peroxidase to iodinate Tg of the propositus (16). Tg abnormalities 
can be further characterized by centrifugal sedimentation analysis, elec
trophoresis, immunoprecipitation, peptide mapping, and perhaps in the near 
future by gene analysis (17). 

INHERITED METABOLIC SYNDROMES ASSOCIATED WITH PEROXIDASE DYSFUNCTION 
(Table 1) 

Quantitative Deficiency in TPO 

Patients in this category have decreased or absent peroxidase activ
ity measured in vitro, usually by the guaiacol or triiodide assay (18-21). 
added hematin~as-no-effect and the Tg iodine content when measured is very 
low. Tg is, however, qualitatively normal. If present, residual enzyme 
has normal function (22). 

Apoenzyme Defect 

An abnormal TPO causing iodide organification defect was studied ex
tensively by Hagen, Niepomniszcze, and DeGroot (15). The subject was a 
euthyroid, goitrous boy with 50% perchlorate discharge. Although the pa
tient's peroxidase must have functioned at least partially in vivo, in 
vitro in standard assays there was no enzyme activity. Preincubatio~of 
enzyme with hematin restored activity in the tyrosine iodinase activity 
to normal, although activity in the triiodide assay, which is dependent 
upon high levels of H202, remained low. Addition of hematin to peroxidase 
preparations from other normal or goitrous tissue sources usually produces 
minor stimulation of enzyme activity. The restored enzyme activity was not 
normal, as indicated by excessive lability to high concentration of H202. 
In another patient also studied by these authors, it was also shown that 
restored enzyme activity was more liable to heat than a normal peroxidase 
(23). 

Inhibitor of TPO 

Pommier et al. (14) reported six patients with organification defect 
in whom an inhibitor of TPO was found in association with Tg. This small, 
thermostable and dialyzable inhibitor has not yet been further character
ized. In a patient reported by Medeiros-Neto et al. (24), the solubilized 
TPO sample prepared from the propositus contained a factor that inhibited 
iodination of protein by a normal TPO. The nature of this inhibitor was 
not explored. 
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Possible Abnormal Location of TPO 

Niepomniszcze et al. (22,23) and Medeiros-Neto et al. (24) have postu
lated the existence of an abnormal localization of TPO in three subjects. 
In the first two, TPO activity was quantitatively decreased but qualita
tively normal (22,23). TPO activity was maximal in the 105,000 x g frac
tion, whereas in normal thyroid homogenate it was present in the 15,000-
39,000 x g fractions. In the third subject, TPO activity was normal but 
maximal in the 105,000 x g fraction (24). Their data suggested a cyto
structural defect separating TPO from the other components of iodination 
system. 

Abnormality ~n Substrate Binding 

Some goitrous TPO preparations display anomalous activities in dif
ferent assays. TPO from one patient had no activity in the tyrosine io
dinase assay, whereas by the guaiacol method the activity was actually 
higher than control (25). Another study reported an increase of activity 
by changing the concentration of substrate iodide (26). These results sug
gest that TPO of these patients binds substrate, but the affinity of the 
enzyme may be abnormal. 

Deficiency of H202 Supply 

Kusakabe (27) reported a patient with nontoxic goiter and 65% thio
cyanate iodide discharge. In vitro studies showed iodination to occur only 
with added H202. Evidence was found for reduced microsomal-NADH-cytochrome 
b5 reductase activity. The defect was reversed by preincubation of micro
somes with flavine-adenine dinucleotide (FAD). Administration of FAD to 
the patient restored thyroid iodide organification to apparent normality. 
The author suggested that the patient had an abnormality in the biosynthe
sis of FAD corrected by administering this coenzyme. 

Iodine Acceptor Abnormality (Pseudo-peroxidase Defect) 

In patients reported by Niepomniszcze, DeGroot, and others, an in vivo 
organification defect has been associated with augmented levels of TPO, and 
the absence of thyroglobulin. In thyroid tissue specimens obtained from 
three sisters with congenital goiter studied by Niepomniszcze et al. (17), 
peroxidase assayed in the triiodide system was from 2 to 5 times normal. 
Thyroidal NADPH-cytochrome c reductase was also elevated. However, Tg was 
totally absent. Iodoalbumin and other iodinated proteins were found in the 
thyroid cytosol. It was proposed that lack of normal oxidized iodine ac
ceptor led to accumulation of trapped iodide which was not properly bound 
and, thus, was perchlorate dischargeable. Kusakabe (29) considered the 
defect in his patient to be secondary to abnormal Tg. It should be noted 
that in most patients, and in animals with defective thyroglobulin forma
tion, perchlorate discharge tests are normal and, thus, the patients do 
not present as an "iodination" defect. 

PENDRED'S SYNDROME 

Pendred's syndrome (18) is characterized by congenital sensorineural 
deafness, and a positive perchlorate discharge test. Most patients who have 
been investigated have been found to have normal TPO activity in vitro. A 
H202 generation defect is unlikely since NADPH cytochrome c reductase ac
tivity has been found to be normal in some patients. A defective TPO with 
very little activity for Tg iodination, and a low Km for the oxidation of 
iodide to T2, associated with a poorly iodinated Tg representing only 33% 
of the total soluble proteins of the thyroid gland was reported by Abdel
moumene et al. (30). It was suggested that the TPO from this patient had 
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a reduced affinity for the phenolic substrates, thus explaining diminished 
iodinating activity. Numerous other abnormalities have been postulated and 
the basic defect(s) remains uncertain. 

MULTINODULAR GOITER 

Most cases of multinodular goiter (MNG) do not have definable defects 
in hormogenesis, but many have strong family histories of goiter (31,32). 
Conversely, patients with dyshormonogenetic goiters may have relatives with 
nonendemic euthyroid multinodular goiters suggesting that a subtle defect 
in hormonogenesis is present. Overt dyshormonogenesis has been reported in 
cases of multinodular goiter with abnormal iodoproteins, poorly iodinated 
Tg in one case, and abnormal thiocyanate discharge tests in six out of nine 
patients in one series with a strong family history of goiter. 

Rapoport et al. (32) hypothesized that the low iodination of Tg in some 
MNG might be due to an abnormality in the progressive iodination of Tg which 
must go on within the follicular lumen. Tg is presumably initially iodin
ated in coordination with secretion from exocytotic vesicles at the apical 
cell membrane into the lumen. However, Tg is probably progressively iodin
ated by reattaching to the apical cell membrane through specific receptors, 
or by undergoing micropinocytosis and a resecretion process, during which 
iodination continues. 

GOITER AND THYROID CARCINOMA 

There are at least 17 reports of the association of dyshormonogenetic 
goiter and development of thyroid neoplasia. The development of neoplasia 
has also been associated with Pendred's syndrome (33). 

CONCLUSION 

Inheritable abnormalities in TPO, involving each aspect of enzyme func
tion, have been reported. Study of these abnormalities has helped elucidate 
the mechanism of TPO function in humans but no correlation has yet been iden
tified between the clinical data and the specific biochemical defects. The 
actual frequency of TPO abnormalities in goiter is probably underestimated, 
perhaps in part due to great reluctance to biopsy goiters. Logically, if 
the defect results in inadequate thyroid hormone synthesis, the standard 
treatment will be the prescription of T4, whatever the biochemical abnor
mality. Clearly, these defects deserve to be more extensively studied 
using contemporary laboratory techniques. 
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HEREDITARY GOITER WITH THYROGLOBULIN DEFICIENCY* 

INTRODUCTION 
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Among the various causes responsible for the development of neonatal 
hypothyroidism, congenital goiters secondary to a genetic defect in the 
mechanisms of thyroid hormone synthesis represent a minority of the cases. 
Only a relatively small subset of these involves anomaly (either quantita
tive or qualitative) in thyroglobulin gene expression. Despite their scar
city, Tg gene defects represent particularly interesting situations to study, 
as the identification of their mutations is expected to tell us a lot on the 
normal structure-function relationship at the Tg locus. It is outside the 
scope of this presentation to review and analyze the studies of all cases 
found in the literature. Excellent and comprehensive reviews have been pub
lished recently on the subject (1,2). During the last few years, consider
able progress has been made in our knowledge of Tg, both as a protein and 
as a genetic locus (for a review see 3 and ref. therein). This was mainly 
accomplished by the application to Tg study of the methods derived from the 
recombinant DNA technology. In this paper, the problem of defective expres
sion of the Tg gene will be analyzed in the light of recent data on Tg gene 
structure. Emphasis will be put on the methods and probes presently avail
able which will permit future analysis of human cases in molecular terms. 

THYROGLOBULIN GENE EXPRESSION 

Thyroglobulin is defined classically as the 19S iodoprotein present 
in the thyroid gland (4). From the analysis of cloned cDNAs and genomic 
DNAs of human, rat, and bovine Tg, we now know that 19S Tg is made from 
two identical subunits containing 2750 amino acid residues translated from 
an 8.4 kb mRNA. The corresponding gene resides on chromosome 8 in man and 
on chromosome 7 in the rat (S-7). It is one of the largest transcription 
units characterized to date (8) containing probably around 50 exons and ex
tending well over 200 kb. The primary structure of the bovine Tg protomer 
has been deduced from the sequence of its eDNA (9). Together with the 
knowledge of the precise structural organization of most of the correspond
ing genes (10-14), these data will allow a direct study of Tg gene defects 

*Performed under the support of NIH grant 21732, FRSM and of Actions 
Concertees du Ministere de la Politique Scientifique. 
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Table 1. Methods and Probes Used to Detect Tg Gene Defects 

Structure or 
Phenomenon 

Gene integrity 

(deletions) 

Transmission of 

defective gene 

in families 

Splicing of Tg 

pre-mRNA 

Alteration of 

coding sequence 

Alteration of 

protein structure 

Methods 

Southern blotting 

Restriction fragment 

length polymorphism 

·Northern blotting 

·S1 nuclease mapping 

·Electrton microscopy 

of mRNA-DNA hybrids 

·in vitro translation 

of mRNA 

·sequencing of mRNA 

segments 

·immunoreactions 

·PAGE-centrifugation

iodoaminoacid content 

etc. 

Probes 

eDNA and genomic clones 

eDNA and genomic clones 

eDNA clones 

eDNA clones 

genomic clones 

anti-Tg antibodies 

eDNA clones 

monoclonal antibodies 

in patients and in animal models. The DNA region responsible for regula
tion of Tg gene transcription by TSH has been recently cloned and charac
terized in the human and bovine species (15) and its structure-function 
relationship is under study. Table 1 summarizes the available methods and 
probes which could be of use to investigate Tg gene defects. Up to now, 
only limited use has been made of these new tools. 

Of particular interest is the identification of restriction fragment 
length polymorphisms within the human Tg locus (16,17). This represents 
a powerful tool to follow through generations of a Tg allele which would 
be suspected of being defective (16). 

Considering the published studies of human cases with congenital defect 
of TG production, the great majority analyzed only the (iodo-) proteins pre
sent in the goiter tissue. As a consequence, interpretation of the data in 
terms of genetic lesion remained necessarily speculative. Moreover, the 
high susceptibility of Tg to proteolysis, which made it difficult for years 
to determine the true quaternary structure of the normal protein, imposes 
caution when comparing the findings of individual studies. 

Examples of human and animal cases which have benefited from gene 
analyses will now be briefly reviewed. 
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HUMAN CASES 

Using Tg eDNA obtained by reverse transcription of bovine Tg mRNA, 
Dinsart et al. (17) demonstrated a dramatic decrease in Tg mRNA concentra
tion in tissue obtained from a hypothyroid goitrous patient. Only trace 
amounts of Tg-related antigenes were detected. Unfortunately the method
ology available at that time did not allow a study of the integrity of the 
Tg gene. 

More recently, Cabrer et al. (18) studied a sibship where virtual ab
sence of Tg was associated with the presence of a Tg mRNA apparently normal 
both in size and in concentration. Overdistension of the rough endoplasmic 
reticulum lead to the suggestion that a mutation was responsible for the 
abnormal routing of the encoded protein through the cell membrane system. 
Similar morphological changes have been observed by others (19). 

A series of five patients with defective Tg production have been in
vestigated by Targovnik and Medeiros-Neto (unpublished) who looked for the 
integrity of the Tg gene in DNA obtained from peripheral leukocytes. No 
deletion of exonic material could be demonstrated by the Southern'-blotting 
method. 

A family with a sibship of eight of whom four presented a goiter, has 
been studied by Baas et al. (16). As the family was informative for are
striction fragment length polymorphism associated with one of the Tg allele, 
the mode of transmission could be studied. The unexpected conclusion was 
that the data were compatible only with an autosomal dominant mode of in
heritance. Although a rationale can be provided for such kind of transmis
sion, it must be stressed that variable penetrance and/or coexistence in 
the family of two differently affected alleles could also explain the data. 

As may be seen from this brief review of human cases, the situation 
is far from clear. The main problem consists in the difficulty to study 
the Tg mRNA sequence in individual human cases. This is made impractical 
because of the need of thyroid tissue (which is not always available), and 
maybe more, because of the exceptional size of Tg mRNA, making the quest 
for the mutation that of a needle in a haystack. 

ANIMAL MODELS 

Hereditary Goiter in a Herd of Dutch Goats 

de Vijlder and co-workers have studied in detail this model of congen
ital goiter with Tg deficiency (20). It presents as an autosomal recessive 
hypothyroid goiter. While only traces of Tg-related antigens are found in 
the glands, a normal-sized Tg mRNA is definitely present, albeit at a con
centration much lower than normal. Up to now, the most significant finding 
has been the demonstration of a relative accumulation of Tg mRNA sequences 
in the nucleus (21). These results have lead to the suggestion that the 
disease resulted from a mutation affecting Tg mRNA transport from the nu
cleus to the cytoplasm or decreasing dramatically its stability in this 
latter cell compartment (22). In spite of much effort, including the par
tial sequencing of goat Tg mRNA, the precise identification of the lesion 
is still lacking. 

Hereditary Goiter of the Afrikander Cattle 

This is also an autosomal recessive goiter, identified in South Africa, 
which has been studied by Van Jaarsveld et al. (23) and, more recently, by 
M. Ricketts, in collaboration with us. The affected homozygous is euthyroid 
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in spite of presenting a huge goiter. The iodoproteins in the goiter con
tain Tg-related antigens of abnormally low molecular weight. Tg mRNA se
quences are present in the goiter although at a concentration lower than in 
normal tissue. The goiter of the homozygous animal contains, in addition 
to the normal-sized 8.4 kb mRNA, a 7.3 kb species (24). When translated 
in the reticulocyte lysate by Tassi et al. (25), goiter Tg mRNA yielded two 
translation products: a 250 k and a 75 k protein. No normal 300 k protein 
was produced. By hybridizing the goiter mRNA to a fragment of normal bovine 
Tg gene, it was shown that the 7.3 kb mRNA resulted from the abnormal splic
ing of Tg primary transcript, leading to the removal of exon n• 9 from a 
fraction of the mRNAs (26). More recently, the eDNA region corresponding 
to the borders of the deleted region has been cloned and sequenced. The 
results confirmed that the 7.3 kb mRNA has lost the 1,098 bases of exon 9. 
Interestingly, the normal reading frame is conserved in the defective mes
sage. It can, thus, be predicted that it would encode a 2,384 residue poly
peptide instead of the normal 2750 amino acid subunit. While no sequence 
data are available yet for the normal-sized goiter mRNA, we favor the hypo
thesis that it harbors a mutation near the end of exon 9, resulting in a 
shift in the reading frame. As a consequence, it would be the longer goiter 
mRNA which would encode the shorter peptide described by Tassi et al. (25). 
The euthyroid state of the affected animals is compatible with the fact that 
the major T4 hormonogenic region of Tg near the amino terminus would be pre
sent on both the short and long Tg related peptides found in the goiter. 
Although the complete story will only be known when the mutation is be se
quenced in the genomic DNA from goitrous animals, the goiter of the Afrikan
der cattle is the first Tg gene defect for which a molecular explanation is 
presently available. 

CONCLUSIONS AND PERSPECTIVES 

From the available evidence, the only firm conclusions to be drawn 
are: 1) congenital goiters with Tg defects represent a heterogenous entity, 
likely to be constituted by a wide variety of different mutations, and 2) 
large deletions of the Tg gene do not seem to be frequently involved. To
gether with the invariable detection of traces of Tg antigens in all cases 
investigated to date, this may suggest that the complete absence of Tg would 
be lethal. Considering the exceptional size of the Tg gene and its numerous 
introns, it is logical to propose that abnormal splicing would be frequently 
involved in the disease. Along this line, it might be worth considering 
that certain cases of plain euthyroid goiter with familial clustering could 
represent splicing errors in the heterozygous state with minimal functional 
consequences. Wider use of the newly available tool on human cases will 
tell us whether this assumption is correct. 
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The thyroid hormones thyroxine (T4) and 3,3' ,5-triiodothyronine (T3) 
are bound to serum proteins for more than 99%. These proteins are thyrox
ine-binding protein (TBG), thyroxine-binding prealbumin (TBPA), and albumin. 
TBG is the most important T4 transport protein as it binds about 75 to 80% 
of T4, while both TBPA and albumin bind approximately 10% (1). There is 
no unanimity in the literature with regard to the exact serum distribution 
of T3 over the serum proteins, however probably also here TBG binds most 
of it (2). In this short review some physico-chemical characteristics of 
these proteins will be discussed, as well as their interaction with T4 and 
T3 and in the case of TBPA also its interaction with retinol-binding pro
tein. In addition, the genetic aspects will be reviewed. 

THYROXINE-BINDING GLOBULIN 

Physico-chemical Properties 

TBG was discovered by Gordon et al. in 1952 (3). On conventional 
electrophoresis it moves between a1 and a2 globulin. TBG has a molecular 
weight of 54,000. It consists of a single polypeptide chain and contains 
23% carbohydrates on a weight basis (4). With regard to the amino acid 
composition of TBG, different numbers of residues per molecule have been 
reported varying from 320 to 460 (5). By using circular dichroism and 
fluorescence properties, the secondary and tertiary structure was investi
gated (6). The relaxation time of 1.1 indicated that TBG is a compact sym
metric molecule. About an equal distribution in helical and structures was 
found in half of the peptide groups. Later, however, the same group reports 
that about 55% is in the a helical form, 19% in S structure, the rema~n~ng 
being unordered (7). The complete amino acid sequence of TBG is not known. 
Only 17 N-terminal residues have been reported (12). 

Interaction with T4 and T3 

TBG has one binding site per molecule for iodothyronines and binds T4 
and T3 with an apparent association constant of 1.0 x 1010 and 5 x 108 M-1, 
respectively, at pH 7.4 and 37°C (8). When TBG interacts with T4, changes 
in sedimentation constant and in relaxation time indicate that TBG becomes 
more symmetric and compact. This change in structure is accompanied by an 
increase in stability of TBG (9). Despite its high affinity for T4, 
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dissociation of T4 from its binding site is very rapid. The t of T4 dis
sociation from TBG is 39 seconds (10), and of T3, four seconds (11). 

Genetics 

TBG normally circulates in a concentration of 280-510 nmol T4/1 or 1.5 
mg per 100 ml. Inherited abnormalities, i.e., TBG concentration elevations 
and deficiencies, have been published. These aberrations are due to muta
tions at a single X-chromosome-linked locus controlling TBG synthesis (13). 
Results from neonatal screening programs suggest that congenital (or famil
ial) TBG deficiency may occur in a frequency of 1 per 2,500 live births 
(14). Familial TBG excess is much less common; about 10 families have been 
reported so far. Concentrations of serum T4 and, to a lesser extent, of T3 
vary with TBG alterations, however, the concentrations of the free hormones 
remain within the normal range. Microheterogeneity of TBG appears to exist. 
In the first place, there is a form of polymorphism not due to genetically
induced alterations in the TBG peptide structure but caused by different 
content of sialic acid. Using isoelectric focusing (IEF), four main bands 
can be discerned, the number of which is decreased to two after desialyla
tion with neuraminidase (15). Desialylated TBG (D-TBG) moves slower on 
electrophoresis and, hence, is sometimes referred to as slow-moving TBG. 
A higher percentage of D-TBG as normal may occur in obesitas (16), preg
nancy, and liver disease (17). The two bands on IEF that remain after de
sialylation probably differ in amino acid composition. This phenotype is 
designated TBG-1 or C and occurs in most individuals, including causasians. 
However, a variant phenotype, TBG-2 or S, also with four bands before and 
two after desialylation, has been described in African Pygmies, Panamanians, 
American blacks, and Alaskan Eskimos (15,18). This variant is unrelated to 
the carbohydrate moiety and constitutes an X-linked variant, probably with 
alterations in the peptide sequence. 

Recently, another variant of TBG has been described in Australian 
Aborigines. This X-linked inherited variant (19) is found in approximately 
40% of this population. It has about 50% reduced affinity for T4, and af
finity for T3 is reduced to 30%. Maximal binding capacity nor its serum 
protein concentration are changed. The molecule is less stable during heat 
inactivation (20). The decreased affinity accounts for the lowered total 
T4 concentration found in sera of affected subjects. Despite the fact that 
the abnormality probably resides in the amino acid sequence, there was no 
difference from normal regarding microheterogeneity. 

THYROXINE-BINDING PREALBUMIN 

Physico-chemical Properties 

The thyroxine-binding property of prealbumin was originally described 
by Ingbar (21). TBPA moves in front of albumin in electrophoresis and has 
a molecular weight of 55,000 (22). The protein is a tetramer composed of 
four identical subunits, each containing 127 amino acid residues. The com
plete amino acid sequence has been elucidated and TBPA has a high content 
of aromatic amino acids (22). It contains no carbohydrates. Its regulation 
retio of 1.6 indicates a globular shape (2). Important work with regard to 
its spatial structure has been performed by Blake and co-workers (23). The 
subunit has an extensive B-structure composed of eight strands organized 
into two four-stranded sheets. There is one short a-helix. The tertiary 
and quaternary structure has extensively been studied (23). 

Interactions with T4 and T3 

TBPA has two identical binding sites for iodothyronines. The Ka's for 
T4 are 7 x 107 and 7 x 10S M-1, and for T3, 'V 1 x 107 and -v 6 x 10S M-1 at 
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pH 7.4 and 37•c. Despite identity of the two binding sites, the affinity 
of the "second" one is two orders of magnitude lower than that of the 
"first" one because interaction of T4 and T3 with one binding site causes 
a conformational change which leads to negative cooperativity with regard 
to the other binding site (24). The dissociation of T4 and T3 from TBPA 
is very rapid, the t 1/2 values being 7.4 and~ 1 seconds, respectively 
(10,11). 

Interactions with Retinol Binding Protein (RBP) 

TBPA has four binding sites for RBP with an estimated Ka value of be
tween 106 and 107 M-1 (25,26). The Ka is not influenced by interaction of 
retinol (vitamin A) with RBP (26). Although there are four binding sites 
for RBP on prealbumin (PA), the molar ratio of PA:RBP is 1:1 in humans in 
vivo (25). Retinol is relatively fixed to RBP and tightly bound. Addition 
of PA to the retinol-RBP complex renders a more stable retinol-RBP-PA com
plex (27,28). 

Genetics 

TBPA concentration in normal adults ranges between 2830 and 3860 nmol 
T4/1 or 16-30 mg per 100 ml. Hereditary variations in TBPA concentrations 
are very rare. Only a few cases of familial TBPA elevation have been re
ported so far. In one case in which the mode of inheritance was unclear 
but in which X-linked inheritance could be ruled out, there was only in
creased T4 binding by PA, probably as a consequence of increased affinity 
(29). In another case, both total T4 and total serum reverse T3 (rT3) 
concentrations were elevated by another type of variant PA with increased 
affinity for T4 and rT3. Here, there was no possibility to investigate 
the mode of inheritance (30). So far, no microheterogeneity has been found 
in TBPA in man. However, polymorphism due to point mutation, where a me
thionine has been substituted for a valine, has been found in plasma and 
amyloid tissue in heredofamilial amyloidosis (31). In Rhesus monkeys 
(Macaca mulatta), two genetic PA variants are present with an interchange 
of valine and isoleucine at residue 5. Both variants are very similar to 
human prealbumin. 

ALBUMIN 

Physico-chemical Properties 

Albumin is known to carry many substances, e.g., fatty acids, bili
rubin, calcium, and also iodothyronines. For an extensive review about 
isolation, structure, and function, the reader is referred to (32). Its 
molecular weight amounts 66,000. The protein consists of one chain. It 
contains no carbohydrates. The amino acid sequence has been elucidated 
and human albumin contains 584 residues. Its relaxation ratio is 2.2 (3), 
and the protein is 48% in the S-helical form and 15% in the a.-form (32). 

Interaction with T4 and T3 

Albumin has one binding site for T4 and T3 with a Ka of 5 x 105 and 
1 x 105 M-1, respectively, and several (2-6) binding sites with Ka of 5 x 
104 and 5 x 103 M-1, respectively (3). 

Genetics 

In 1979 (32), two families were described with increased levels of 
serum total T4 but normal T3 and rT3 concentrations due to autosomal 
inherited increased serum binding of T4. It appeared that in purified 
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serum albumin of affected members, an additional protein band was visible 
on IEF which was not (or only barely) present in albumin fractions of non
affected members. This abnormal protein fraction constituted approximately 
25% of total serum albumin (1). Serum albumin as such was not elevated in 
subjects positive for the trait (33). Increased affinity of the abnormal 
albumin fraction for T4 ex7lained the increased serum T4 values. An asso
ciation constant of 1 x 10 M-1 was found. This modified albumin was im
munologically indistinguishable from normal albumin. Its binding charac
teristics to thyroid hormone analogues were much more comparable to that of 
PA than to albumin itself (34), although the protein did not share any im
munogenic determinants with PA (1). It was later found (35) that, though 
in a concentration of only one-tenth of that in positive family members, 
the same "abnormal" component with similar affinity for T4 was present in 
normal sera. This syndrome of euthyroid T4 excess was termed familial 
dysalbuminemic hyperthyroxinemia (FDH) and has been subsequently described 
many times from many parts of the world (2). It was found that in FDH, T4 
binding is much more critically dependent on intact disulfide bonds as is 
the case with normal albumin (36). Microheterogeneity of thyroxine bind
ing by albumin has recently been reported (37) using IEF and autoradiogra
phy. Four T4 binding bands were found in normal albumin and albumin of 
FDH. In FDH there was an overabundance of T4 binding to two bands which 
were less occupied in normal sera. On the basis of the fact that sometimes 
variant albumin besides T4 may also bind rT3 (38) or T3 and rT3 (38,39) with 
increased affinity, it was suggested to designate these variants as I (only 
T4), II (T4 and rT3), and III CT4, rT3, and T3) (39). 

CONCLUSION 

This brief review discusses, besides genetic aspects, only some but 
not all physico-chemical properties of thyroid hormone-binding proteins 
per se and of their interactions with T3 and T4. Other important issues 
regarding the occurrence in other species, the synthesis and metabolism 
of thyroid hormone-binding proteins, their possible function in thyroid 
hormone tissue delivery, induced changes in binding capacity by drugs and 
diseases, etc., were considered to be outside the scope of this review. 
A very important issue, i.e., the possible structural homology between PA 
and gastrointestinal hormones (40,41) and the thymic hormone-like activity 
of PA (42) has also not been considered. 
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INHERITED DISORDERS OF THYROID HORMONE ACTION 

Jack Gross 

The Hubert H. Humphrey Center for Experimental Medicine and 
Cancer Research, The Hebrew University - Hadassah Medical 
School, Jerusalem, Israel 

Disorders of thyroid hormone action have only been characterized by 
resistance to thyroid hormone (THR). This is manifest by a normal or high 
circulating level of thyroid hormones with an inappropriate response of the 
target tissues, either in terms of metabolic activity and/or TSH secretion. 
There are a number of comprehensive reviews (1,2) that have dealt with the 
subject up to 1981. I have reviewed the literature to date to try and 
obtain further insight into the types, frequencies, and underlying mecha
nisms of these disorders. Because of the small number of cases reported, 
I have included sporadic, as well as inherited cases. I will also mention 
two animal models of inherited thyroid hormone resistance. 

In reviewing some 64 reported cases of thyroid hormone resistance, 
they could be classified into three broad categories and several subcate
gories as follows. 

A) Inappropriate TSH secretion (51 cases) associated with: 
hyperthyroidism - 18 cases (3-9) 
euthyroidism - 23 cases (10-19) 
hypothyroidism- 11 cases (20,21) 

B) Hypothyroidism with normal blood thyroxine levels - 1 case (22) 
C) Nephropathic Cystinosis with inappropriate TSH secretion - 11 cases 

(23,24) 

INAPPROPRIATE TSH SECRETION 

The hormonal pattern for this group is shown in Table 1. All three 
subgroups show elevated levels of T4 and T3 in the blood. Despite this, 
the basal TSH levels were elevated or not depressed and there is a normal 
or excessive response to TRH. Thus, all three groups show pituitary resis
tance to thyroid hormone. The hyperthyroid group would appear to suffer 
from only pituitary THR. The euthyroid group would appear to be resistant 
to thyroid hormone both in the pituitary and in the peripheral tissues with 
a euthyroid balance between the two defects. The hypothyroid group seems 
to have a more marked resistance in the periphery than in the pituitary. 

The defect in the hyperthyroid group seems to be due to reduced S'de
iodinase activity in the pituitary. This is supported by the finding that 
in most cases TSH secretion is depressed by normal blocking doses of T3 and 
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Table 1. THR Associated with Inappropriate TSH Secretion 

T3 
ng/d1 

TSH ~U/ml 

1) Hyperthyroid (12) 

2) Euthyroid (13) 

3) Hypothyroid (9) 

18 

20 

19 

264 

265 

297 

Basal* 

20 + 5 

4 + 0.5 

5 + 1 

*Mean+ SEM. 1 vs 2 = p<0.003; 1 vs 3 = p<0.005. 
The number of cases is shown in parenthesis. 

Post TRH 

49 

28 

28 

the fact that in two reports this syndrome was successfully treated by 
long-term low dose T3 (3) or T3 analogue therapy (4). In the euthyroid 
group, normal blocking doses of T3 inhibited TSH secretion in a majority 
of cases, suggesting a pituitary deiodinase defect. In the hypothyroid 
group, high doses of T3 were required to reduce TSH secretion, indicating 
that the pituitary is resistant both to T3 and T4. 

To test if there may be a peripheral deiodinase defect in these groups, 
use was made of the T3/T4 ratio. Using the data for T3 production rates 
summarized by Weintraub et al. (2) and Gheri et al. (14), the T3/T4 molar 
ratios were calculated and were found to correlate significantly (p<0.02) 
with T3 PR. The ratios for each of the three groups are shown in Table 2. 
The euthyroid group had a significantly depressed ratio which would indicate 
a reduced T3 PR, possibly due to a partial defect in peripheral T4 5'deio
dinase. The other two groups showed ratios that did not differ from normal 
values. 

Other sites of thyroid hormone action have been examined and the data 
are summarized in Table 3. The nuclear binding studies are equivocal, es
pecially in the fibroblast target. The data are few on the other systems 
tested. LDL degradation and glycosaminoglycan synthesis in fibroblast cul
tures would seem to be useful indicators. More studies are needed. 
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Table 2. THR Associated with Inappropriate TSH Secretion 

1) Hyperthyroid (11) 

2) Euthyroid (14) 

3) Hypothyroid (8) 

4) Normals (4)** 

Plasma T3:T4 Molar Ratio x 100 

1.81 + 0.09 

1.52 + 0.10* 

1.93 + 0.09 

2.00 + 0.16 

*Mean+ SEM; Group 2 is significantly< 1, 3, and 4. 
**Refirences, Weintraub et al. (2), Gheri et al. (14). 



Table 3. THR Associated with Inappropriate TSH 
Secretion; Defects in Thyroid Hormone 
Target Systems 

1) 

2) 

Lymphocytes 

T3 binding to nuclei 

T4 binding to nuclei 

Fibroblast cultures 

T3 binding to nuclei 

Glycosaminoglycan synthesis 

Collagen & protein synthesis 

LDL degradation 

References 10,11,13,14,20,21,26,27. 

Abnormal 

11/17 

1/1 

Abnormal 

2/35 

4/6 

0/4 

3/3 

What are the modes of inheritance of these syndromes? The distribu
tion of cases between the sexes is shown in Table 4. The data for the kin
dreds of the euthyroid and the hypothyroid groups are compatible with in
heritance as an autosomal dominant. This is the generally accepted view in 
the literature. The kindreds of the hyperthyroid group, however, show that 
the syndrome occurs only in females. Also, the symptoms of hyperthyroidism 
appeared after puberty in all but one of the cases. 

HYPOTHYROIDISM WITH NORMAL SERUM T4 

There is one case of this type reported by Kaplan et al. (22). This 
patient had a mean serum T4 of 5 micrograms/dl. She suffered from hypothy
roidism and felt best on 250 micrograms of T3/day. Lower doses resulted in 
a depression of oxygen consumption. The effective doses of T4 were in the 
molecular ratio to T3 that would be expected from their respective thyra
mimetic potencies. This indicated a normal peripheral deiodinase activity. 
Serum TSH was below the limits of detection with all doses of T3, indica
ting a normal responsiveness of the pituitary. This is a case of thyroid 
hormone resistance in the peripheral tissues while the response of the 
pituitary is normal. The site of the defect in the target cells in this 
case is unknown. 

Table 4. THR Associated with Inappropriate TSH Secretion; 
Sex Ratios - Females/Males 

Sporadic cases Kindreds 

1) Hyperthyroid 7/4 9/0 

2) Euthyroid 1/5 10/5* 

3) Hypothyroid 4/3 1/2* 

*Inherited as an autosomal dominant. 
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Table 5. Nephropathic Cystinosis 

T4 llg/dl 10.3 + 2.5 

T3 ng/dl 239.0 + 21 

T3:T4 ratio 2.7 + 0.73 

Age - years 3 - 10 

Mean + SEM (n 11) 

NEPHROPATHIC CYSTINOSIS WITH INAPPROPRIATE TSH SECRETION 

Nephropathic cystinosis is a disorder inherited as an autosomal reces
sive. In the series reported by Bercu et al. (23,24), the children were 
euthyroid (see also 28) but showed the hormonal pattern in Table 5. Basal 
TSH was elevated despite a normal serum T4 and a raised serum T3. TSH was 
normalized with 2 micrograms of T3 and 6 micrograms of T4 per kg/d. This 
would tend to rule out a deiodinase defect in the pituitary to account for 
the inappropriate TSH secretion. Some of these children also showed ele
vated alpha subunits in the serum. This could not be accounted for by a 
change in gonadotrophin levels. Tentatively, the possible deposition of 
cystine crystals in the hypothalamic-pituitary area may cause a disorder 
in TSH synthesis and/or secretion. 

ANIMAL MODELS 

There are two animals that have been reported to be resistant to thy
roid hormone action. These are the sex-linked dwarf (SLD) domestic Leghorn 
chicken (29,30) and the obese (ob/ob) mouse (31). 

The hormonal and enzyme data of the SLD are shown in Table 6. They 
show an elevated serum T4 and a depressed serum T3. This is reflected in 
the low T3/T4 ratio. This indication that T3 production is impaired is sub
stantiated by the fact that liver 5'deiodinase activity is only one-fifth 
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Table 6. Inherited THR ~n the Sex-linked Dwarf Leghorn Chicken 

T4 T3 T3:T4 GH 

)lg/dl ng/dl ratio ng/ml 

Normals 1.7 330 23 164 
(DW/DW) 

Heterozygotes 2.2* 246* 13 207* 
(DW/dw) 

Sex-linked dwarfs 2.2* 142* 7.6 301* 
(dw/dw) 

N = 12; *Significantly different from normal control. 
Ref. - Stewart et al. (30). 

Malic Enz 

NADP/mg 

100 

65* 

72* 



that of the normal controls (29). This would also account for the lowered 
malic enzyme activity. The table also shows elevated GH levels in the SLD, 
which are also found in hypothyroid chickens and would suggest inappropriate 
pituitary hormone secretion. This is supported by the report (31) that the 
TRH-induced GH rise in SLD is effectively inhibited by T3 but not by T4. 
In light of the elevated serum T4, this can be best explained by a defect 
also in the pituitary T4 to T3 deiodinase. It is interesting to note from 
Table 6 that the heterozygotes show intermediate but significant changes 
in serum T4, T3, and GH. The malic enzyme activity is also depressed. The 
gene may not be entirely recessive. The dynamics of TSH, the activity of 
the pituitary deiodinase and liver nulcear T3 binding remain to be investi
gated. This chicken syndrome is quite similar to hyperthyroid and euthyroid 
THR groups reported above (Tables 1 and 2). 

The genetically obese mouse shows a lowered body temperature and oxygen 
consumption of some tissues. This has been attributed by York et al. (32) 
to the low Na+, K+-ATPase activity of liver and kidney membranes. There was 
no response to T3 treatment. On the other hand, liver glucose-3-phosphate 
dehydrogenase behaved normally both to the lack or excess of thyroid hor
mones. Thus, there may be resistance to the synthesis or activity of indi
vidual enzymes that are normally responsive to thyroid hormone. 

CONCLUSIONS 

There is a small group of patients that show resistance to thyroid hor
mone either in the pituitary, the peripheral tissues, or both. There is 
evidence in both man and animals that there may be defects in the 5'monode
iodinases. There is also some indication that some thyroid hormone-mediated 
post-transcriptional pathways may be affected. The evidence of reduced nu
clear binding of T3 is somewhat equivocal. 
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EXPECTATIONS IN THE STUDY ON GROWTH REGULATION OF THYROID EPITHELIAL 

CELLS IN VITRO 

Yoichi Kondo 

Department of Physical Biochemistry 
Institute of Endocrinology, Gunma University 
Maebashi, Japan 

The life cycle of an individual cell is known to be composed of a mi
totic (M) phase, a DNA synthetic (S) phase, and two gaps between M and S, 
which we denoted G1 and Gz. Recent studies indicated that proliferation 
of normal cultured cells is under the control of exogenous growth factors, 
and in the absence of the proper growth factors, the cells become arrested 
in the G1 phase. Serum added to the culture medium is considered to be a 
source of growth factors. 

Table 1 lists the well-characterized growth factors classified into 
three groups, the platelet-derived growth factor (PDGF), epidermal growth 
factor (EGF), and insulin families. These growth factors indicate DNA syn
thesis and division of cultured cells derived from various tissues. Re
cently, the thyroid has been found to be included in the list of tissues 
under the control of these factors. 

The culture of thyroid cells was first reported by Pulvertaft et al. 
in 1959 as shown in Table 2. In the early 1970's, Fayet and others estab
lished a primary culture system in which TSH induced the reconstruction of 
three-dimensional and functional follicles. This confirmed the earlier work 
by Kerkoff and Chaikoff in which cultured thyroid cells were reorganized and 
showed a follicle-like appearance under the influence of TSH. These find
ings stimulated studies on morphological and biochemical characteristics of 
thyroid cells in primary cultures and TSH effects on them during the 1970's. 
On the other hand, the stimulation of cell growth by TSH was controversial 
in that period. Although the proliferation of dog and rat thyroid cells had 
been reported to be stimulated by TSH, that of sheep and human cells was ap
parently not influenced by this hormone. In addition, differences in cul
ture conditions, and the purification level of TSH interfered with attempts 
to answer the question of whether TSH is a mitogen or not. 

In the early 1980's, Ambesi and others established a continuous line 
of normal rat thyroid cells, FRTL, which grew in the presence of TSH and 
other growth-promoting hormones in a defined culture medium containing a low 
concentration of serum. Besides this established rat cell line, Dumont's 
group found that the primary culture of dog thyroid cells responded to TSH 
by maintaining their growth in a defined medium. 

The establishment of these two culture systems and the use of defined 
media opened a new way to investigate the mechanisms of growth regulation 
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Table 1. Some Growth Factors for Cultured Cells 

Growth factors 

PDGF Family 

Platelet-derived growth factor 

Osteosarcoma-derived growth factor 

Glioma-derived growth factor 

Fibroblast-derived growth factor 

Transforming protein of SSV 

EGF Family 

Epidermal growth factor 

Transforming growth factor 

Insulin Family 

Insulin 

Insulin-like growth factor I 

Insulin-like growth factor II 

Multiplication-stimulating activity 

m.w. 

28K-31K Da 

31K Da 

31K Da 

24K Da 

6K Da 

7K Da 

5.7K Da 

6K Da 

6K Da 

6K Da 

of thyroid cells. The TSH effect on cell growth was confirmed in the rat 
and dog cell cultures, although a species difference was still obvious. 

Among the studies done in the 1980's, the response of thyroid cells 
to EGF and other growth factors is of great importance, since these growth 
factors or their receptors have been found to relate to oncogene action. 
Structural studies on growth factors and their receptors in other tissue 
cells had already provided some ideas to understand growth regulation 
mechanisms in general. 

The effects of growth factors have been found in cell cultures. The 
effective concentration of EGF on thyroid cells was in a physiological range 
and the growth factor was able to induce growth of thyroid cells in culture 
in any animal species previously examined, which suggest that EGF is respon
sible for the proliferation of thyroid cells, not only in culture but also 
in vivo. On the other hand, the EGF effect was enhanced synergistically by 
~low concentration of serum, while TSH induction was enhanced by insulin. 
These facts raised a question as to how many growth factors are involved in 
the growth regulation of thyroid cells. 

Both TSH and EGF are known to act at the plasma membrane. Involvement 
of cAMP in the growth regulation by TSH has been shown by Dumont's group. 
Burrow's group suggested that EGF action was mediated by metabolites derived 
from phosphatidylinositol. However, these findings indicate only the first 
step of a long reaction cascade consisting of either tyrosine kinases or 
threonine or serine kinases. No information is presently available on 
their substrates and processing, in spite of their great importance for 
understanding growth regulation mechanism, not only of thyroid cells, but 
also of tissue cells in general. 

Another point of interest is the relationship between growth regula
tion and cell differentiation. 
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Table 2. Brief History of Studies on Cultured Thyroid Cells 

1959 First report on cultured thyroid cells. 

1964 TSH-dependent reorganization of cultured cells. 

1971 TSH-dependent reconstruction of three-dimensional follicles. 

1970's Morphology and biochemistry of cultured cells. 
TSH-induced recovery of the morphology and differentiated 

functions. 
Controversy. Is TSH mitogenic? 

1980 TSH-dependent strain of rat thyroid cells, FRTL family. 
TSH-depencent primary culture of dog thyroid cells. 

1980's Biochemistry of cell functions and growth control. 
TSH receptor and the adenylate cyclase system. 
Localization of functional apparatus. 
TSH is mitogenic but there are species differences. 
EGF and other growth factors control thyroid cells. 
Growth control and differentiation. 

Application for assay systems. 

EGF stimulates cell growth and simultaneously inhibits hormone forma
tion. TSH stimulates cell growth, as well as the reconstruction of func
tional follicles. Insulin stimulates cell growth and also enhances TSH
induced morphogenesis. 

These facts suggest that growth regulation systems, differentiation
inducing systems, and systems regulating cell functions are correlated in 
some way. Still another point, other than intracellular messenger system 
or the reaction cascades mentioned above, is the relationship between on
cogene products and growth factors or their receptors. Analysis of gene 
structure has disclosed some structural homology between retrovirus onco
genes and chromosomal genes. In addition, some of the oncogene products 
were identified as active components of the host cell. Sis gene produces 
a part of platelet-derived growth factor, and erb B products are very simi
lar to a part of the EGF receptor. The structure of the insulin receptor 
has partial homology with the EGF receptor and, hence, the oncogene products 
Since TSH is included in the growth factor families, we may consider the 
possibility that the TSH receptor has some structural relation to oncogene 
products. On the other hand, another aspect of TSH activity was raised by 
B. Rapoport who found that TSH induced the expression of two oncogenes, c 
myc and H-ras. 

In any case, if thyroid cell growth is regulated by TSH as well as 
other growth factors that are in some way related to oncogene activity, some 
phenotype expressions of TSH and oncogenes are also expected to be somewhat 
similar. This is true in some respects; for example, enhanced transport of 
metabolites, high production of plasminogen activator, excessive blebbing 
of plasma membrane, round morphology, and failure of actin filaments to 
organize into large bundles. Some of these changes occur not only under 
conditions which give growth promotion by TSH, but also in the case when 
TSH induces morphological and/or functional differentiation. These facts, 
again, suggest a rather close relation in mechanism between growth regula
tion and differentiation promotion by TSH. 
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The study of growth regulation of thyroid cells has just been started. 
At present, as mentioned in this brief comment, we still have many problems 
unsolved. However, the burst of new findings from cell-biological and 
molecular-biological studies gives us hope to solve the problems in the 
near future. 
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GROWTH CONTROL OF FOLLICULAR CELLS IN VITRO* 
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lcentro di Endocrinologia ed Oncologia Sperimentale del CNR 
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II Facolta di Medicina e Chirurgia, Universita di Napoli 
Naples, Italy 

Thyroid follicular cells represent a fine example of endocrine and 
hormone-regulated cells. Similar to other types, both cell growth and dif
ferentiation are exactly adjusted in vivo throughout the life of the orga
nism. Regulation of cell prolifer~ion and acquisition and maintenance of 
the differentiated phenotype seem part of the unique program coordinated 
under normal conditions and subverted by pathological conditions leading 
to tumor growth and anaplastic dedifferentiation. 

Regulatory mechanisms affecting cell functions have been and continue 
to be investigated in vivo in animal and clinical studies. These studies, 
however, can be difficult to interpret because of the complex and often ob
scure interactions between different cell types, tissues, and organs. The 
effects and mode of action of various hormones or hormone-like substances 
have been described in clinical and biological thyroid studies and are also 
reported elsewhere in this book. Nevertheless, mitogenic stimulation of 
the thyroid gland has been difficult to explain in physiological or patho
logical conditions. For example, the TSH-like activity present in sera 
from patients with Graves' disease, earlier described as "Long Acting Thy
roid Stimulator (LATS)" and later discovered to be an immunoglobulin, is 
more precisely a thyroid-stimulating antibody (TSAb) or an autoantibody 
against TSH receptor component(s) (1). 

Isolated thyroid follicular cells may be studied in vitro, free of 
undefined interactions. In such a system, homogeneous~ell strains can be 
cultured in chemically and hormonally defined media, under standardized 
conditions. Thus, putative regulatory molecules can be tested for their 
biochemical effects on cell functions and proliferation. Ideally, cell 
cultures should also be genetically homogeneous (cloned from a single 
cell), continuously growing in culture while retaining their normal pheno
type and differentiation. Such cultures should maintain their features 
over prolonged periods of time so as to provide consistent results at dif
ferent times and in different laboratories. Unfortunately, such an ideal 
system is extremely difficult and probably impossible to obtain. 

*Partially supported by a grant of the Italian National Research Council, 
Special Project "Oncology". 
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Table 1. Culture Systems Employed in the Study 
of Follicular Cell Growth Control 

Freshly trypsinized cells in suspension 

- Primary monolayer cultures 

Primary follicles in suspension 

- Long-term monolayer cultures 

Despite the rapid progress in cell biology and in culturing differen
tiated cells achieved in the last few years, several difficulties are still 
encountered by investigators trying to grow differentiated, normal cells in 
long-term cultures. The field of thyroid biology, however, is particularly 
fortunate in having developed several valid in vitro cell culture systems. 
Probably none of these possess all the characteristics of an ideal system, 
but, knowing their limitations, they may be used to address several ques
tions in cellular endocrinology. 

Various thyroid experimental systems have been applied to the in vitro 
studies of hormonal control of thyroid follicular cell functions. Tho~ 
systems may be classified in four categories (Table 1). 

Freshly trypsinized cells in suspension. As early as 1962, Tong used 
freshly trypsinized sheep thyroid cells to study iodide transport and the 
influence of TSH on this differentiation marker (2). Thyroid cells were 
found to be particularly resistant to treatment but, due to the short life 
of suspended cells, growth regulation could not be studied (Table 2). 

Primary monolayer cultures. A better definition of culture media and 
conditions now permit the maintenance of primary thyroid cell cultures. 
Little or no cell proliferation occurs, but cells are kept under physio
logical conditions and express normal metabolism and characteristics for 
at least 5-7 days. Growth is usually accompanied by rapid dedifferentia
tion, and the possibility of selective mitogenic stimulation of non-fol
licular contaminant cells should be taken into account. Several important 
aspects of thyroid biology have been studied in primary cultured cells. 

Various TSH effects, such as stimulation of cAMP metabolism (3-7), or 
active iodide transport (8), have been extensively investigated in primary 
cultures. In 1979, the mitogenic effect of TSH was evaluated in cultures 
of human adenoma cells. The results led the authors to conclude that TSH 
was not mitogenic for those cells (9). At variance with this conclusion, 
several other studies reported TSH mitogenic activity in primary cultures 
of various animal thyroids (5,10-12). TSH also stimulated thyroid differ
entiation during the quiescent state of the cells (13). Primary cultures 
have also been used to investigate the effect of growth factors other than 
TSH (12,14,15). This is particularly important in view of the recently 

Table 2. Freshly Trypsinized Cells in Suspension 

Parameter studied 

- TSH stimulation of iodide uptake 
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Table 3. Primary Monolayer Cultures 

Parameters studied 

- TSH/receptor interactions 

- TSH stimulation of cAMP metabolism 

- TSH stimulation of iodide metabolism 

- Expression and TSH regulation of Tg synthesis 

- Trophic effect of TSH 

- Mitogenic role of TSH 

- Mitogenic and differentiative role of other growth factors 

demonstrated homologies between different receptors (16-18), and between 
receptors and oncogenes (19,20). These homologies suggest very important 
involvement of normal regulatory pathways in unregulated, neoplastic growth 
(Table 3). 

Primary follicles in suspension. Suspension cultures of thyroid fol
licles are also short-term but may be considered a very physiological in 
vitro model reproducing the three-dimensional thyroid fractional unit,-
i.e., the follicle. Follicles in suspension may be heterogeneous in cell 
composition, with the follicular cells comprising the vast majority of the 
cell population. This was also a characteristic of the monolayer short
term culture system. 

Although most of the studies performed on primary suspension cultures 
dealt with cell polarity (21-23) and follicle formation, the mitogenic role 
of TSH was demonstrated in 1980 (24). In primary follicles of rat thyroids, 
Nitsch and Wollman showed by electron microscopy studies that significantly 
more mitotic figures were present in sections of TSH-stimulated vs unstimu
lated cultures in serum-free media (Table 4). 

Long-term monolayer cultures. In 1980, a cell culture system was de
veloped in our laboratory from Fischer rat thyroids. Differentiated cells 
from normal adult glands have been adapted to grow either in low (0.5%) 
serum (25) or high (5%) serum (26) concentrations. Both cell strains (FRTL 
and FRTL5, respectively) not only respond to TSH mitogenic stimulation but 
their growth in vitro depends on the continuous presence of the hormone in 
the culture medi~Both FRTL and FRTL5 require, for optimal growth, a 
mixture of six hormones and growth factors (25), among which TSH is cer
tainly the most important. Because of the purity of both TSH (National 
Hormones and Pituitary Program, USA, 21 mU/ml) and of the cell population, 

Table 4. Primary Follicles in Suspension 

Parameters studied 

- Cell polarity 

- Follicle formation 

- Mitogenic role of TSH 
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the mitogenic effect of the hormone is clearly demonstrated. Moreover, 
this cell system appears to be very useful in studying the mechanism of 
action of TSH, particularly as a growth factor. The long-term growth of 
FRTLS cells, their fast duplication rate, and their nonmalignant and dif
ferentiated phenotype, make these cells a close-to-ideal system for growth 
control experiments. 

A simple growth curve demonstrates the essential role of TSH (Fig. 1). 
Upon reapplication of the hormone to starved cells, several events such as 
TSH receptor clustering and internalization (27), cytoscheleton reorganiza
tion (28), and adenylate-cyclase stimulation occur within the first 1-2 
hours, whereas mitogenic stimulation occurs only after a lag-phase of 24-
36 hours (29). The interval between early and late events in TSH stimula
tion demonstrates the existence of separate TSH bioeffects in thyroid cells 
and permits speculation on possible intracellular pathways. Work in our 
laboratory is now largely devoted to the elucidation of such pathways fol
lowing two approaches. 
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The genetic approach. TSH-independent mutants have been obtained from 
FRTL5 cells. Such mutants (Endocrinology, in press) still have TSH-stimu
latable adenylate-cyclase but grow in medium lacking TSH. Furthermore, 
addition of the hormone does not produce any mitogenic effect. In analogy 
to other prokariotic and eukariotic mutant cells, the characterization of 
the genetic lesion may lead to identification of biochemical steps in hor
monal studies. 

The cellular endocrinology approach. It is possible that complex in
teractions between hormones and growth factors may be involved in prolifer
ation control in vivo. In our cellular system it is now possible to study 
these processe~ EGF, a growth factor very active on several cell types, 
has been tested on FRTL5 cells. EGF added alone did not show significant 
growth stimulation. However, preliminary experiments show that EGF, added 
together with TSH, displays cooperativity with the hormone. EGF concentra
tions from 0.1 pg/ml to 100 ng/ml shift the TSH dose-response to lower con
centrations by more than two log units. Such EGF-TSH cooperativity is ef
fective only at submaximal TSH concentrations, a situation that probably 
occurs physiologically in vivo. 

The finding of cooperative effects between EGF and TSH suggests that 
other hormonal interactions may be involved as regulatory mechanisms for 
thyroid follicular cells, as well as for other differentiated cell types. 
In our opinion, these complex interactions and mechanisms can be best ap
proached in studies of endocrine cell biology in vitro since they offer the 
possibility of detailed analysis of individual-,-as well as multiple ligand 
effects of homogeneous cell populations. It is also our opinion that con
trol of cell proliferation may be regarded as one aspect of cell differen
tiation and tissue-specific gene expression, genetically programmed in the 
developmental stage and maintained in normal conditions through the entire 
life of the organism. 
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CONTROL OF PROLIFERATION AND OF THE EXPRESSION OF DIFFERENTIATION IN 

THYROID CELLS IN CULTURE 
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In pluricellular organisms, the biology of individual cells is tightly 
controlled to follow the constraints and requirements of the organism as a 
whole. These controls are mostly expressed through extracellular signal 
molecules (hormones, local hormones, neurotransmitters, etc.). The cellu
lar processes submitted to such controls can be divided into three broad 
categories: those dealing with the quantitative regulation of function, of 
growth and proliferation, and the qualitative expression of differentia
tion. Perversion of the two latter processes leads to tumorigenesis. The 
study of growth and differentiation expression has mostly used cells in 
culture as experimental models. In this short review, we wish to report 
some recent data on the control of dog thyroid cells in primary cultures 
and compare them to parallel results obtained with other systems and spe
cies. 

The proliferation and growth of cells is controlled mainly by two clas
ses of extracellular signal molecules, hormones and growth factors. In the 
case of dog thyroid cells, the following agents have been shown to directly 
modulate proliferation and expression of differentiation: a) hormones: thy
rotropin (TSH), insulin, somatomedin, hydrocortisone; b) growth factors: 
epidermal growth factor (EGF), fibroblast growth factor (FGF); c) serum; 
d) pharmacological probes of intracellular signal systems: phorbol esters, 
forskolin, cholera toxin. 

Dog thyroid cells were cultured in serum-free, insulin-supplemented 
medium as described elsewhere. Cell proliferation has been measured by four 
methods: cell counting, DNA content of the culture, 3H thymidine incorpora
tion into DNA, and the counting of labeled nuclei after 3H thymidine addi
tion to the medium. Most results have been obtained using three of these 
methods. In general, treatments were generally applied after four days of 
culture to cells that were quiescent (1 to 2% labeled nuclei per 24 hours). 
Total 3H thymidine incorporation into DNA which is sometimes used as the 
only measurement, is open to the criticism that it may reflect variations 
in deoxyribonucleoside phosphate pool and specific activity. The expres
sion of differentiation has been measured by iodide transport at equilib
rium (C/M), iodide binding to proteins in the cells, and thyroglobulin mRNA 
levels. 
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The first question asked concerns the kinetics of proliferation after 
addition of various stimulating agents to the quiescent cells. Several 
agents, such as thyrotropin (TSH), epidermal growth factor (EGF), serum and 
phorbol esters, can induce, after a prereplicative phase of 15-18 hrs, the 
DNA synthesis of such cells, only a minority of which has proliferated in 
vitro before stimulation (start of DNA synthesis Gt/S transition). Added 
alone in the presence of insulin (5 pg/ml), these different growth factors 
are sufficient to induce a wave of DNA synthesis in a part of the cell pop
ulation, while the combination of TSH, EGF, and fetal calf serum (10%) in
duces a maximum DNA synthesis rate (>90% of the cells were labeled within 
48 hrs) and an exponential proliferation (doubling time: 31 hrs) until con
fluence is reached. This shows that in our cultivated cells, the prolifer
ative response to maximal stimulation is general and that under such condi
tions there is no distinction between a population of stem cells and a pop
ulation of nonproliferating finally differentiated cells. If such a dis
tinction is justified in vivo, it does not reflect on the behaviour of the 
cells in vitro. A perC<entage labeled mitoses curve from exponentially grow
ing cells treated with EGF, TSH and serum together showed that the minimum 
time of cycle is 27 h (<G2 + M>: 3.5 h; <s>: 7 h). From these data, the Gl 
period is estimated to be at least 16 h which closely corresponds to the 
duration of the prereplicative phase of quiescent cells. This indicates 
that the quiescent thyroid cells are arrested in an early Gl stage rather 
than in an out of cycle GO phase, which supports our first conclusion. 

Cell counting or DNA measurement shows that our dog thyroid cells are 
only able to divide four to five times. This limit is reached before con
fluency, which suggests an endogenous limitation. Whether this limitation 
reflects the in vivo situation or an artefact of the culture system is not 
yet known. 

In the presence of insulin, TSH triggers a 30-60% cumulative labeling 
index within 48 h of exposure. The effect of TSH on proliferation is mim
icked by cholera toxin and forskolin, whose sole known biochemical action 
is to activate adenylate cyclase, and by dibutyryl cyclic AMP, an analog 
of cyclic AMP. It is, therefore, sufficient to increase cAMP levels to 
induce DNA synthesis in a significant part of the thyroid cell population. 
This clearly shows that this effect of TSH in these cells is mediated by 
cyclic AMP. Forskolin is particularly interesting for such work, as its 
effect (cyclic AMP accumulation) is very fast and disappears in a few min
utes after washing of the cells. It is, therefore, possible to apply pulses 
of cyclic AMP accumulation or to interrupt continuous stimulation by pulses 
of normal resting cyclic AMP concentrations. The modulation of the length 
of cAMP accumulation by exposure of the cells for increasing or discontinu
ous periods to forskolin shows that a continuous cAMP rise for most of the 
prereplicative phase is necessary to support the progression in this phase 
until the commitment to DNA synthesis (2 hours before the start of DNA syn
thesis= restriction point). Interruptions in the cAMP rise as short as 2 
h delayed the onset of DNA synthesis but did not postpone it by another 17 
h period. These delays depend on both the moment and the duration of the 
cAMP interruptions. This shows that the system has a memory but that the 
cascade of events leading to the decision of DNA synthesis is reversible 
until the restriction point. Similar excessive delays in the onset of DNA 
synthesis are also produced by reversibly blocking protein synthesis with 
cycloheximide. This suggests that the induction by TSH of a commitment to 
DNA prereplication strictly depends on peculiarly labile cAMP-dependent 
events which might well be the induction by cAMP of the synthesis of a key 
labile protein. 

The second question asked concerns the role and action of various ex
tracellular and intracellular signal molecules in the control of prolifer
ation and differentiation expression in our cells. After a few hours, TSH 
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causes the reaction and rounding up of the thyroid cells. This effect is 
also mimicked by cholera toxin, forskolin, and cyclic AMP analogues and, 
therefore, mediated by cyclic AMP. The fact that it involves all cells 
in the culture demonstrates_the homogeneity of the culture and is further 
proof that these cells are follicular. After one day, TSH through cyclic 
AMP induces proliferation in quiescent cells, but it also maintains or re
induces the expression of differentiation. The fact that these effects are 
mimicked by combinations of cyclic AMP analogues which specifically acti
vate cyclic AMP-dependent protein kinases indicates that they are mediated 
by these kinases. Several protein substrates of these kinases have been 
identified on 2D gel electrophoregram, but their nature and role are still 
unknown. On the other hand, the fact that the proliferation effects of TSH 
are not mimicked by the short-acting activator of adenylate cyclase prosta
glandin E, nor by pulses of forskolin, shows again that prolonged accumula
tion of cyclic AMP is needed. It has been shown that in porcine thyroid 
cells, TSH enhances the availability of EGF receptors. However, this could 
not explain the proliferative effect of TSH in dog cells, as it occurs with 
the same kinetics as the EGF effect and in the absence of serum or EGF. 

Epidermal growth factor (EGF), like TSH, stimulates the proliferation 
of thyroid cells. Since EGF does not enhance cyclic AMP accumulation, its 
effect is not mediated by cyclic AMP. On the other hand, EGF accelerates 
the disappearance of differentiation markers in control cells, still de
creases their low expression at equilibrium, and inhibits TSH reinduction 
of these markers. TSH and EGF act in a compet1t1ve manner on this para
meter. The effects of EGF, as those of TSH, are delayed. Similar results 
have been obtained by Westermark and by Eggo and Burrow in porcine and ovine 
cultures. As the dedifferentiation action of EGF is observed in cells at 
quiescence at the end of proliferation, it cannot be ascribed to the accel
eration of proliferation. Bachrach has shown in ovine cells that EGF also 
decreases cyclic AMP accumulation. However, in short-time incubation (4 
hours) we have observed no such effect in dog thyroid slices. 

It is interesting that the stimulation of proliferation and the ex
tinction effect on differentiation markers of EGF is mimicked by phorbol 
esters (e.g., TPA). These agents have been shown to be probes of the 
diacylglycerol-regulated protein kinase C. As EGF has been shown in other 
cells to activate phosphoinositide hydrolysis and diacylglycerol genera
tion, it is possible that the action of EGF is mediated by this intracel
lular signal. However, contrary to EGF, the action of phorbol esters de
creases after 4-6 days. Moreover, phorbol esters decrease to their level 
of stimulation the effects of EGF concentrations added concomitantly. Sim
ilar effects of TPA have been observed by Bachrach in ovine cells. 

It should be emphasized that both EGF and TPA decrease the expression 
of differentiation markers in the thyroid cells, but do not truly dediffer
entiate them. Indeed, even when differentiation markers are no longer evi
dent, these cells can still be induced to express the markers by TSH or 
forskolin. Thus, these cells have retained their identity of thyroid fol
licular cells and, thus, respond to their trophic hormone TSH by reexpres
sing their differentiated characteristics. It is rather striking that the 
whole EGF circuit has apparently been lost in the FRTL cell line. 

The DNA synthesis induction by TSH (cAMP) or by EGF depends on, or is 
potentiated by, insulin. Strikingly, nanomolar concentrations of insulin 
are already sufficient to support a stimulation of DNA synthesis by TSH, 
while micromolar concentrations of insulin are absolutely required for the 
action of EGF. This suggests that insulin supports the action of TSH by 
acting on its own high-affinity receptors, while the effects of EGF are de
pendent on the somatomedin-like effects of high concentrations of insulin. 
Insulin always supports the progression in the prereplicative phase 
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stimulated by TSH, but it is not absolutely necessary for the initiation 
of the prereplicative phase by TSH in all the experiments. A marked syn
ergism is also observed, in the presence of high insulin concentrations, 
between the increase of cAMP and EGF, for the induction of DNA. synthesis. 
Thus, in the stimulation of proliferation by EGF, the observed effect of 
insulin is probably mediated by somatomedin (IGFl) receptors, while in the 
support of the action of TSH, both insulin and somatomedin receptors may 
be involved. 

Fibroblast growth factor (FGF) and serum induce dog thyroid cell growth 
as EGF, but they do not affect the expression of differentiation or the TSH
cyclic AMP action on this expression. However, both in the presence of FGF 
and serum, the expression of differentiation markedly decreases during the 
proliferation phase. It is interesting that platelet-derived growth factor 
(PDGF) has no effect on porcine or dog thyroid cells. 

Hydrocortisone greatly enhances the effect of TSH on the expression 
of differentiation markers in dog thyroid cells. A complementary effect 
on the induction of growth has also been observed in an ovine thyroid cell 
line (OVNI). 

A third question we have asked to our system concerns the mechanism of 
the induction of proliferation by various agents or, more precisely, which 
newly synthesized proteins could be involved. Our aim was to appreciate 
whether different mitogenic stimuli acting by different intracellular sig
nals could finally converge to activate the synthesis of a unique set of 
key proteins before commitment to DNA synthesis. Protein synthesis in the 
Gl period of the cell cycle has been investigated using 2D electrophoresis 
in the quiescent cultures induced to proliferate by the combined action of 
thyrotropin (TSH) (acting through cAMP), epidermal growth factor (EGF), and 
serum (through cAMP-independent mechanisms), or by each of these agents 
acting alone. The analysis of the proteins pulse-labeled for 3 h with (35g) 
methionine in quiescent cells deprived of serum and in cells that had been 
stimulated for various periods of time by the addition of TSH, EGF, and 
serum showed maximal modifications before entry into S phase; the labeling 
of at least 10 proteins was enhanced while labeling of at least six proteins 
was decreased. The synthesis of one of these proteins (protein 1; Mr 81000) 
showed some peculiarity; it was maximal 9-12 h after stimulation by the pro
liferative agents but began to decrease at 15-18 h and was still decreased 
at 29-32 h. The study of the effects of each of the proliferative agents 
alone on the labeling of these 16 proteins showed that TSH specifically 
stimulated the labeling of eight polypeptides (proteins 2 to 9) and that, 
in contrast, EGF and serum specifically increased the labeling of two other 
proteins (proteins 1 and 10). The labeling of one protein was decreased by 
each of the different agents (protein 6'), while TSH specifically decreased 
the labeling of four polypeptides (protein 1' to 4') and increased the la
beling of one polypeptide (protein 5') whose synthesis was decreased by EGF 
and serum. Cholera toxin perfectly mimicked all these effects of TSH. The 
labeling of two of these proteins was no more stimulated when the cells no 
longer proliferated at confluency (proteins 1 and 7). Protein 7 has a Mr 
and an isoelectric point similar to those of cyclin/PCNA (37 kD, pi 5). 

We have, therefore, not identified one unique protein, the labeling 
of which is increased by each of the different mitogenic stimuli. Conse
quently, no one specific increase in the synthesis of proteins can be con
sidered as a marker of the entry of thyroid cells into S phase. However, 
the effect of TSH on protein 7 labeling is specifically potentiated by EGF 
and serum, while the effect of EGF and serum on protein 1 is specifically 
potentiated by TSH. Thus, the synthesis of these two proteins shows a cor
relation with the stimulation of DNA synthesis which is much greater when 
the mitogenic agents are acting in combination. 
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Fig. 1. Diagram of extracellular and intracellular 
signals controlling proliferation and expres
sion of differentiation in thyroid cells. 

A possible interpretation of our data is that in thyroid cells, cAMP
dependent and cAMP-independent mitogenic stimuli induce not one, but at 
least two essentially independent sequences of events, each one culminating 
with the synthesis of one peculiar protein before DNA synthesis. In order 
to definitively test such a hypothesis, we are currently developing anti
bodies against proteins 1 and 7. 

Our present concept of the role of various extracellular and intracel
lular signals in the control of proliferation and of the expression of dif
ferentiation in thyroid cells is summarized in Fig. 1. 
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TSH regulates thyroid function and growth. However, both clinical 
observations and experimental results have suggested that TSH is necessary 
for, but not the trigger of, gland growth. Several findings support this 
hypothesis: 

1- Glands with decreased iodine stores are hypersensitive to TSH (1,2). 
2- Serum TSH is normal in some endemic goiter areas (3) and in most thyroid 

cancers (4,5). 
3- Experimental goiter (LID, MTU, etc.) develops before an increase in serum 

TSH is detected (6,7). 
4- Goiter size in some endemic areas is inversely related to iodine content 

(8). 
5- Compensatory thyroid growth, after hemithyroidectomy, may occur in the 

absence of TSH (9,10). 

These results led to the idea that some factors, intrinsic to the thy
roid, modulate the response of the gland to TSH (or other factors). Further 
studies have shown that the concentration of organic iodine in the gland is 
related to changes in the response to stimulators or inhibitors. A decrease 
in this parameter is associated with increased sensitivity to TSH, while the 
opposite is observed when excess iodine is administered. This constitutes 
the so-called autoregulatory mechanism (11,12). In human benign tumors, the 
concentration of total iodine, T3, and T4 is significantly decreased (13) 
(Table 1), a finding that supports the hypothesis that the autoregulatory 
mechanism may play a role in the onset of thyroid growth. 

Excess iodine inhibits many thyroid parameters, through the iodo-organic 
intermediate (11,12), whose exact nature is not known. Iodothyronines have 
been proposed to be such intermediates, since they mimic some, but not all, 
of the inhibitory effects of iodine on the gland (12), and nuclear T3 recep
tors have been found in calf thyroid (14). However, their role is still 
controversial. 

*The original research work herein presented has been supported by grants 
from the Argentine National Research Council (CONICET). 

tEstablished investigators from the CONICET. 
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Table 1. Thyroid Content of Total Iodine, T3, and T4 

Normal (n=7) 

Iodine 

)1 g/g tissue 472 + 40 

llg/mg protein 5.6 + 1.2 

)lg/mg DNA 104 + 18 

Thyroxine 

)lg/g tissue 174 + 27 

)lg/mg protein 1800 + 300 

)lg/mg DNA 38.6 + 6.3 

Triiodothyronine 

)lg/g tissue 4.5 + 0.6 

)lg/mg protein 40 + 5 

)lg/mg DNA 1020 + 210 

Adenoma (n=6) 

126 + 24a 

1.6 + 0.4a 

38 + 2a 

38 + 16b 

510 + 210b 

8.8 + 3.2b 

0.6 + O.lb 

7 + 2b 

128 + 27b 

Adenomatous 
goiter (n=5) 

62 + 18a 

0.6 + 0.2a 

14 + 4a 

6 + Jb 

10 + Job 

1.3 + 0.7b 

0.2 + O.lb 

3 + lb 

51 + 35b 

Each value represents the mean~ SEM; a: p<O.Ol; b: p<O.OOl. 
Reproduced from (13) with permission. 

It is known that, besides thyroid hormones, iodine may be incorporated 

into lipids in glands from different species (15-21). Boeynaems and Hubbard 

(22) have shown that iodine is incorporated into an iodolactone and derived 

compounds. Recent results from our laboratory have provided additional in

formation concerning lipid biosynthesis and regulation (23): 

1-
2-
3-
4-
5-

Lipid iodination correlates in parallel with hormone biosynthesis. 
125I incorporation into iodolipid is inhibited by PTU and MMI. 

Thyroid iodolipids are not bound to protein. 
They are mainly localized in the mitochondrial-microsomal fraction. 
Most important compounds are: a) iodinated free fatty acids (around 50%); 
b) iodinated neutral lipids (20%). 

6- Radioiodine incorporation into iodolipids is increased by TSH, T3, and 

indomethacin, and decreased by mepachrine (inhibitor of phospholipase 

A2). 

These data, together with that previously obtained at different labo

ratories, have suggested that arachidonic acid might undergo different path

ways in the thyroid (Fig. 1): a) biosynthesis of prostaglandins and related 

compounds (cyclo oxygenase); b) biosynthesis of leukotrienes (lipoxigenase); 

c) biosynthesis of iodinated derivatives of arachidonic acid (peroxidase). 

It is not known whether the peroxidase involved in this latter pathway cor
responds to the enzyme which catalyzes thyroid hormone formation. 

In calf thyroid, we have observed the biosynthesis of 125r-labeled 15-

iodo-14-hydroxy and 15-hydroxy-14-iodo-eicosatrienoic acid (I-OH-A) and the 

corresponding iodolactone (to be published). These compounds were prepared 

by organic synthesis and their effects on thyroid function were examined. 
In previous results, we have shown that a non-purified preparation inhibits 

in vitro different parameters, such as iodine uptake and organification, and 
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Fig. 1. Possible pathways of arachidonic acid in the thyroid. 

3H-uridine incorporation into RNA (24). When purified preparations were ex
amined, we found that 1-0H-A is a potent inhibitor of iodine metabolism and 
of cyclic AMP formation (25). In vivo studies showed that I-OH-A inhibits 
the goitrogenic action of MMI. When rats were treated with MMI, thyroid 
weight increased by around 120-130%. This could be prevented by the simul
taneous administration of 5 ~g/day of I-OH-A. Arachidonic acid was without 
effect. When a dose of KI, equivalent to the iodine that would be generated 

Table 2. Prevention of MMI-induced Goiter in the Rat 

Thyroid weight % Variation 
Treatment mg/100 g b.wt. vs control vs MMI 

Control 9.66 + 0.34 

MMI 6 mg/day 21.52 + 0.68 (a) + 122 

I-OH-A 5 ~g/day 10.12 + 0.59 + 4 

AA 5 ~g/day 11.46 + 0.88 (b) + 19 

T3 5 ~g/day 7.11 + 0.23 (a) 20 

KI 1.25 ~/day 10.76 + 0.99 + 11 

MMI + I-OH-A 14.85 + 0.78 (c) - 57 

MMI +AA 22.50 + 0.73 + 4 

MMI + T3 10.30 + 0.24 (c) - 95 

MMI + KI 20.36 + 1.66 5 

Groups of six rats were injected with the compounds during 10 days. 
Each value is the average + SEM. a: p<0.01 vs control; b: p<0.02 
vs control; c: p<O.OOl vs MMI. 
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Table 3. Serum TSH During Goiter Induction and Prevention 

Thyroid weight Serum TSH 

Treatment Days mg/100 g b. wt. \lU/ml 

Control 3 6.87 + 0.35 21 + 1 

MMI 3 16.26 + 0.81 (a) 190 + 18 

MMI + I-OH-A 3 11.94 + 0.38 (b) 208 + 12 

Control 25 4.62 + 0.23 21 + 3 

MMI 25 16.04 + 0.98 (a) 234 + 29 

MMI + I-OH-A 25 9.22 + 0.82 (b) 180 + 30 

Each value vs the average of six rats + SEM. a: p<0.0005 vs 

controls; b: p<0.0005 vs MMI. 

from the complete dehalogenation of 1-0H-A, was injected, no action was 

found. These data indicated that I-OH-A exerts its effect per se and not 

through its possible metabolites. This is further supported by the fact 

that I-OH-A caused an inhibition of thyroid growth in the presence of MMI 

which blocks iodine organification. T3 at a dose of 5 )lg/day, also caused 

an inhibition of gland growth (Table 2), but I-OH-A appears to have a dif

ferent mechanism of action. The administration of this latter compound did 

not alter the serum levels of T3, T4 (not shown), and TSH (Table 3). When 

thyroid cyclic AMP content was measured, we found that it increased after 

MMI treatment. The injection of I-OH-A caused a significant decrease in 

both basal and in MMI-stimulated values (Table 4). Therefore, we may con

clude that I-OH-A has a direct inhibitory effect on thyroid growth. 
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Extracellular Intracellular 

2 l Iodide organificat ion 
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4l 3H-uridine uptake 

5 l cAMP production 

6 l Thyroid growth 

Fig. 2. Diagram illustrating how iodinated lipids in the 

thyroid gland mimic the effects of excess iodine. 
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It has been shown that KI inhibits TSH stimulation of cAMP generation 
in the thyroid through an organic intermediate (26,27). The results herein 
presented, and those observed in vitro (25), demonstrate that I-OH-A mimics 
the effects of KI on cAMP production. Since cAMP is a well-known stimula
tor of thyroid growth (28), we may explain the inhibitory action of I-OH-A 
through an effect on cAMP generation, without excluding other sites of 
action. 

In summary, the present available information supports the hypothesis 
that an alteration in the autoregulatory mechanism would be linked to the 
initiation of thyroid growth in the presence of normal levels of TSH. Al
though the exact nature of the organic intermediates involved is not dis
closed, the data herein discussed demonstates, for the first time, that 
some iodinated lipids, synthetized by the gland, mimic the effects of excess 
iodine, thus partially fulfilling the requirements to be such intermediates 
(Fig. 2). Further studies are being performed in our laboratory in order 
to clarify this point. 
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GROWTH CONTROL AND FOLLICULAR CELL NEOPLASIA* 

H. Studer 

University Clinic of Internal Medicine 
Inselspital 
Bern, Switzerland 

In the previous lectures of this symposium we have been informed of 
the actual state of knowledge in the fields of growth control of follic
ular cells in vitro (Dr. Ambesi-Impiombato), of growth factors other than 
TSH (Dr. Dumon~nd of metabolic events evolving in the growing cell 
(Dr. Pisarev). It now remains to be seen how the normal thyroid grows, 
how it is transformed into a goiter within the intact organism, and how a 
neoplasia can possibly develop from a normal gland. 

Intense acute growth stimulation by TSH or thyroid-stimulating immuno
globulins invariably produces hyperplasia of all thyroid follicles and of 
all cells within a follicle, together with depletion of the colloid stores. 
The best known example is that of experimental goiters produced by chronic 
iodine deficiency. However, two different thyroid glands exposed to the 
same degree of stimulation acting for an identical length of time may re
spond with a very different growth pattern, if the local intrathyroidal 
environment is not strictly identical. 

A striking example is provided by the goiters produced in rats by di
phenylthiohydantoin (DPTH)-feeding together with either high or low iodine 
supply (1). DPTH is a goitrogen that does not interfere with organic bind
ing of iodine, but rather acts through increasing biliary loss of thyrox
ine. We have previously demonstrated (1) that DPTH produces the classic 
type of hyperplastic goiters, devoid of colloid, if insufficient iodine 
is available. In contrast, large colloid-filled lumina with less columnar 
epithelial shells are produced if ample iodine is provided. Thus, the 
growth pattern of these goiters strikingly depends on the availability of 
iodine. 

Similarly, the growth of Graves' goiters greatly depends on local 
intrathyroidal factors. While acute Graves' goiters invariably grow in a 
thoroughly homogeneous macroscopic and microscopic pattern, this is no 
longer true in the more chronic disease. Not only may gross macroscopic 
nodules appear in long-standing Graves' goiters, but a microscopic work
up of the gland may reveal entirely different growth patterns within the 
same gland. When transplanted into nude mice, the different patterns may 
be faithfully reproduced by the grafts (Fig. 1), thus indicating that the 

*Work supported by grant No. 3.987-0.84 of the Swiss National Science 
Foundation. 
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Fig. 1. A,B: Graves' goiter with a macrofo1licular (A) and a microfollicu

lar and solid growth pattern (B). 

C,D: The same goiter as in Fig. 1 A,B growing as a transplant in a 

nude mouse injected with the patients own serum. The heterogeneous 

structures of the donor tissue are reproduced by the growing trans

plant. 

particular structures did not depend on some microenvironmental factors, 

but were rather an inheritable trait of individual cells (2-4). 

From these observations we conclude that local intrathyroidal factors, 

such as the availability of iodine (5,6) and other yet unknown events may 

greatly modify the structure of a growing gland and may possibly cause re

gionally differing growth patterns. Perhaps even more important, different 

thyroid cells, when forced to replicate, may not necessarily build up iden

tically structured tissue for reasons that depend on an inheritable indi

viduality in expressing some of their traits (3). 

We shall now consider the particular growth response of a thyroid 

gland exposed to chronic low-grade growth stimulation such as low levels 

of TSH or growth-stimulating immunoglobulins (7). Knowledge of the two 

following basic characteristics of normal follicular epithelia are taken 

for granted. 

1) Not every thyroid cell has the same intrinsic growth potential 

(8,9). While some cells divide even in the absence of the classic growth 

factor TSH, other epithelial cells require long exposition to TSH before 

entering the mitotic cycle (3). 

2) An intrinsically high growth potential is an inborn, inheritable 

trait of some thyroid cells. It is, therefore, transmitted from one cell 

generation to the next (2,3). 
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Fig. 2. PAS stained section of a mouse goiter produced 
by feeding perchlorate for 16 weeks. Four 
clearly delimitated tumors have formed. 

The evidence for this concept is based on three pillars. First, a 
homogenous population of cells growing in tissue culture invariably con
tains some cells with very short cell-cycle times, while other cells rep
licate only at long or even infinite intervals (10). Second, colonies of 
cells growing in tissue culture in the presence of growth factors attain a 
widely varying size in any preset time period (11). Third, if the normal 
intact thyroid gland should also contain epithelial cells with a higher 
than average intrinsic growth rate, then any chronic growth stimulation 
would have to produce focal accumulations of rapidly growing cell nests. 
This is, indeed, the case. It is classic knowledge that chronic feeding 
of a goitrogenic regimen will produce multiple benign and eventually even 
malignant tumors in most species of animals (12,13). An illustration from 
our own experiments is given in Fig. 2. Multiple adenomas have formed in 
a mouse thyroid stimlated by perchlorate feeding for 16 weeks (14). Yet 
another citation classic is Mortensen's observation that even normal human 
thyroid glands strongly tend to become nodular with advancing age of their 
bearers (15). 

It is tempting to wonder whether there is any discernible link between 
the cell that apparently has a high inborn growth rate in cloned tissue 
culture and the progenitor cells of adenomas in the growing thyroid. We 
believe that such a link does, indeed, exist. 

First of all, newly generated cells are not randomly scattered all over 
the growing thyroid, but cells of successive generations strongly tend to 
remain adjacent to each other so as to form large cohorts. This is shown 
in Fig. 3. The newly generated cells may be used in either one of three 
ways (Fig. 4). They may remain within the monolayered epithelium like cell 
islands inserted into the expanding follicular shell, or they form buds pro
truding either into the follicular lumen or outwards into the interstitial 
space. Examples of sprouting cell buds forming new follicles have been il
lustrated previously (3,8,9). 

Some little cell humps proliferate with particularly short cell-cycle 
times. In this case, a true adenoma will soon be forming (13). 

All cells of these early adenomas are dividing at 
This is in line with their presumed monoclonal origin. 
pattern of the multiple adenomas appearing late in the 
tal goitrogenesis is different. While the fraction of 

the same fast pace. 
However, the growth 

course of experimen
actively dividing 
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Fig. 3. Normal human thyroid growing as a transplant 
grafted onto a nude mouse. The mouse was fed 
meth imazole for 3 weeks and 3H-thymidine was in
j ected 3 times daily dur i ng weeks 2 and 3. Highly 
proliferating cells are not scattered randomly but 
form large, coherent families within the shell of 
some follicles (3) (arrow). 

cells i s always much higher in the adenoma than in the nontumorous gland, 
there is now a considerable minority of cells which divide at a slower pace 
or not at all (Fig. 5) (14) . How, then, can the emergence of asynchronous 
replication rates in an apparently clonal cell line be interpreted? A pos
sible explanation comes from the work of Wynford-Thomas and Williams (16). 
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Earliest Stage of Follicle Growth 

Fate of Newly Generated Cells 

Fig. 4. Schematic drawing representing the three 
possible ways in which newly generated 
thyroid cells are built into the existing 
tissue. 



The Wanmg Autonomy ofThyr01d Growth Durmg Maturation 

• ou1onomously growong cells 
0 TSH dtpendtn1 cells 

Fig. 5. Schematic representation of the 
declining number of autonomously 
growing, rapidly dividing cells 
during maturation of the thyroid 
gland. Most important is the 
persistence, in the adult gland, 
of a small fraction of these 
highly growth-prone cells. (Ab
scissa: Increasing TSH-indepen
dency is to the left, increasing 
TSH-dependency to the right). 

The authors have shown that the high mitotic rate of thyroid cells charac
terizing the early growth response to TSH is not maintained with chronic 
stimulation. Rather, most cells will become refractory (through some still 
unknown mechanism) to chronically persisting growth stimuli. The emergence 
of growth-refractory cells in apparently clonal adenomas may, therefore, be 
(somewhat surprisingly) but the expression of a normal regulating mechanism 
characterizing healthy thyroid cell. 

A similar down-regulation of cellular growth propensity naturally occurs 
during maturation of multicellular organisms. In fact, the growth rate of 
fetal organs is incomparably higher than that of adult tissue. For example, 
in the fetal thyroid gland, a large fraction of all cells have a high TSH 
independent growth rate. To cite but one experimental result, in one thy
roid gland of a 10 week old human fetus transplanted onto a nude mouse, as 
much as 30% of all cells proliferated in spite of TSH suppression in the 
rec1p1ent mouse. In contrast, in adult human glands, not more than 1% of 
all cells are growing autonomously (3). Likewise, in the thyroid gland of 
one week old mice, as much as 25% of all cells keep replicating even under 
TSH suppression, while the 3H-thymidine labeled cells again amount to less 
than 1% of the adult thyroid (14). Thus, the fetal thyroid and, to a lesser 
extent, the newborn's thyroid behave rather like autonomously growing thy
roid nodules or benign adenomas. During maturation toward adulthood, more 
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than 99% of all cells lose their aggressive intrinsic autonomous propensity 
to replicate, but an occasional cell will retain its original inherited high 
high replicating power in the adult gland (Fig. 5). We have produced evi
dence that these particular cells are at the origin of thyroid nodules and 
adenomas, since their inbuilt high growth rate enables them to proliferate 
faster than any other neighboring cell and, therefore, to form locally ex
panding tumors (14). 

All existing theories on the pathogenesis of benign and malignant 
tumors assume that the fast growing cells must either acquire a new trait 
or lose some normally existing control mechanism. In contrast, the view 
exposed here considers the benign tumor as the late consequence of the per
sistence, in adult organs, of a few normal cells endowed with the relentless 
autonomous growth potential of fetal cells. The mechanisms which switch off 
the high growth potential in the overwhelming majority of all fetal cells 
during maturation are not known at the present time. 

One last comment concerns the transition of the common, TSH-dependent 
adenomas in experimental goiters into autonomously growing, transplantable 
adenomas and eventually into frankly malignant tumors. This sequence of 
events has first been deomonstrated some 30 years ago (12). The data pre
sented here (and in 14 and 17) readily explain the phenomenon of autonomous 
growth. Indeed, it is, in our mind, but the necessary consequence of the 
inevitable overgrowth in chronically stimulated glands of the rapidly di
viding, intrinsically autonomous cells described above. Although we have 
no data on malignant transformation, it has been demonstrated experimen
tally (what might be expected on theoretical grounds) that the insertion 
into the genome of oncogenic DNA sequences is greatly enhanced by acceler
ating the cell's replication rate (18). 

We may conclude from this review that there is barely any other organ 
more suitable than the thyroid gland which allows investigation of the basic 
mechanisms of growth and formation of benign and possibly malignant tumors. 
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CLINICAL PROBLEMS IN THYROID DISEASE 

Creswell J. Eastman 

Endocrine Unit 
Westmead Hospital 
Westmead, Sydney, Australia 

Several interesting and controversial topics have been grouped to
gether in this symposium. These topics are not related, but each is clin
ically relevant and represents an area where significant advances have oc
curred over the past few years. Experts will review our current knowledge 
of the effects of transplacental passage of maternal immunoglobulins on 
neonatal thyroid function; the nature of the binding protein abnormalities 
in familial dysalbuminemic hyperthyroxinemia (FDH) and kindred syndromes, 
and their effects on thyroid function; the diverse effects of the antiar
rhythmic agent amiodarone on thyroid function; and the experimental evidence 
relating to the efficacy of radiolabeled antithyroglobulin antibodies in the 
detection and treatment of metastatic thyroid cancer. The latter will not 
be discussed further, as it is preliminary data and will be fully reviewed 
in the symposium. 

TRANSPLACENTAL ANTIBODY-INDUCED NEONATAL SYNDROMES 

Placental transfer of thyroid-stimulating immunoglobulin from mother 
to fetus inducing neonatal thyrotoxicosis is a well-recognized, but fortu
nately rare, complication of maternal Graves' disease. In a recent compre
hensive study of this problem, Zakarija and McKenzie (1) confirmed the gen
eral clinical impression of the decline in maternal thyroid-stimulating 
antibody (TSAb) during pregnancy associated with the amelioration of clini
cal features of thyrotoxicosis. Their data, and that of others, suggest 
that prognostication of neonatal thyrotoxicosis is not possible by reliance 
on maternal clinical features, but can be made by serial measurements of 
maternal TSAG late in pregnancy. 

It is now apparent that at least three different functional classes of 
immunoglobulins may be transferred to the fetus of a mother with autoimmune 
thyroid disease. The effects of these immunoglobulins are thyroid stimu
lation (neonatal thyrotoxicosis), thyroid inhibition (transient neonatal 
hypothyroidism), or thyroid enhancing (delayed neonatal thyrotoxicosis). 
Furthermore, there is now good evidence that thyroid growth-stimulating or 
inhibiting antibodies (TGI) occur which are quite distinct from antibodies 
blocking TSH binding to specific thyroid receptors (2). The recent finding 
of TGI block in 80% of 104 cases of sporadic congenital hypothyroidism sug
gests that the transplacental passage of these immunoglobulins may be in
volved in the pathogenesis of this disorder (3). Thus, the past few years 
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have seen the emergence of new experimental data implicating placental trans
fer of maternal immunoglobulins in most forms of neonatal thyroid disease. 

LABORATORY DIAGNOSIS AND MISDIAGNOSIS IN STATES OF ALTERED THYROXINE BINDING 

The clinical features of thyroid disease may be so subtle or atypical 
that reliance upon thyroid function tests is frequently necessary to obtain 
a diagnosis. Measurement of total serum thyroxine (T4), with either indi
rect or direct assessment of the free T4 fraction, is the most commonly em
ployed front line test. Alterations in thyroxine-binding globulin (TBG), 
and hence total T4 concentrations, are frequent, especially in females taking 
estrogen medication. More recently, it has become apparent that euthyroid 
hyperthyroxinemia is a common occurrence. This condition is defined as an 
elevated serum T4, either total or free, occurring in the absence of hyper
thyroidism. The T4 excess may be transient or persistent and may be assoc
iated with elevated, normal, or even low concentrations of circulating serum 
T3. Table 1 lists the more common causes of euthyroid hyperthyroxinemia 
(4). 

Recently, much attention has been focused on the syndrome of familial 
dysalbuminemic hyperthyroxinemia (FDH). The features of this disorder are 
autosomal dominant inheritance, elevated serum total T4, normal total T3, 
elevated free T4 index, but normal free T4 by equilibrium dialysis, normal 
TSH response to TRH stimulation and normal serum concentrations of TBG, 
TBPA, and albumin. The importance of the syndrome rests in the frequency 
of misdiagnosis often resulting in inappropriate treatment for hyperthy
roidism. Conflicting evidence for qualitative abnormalities in serum albu
min await resolution. In a recent communication, Yabu and co-workers (5) 
have produced evidence for the presence of a quantitative increase in a 
normally occurring albumin which has a particularly high affinity for T4. 
The effect of this albumin on commonly used laboratory tests will be dis
cussed during this symposium. 

Abnormal binding of T4 to TBPA has also been reported as a cause of 
euthyroid hyperthyroxinemia (6,7). This appears to be a much rarer condi
tion than FDH and further studies are required to define and characterize 
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Table 1. Common Causes of Euthyroid 
Hyperthyroxinemia (4) 

1. Binding protein abnormalities 

- TBG* 

- Dysalbuminemia 

- TBPA excess 

- Autoantibodies* 

2. Hormone resistance* 

3. Drug induced 

4. Acute psychiatric illness 

5. Hyperemesis Gravidarum 

*T3 may also be elevated. 



Table 2. Effects of Amiodarone 
on Thyroid Function 

Serum T4 

Serum rT3 

Serum T3 

Serum TSH 

Response to TRH enhanced 

the clinical features and laboratory abnormalities. Other conditions which 
produce abnormal serum T4 and/or T3 levels, such as peripheral thyroid hor
mone resistance, are discussed in these proceedings. 

AMIODARONE AND THYROID FUNCTION 

Amiodarone is a benzofuramic acid derivative, containing 37.2% iodine 
by weight, used widely in the treatment of cardiac arrhythmias. Besides 
providing pharmacological quantities of iodine to the patient, it also has 
other thyroidal effects not readily explained by iodine excess. These ef
fects are summarized in Table 2. Inhibition of 5'-deiodinase is the prin
cipal cause of the decline in plasma T3 and rise in plasma reverse T3 with 
treatment. The rise in plasma total and free T4 has been attributed to de
creased clearance of T4. The enhanced TSH response to TRH stimulation, in 
the face of elevated T4 concentrations, has been attributed to inhibition 
of conversion of T4 to T3 within the pituitary thyrotroph. With prolonged 
therapy, the serum TSH level returns to normal. To date, there is no con
vincing evidence tht amiodarone has a direct effect on thyroid hormone sen
sitive tissues other than the pituitary, either by inhibiting conversion of 
T4 to T3 within cells or antagonizing T3 binding to nuclear receptors. 

The known effects of amiodarone on peripheral thyroid hormone metabo
lism do not explain the common clinical disturbances in thyroid function ob
served in patients taking prolonged courses of drug therapy. Whether these 
disturbances are due solely to iodine-induced thyroid dysfunction remains to 
be determined. Paradoxically, chronic amiodarone therapy is associated with 
a high incidence of both hyperthyroidism and hypothyroidism. The nature of 
the abnormality in thyroid function has been associated with environmental 
iodine intake, with hyperthyroidism occurring in 9.6% of patients where 
iodine intake is relatively low and hypothyroidism in 22% of patients where 
iodine intake is relatively abundant (8). Underlying autoimmune thyroid
itis, as judged by the presence of thyroid autoantibodies, may be an impor
tant determining factor in the precipitation of amiodarone-induced hypothy
roidism. Further studies are needed to clarify these observations. It is 
important that all patients receiving chronic therapy with amiodarone have 
baseline thyroid function tests and measurements of thyroid autoantibodies 
and serial examinations at regular intervals during therapy. 
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TRANSPLACENTAL ANTIBODY-INDUCED NEONATAL SYNDROMES* 

Margita Zakarija and J. Maxwell McKenzie** 

Department of Medicine 
University of Miami School of Medicine 
Miami, FL, USA 

This review will be divided into the following segments: 

1. Overview of what is known regarding the effects on the fetus of 
the transplacental passage of circulating antibodies that occur in autoim
mune thyroid disease. 

2. Description of what is known about the progression of development 
of the fetal thyroid-pituitary axis; relevant comparison will be made of the 
time frame for fetal and maternal contributions to the concentration of IgG 
in the fetal circulation. 

3. Descriptions, with references to the above reviews, of fetal and 
neonatal thyroid disorders based on maternal autoimmune thyroid disease, 
collating published reports with experience garnered in this laboratory. 

1. Maternal antibodies (all typically TgG and, therefore, likely to 
reach the fetal circulation) that might cause fetal thyroid disorders are 
listed in Table 1. As indicated there, the antibodies most commonly iden
tified in the adult, antithyroglobulin and antibody to the thyroid micro
somal antigen, are considered to have no effect on the fetus or neonate. 
This is despite recognition for at least 25 years that they readily cross 
the placenta and an early concept that they might be the cause of athyre
otic cretinism (1). In fact, Blizzard and his colleagues in 1960 showed 
that although these could be found in the neonates of mothers with autoim
mune thyroid disease, there appeared to be a distinct maternal thyrocyto
toxic factor associated with sporadic cretinism (1). 

Antibodies to T4 and/or T3 occur in autoimmune thyroid disease, typi
cally late in a clinical course (2,3). Presumably, they would have effects 
in the fetus and neonate similar to what is seen in the adult, namely a high 
or low value for the hormone measurement depending upon the RIA method used, 
but no clinical thyroid disease due to the antibody~~· This circum
stance apparently has not yet been reported. 

An analogous situation, abnormal laboratory data but no thyroid dis
turbance, has been reported as due to the transplacental passage of a 
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2. 

3. 

4. 

5. 

6. 

Table 1. Antibodies in Autoimmune Thyroid Disease and Neonatal 
Syndromes 

Antibody in the mother 

Anti-thyroglobulin 

Anti-microsomal 

Anti-T4 and/or T3 

Anti-TSH 

Anti-TSH receptor: 

a) TSAb (thyroid-stimulating) 

b) TBIAb (TSH-binding inhibiting) 

c) TBEAb (TSH-binding enhancing) 

d) Interaction of 2 or 3 antibodies 

TGBAb (thyroid growth blocking) 

TGSAb (thyroid growth stimulating) 

Effect on neonate 

None 

None 

Euthyroidism 

Euthyroidism 

Hyperthyroidism 

Hypothyroidism 

Hyperthyroidism 

Hypo-, hyper-, euthyroidism 

? Hypothyroidism 

? Euthyroidism + goiter 

presumed antibody to TSH (4). In this instance, a neonatal screening pro
gram reported a high TSH in a child who was euthyroid with a normal T4 con
centration. Studies with the mother's serum indicated she almost certainly 
had an antibody to human TSH with no other evidence of autoimmunity or thy
roid disease; the cause for development of the antibody was not apparent 
and the child had a normal TSH measurement at seven months of age. Other 
reports identified falsely elevated TSH levels in paired maternal and neo
natal sera due to heterophilic antibodies that bound TSH; at least in some 
there were antisera against rabbit proteins related to prior therapeutic 
maneuvers unconnected with thyroid disease (5). The "lesion" from these 
reports is that a high TSH, especially in a neonatal screening program, 
should not reflexly result in a diagnosis of hypothyroidism requiring re
placement therapy and that mothers' sera should be checked for the same 
abnormality. 

Neonatal Graves' disease was first described with a patient seen in 
1910 (6) and that it was probably due to transplacental passage of TSAb was 
indicated by studies of LATS bioassays in 1964 (7). TSAb is now accepted 
as one of several antibodies to the TSH receptor occurring in Graves' dis
and as indicated in Table 1, these antibodies have been recognized as caus
causing neonatal thyroid disorders through transplacental passage to the 
fetus. There are many reports of TSAb measurements in association with 
neonatal Graves' disease and we have shown that a high level of tne anti
body in the third trimester of pregnancy forecasts the neonatal syndrome 
(8), a disorder that in the uncomplicated situation is self-limited and is 
related directly to the time it takes the neonate to metabolize the mater
nal IgG; the clinical state, in consequence, usually lasts no more that 2-
3 months. 

"Classical" TSAb, depending on its potency in stimulating the thyroid, 
will inhibit binding of TSH to its receptor and is, therefore, variably pos
itive in TBIAb assay. However, other antibodies that do not stimulate the 
thyroid occur in autoimmune thyroid disease but also inhibit TSH binding and 
both TSH and TSAb bioactivity. These TBIAbs have been reported to cross the 
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placenta and cause temporary hypothyroidism in the neonate (9,10). This may 
have been the "thyrocytotoxic factor" of Blizzard et al. (1), in which the 
inhibition of thyroid function was severe enough in utero to result in per
developmental damage. Some recently observed examples of neonatal disorders 
related to the action of TBIAb are outlined below. 

As will be described in more detail, we have reported studies with 
another antibody, the characteristic of which is enhancement of TSH-binding, 
and this has been associated with prolonged neonatal hyperthyroidism (11, 
12). As also indicated in Table 1, there have been instances where explana
tion of a neonatal clinical syndrome, e.g., euthyroidism followed by hyper
thyroidism, are best explained by the action of a mixture of these antibod
ies. 

The latest contribution to the saga are the results of studies of anti
bodies that may be unrelated to TSAb and TBIAb but either block the growth
promoting action of TSH or, by themselves, stimulate growth and, thus, by 
their actions in the fetus may lead to thyroid agenesis and hypothyroidism 
(13) or, at least in concept, euthyroid goiter. Data related to these con
siderations are reviewed below. 

2. Fisher has well reviewed, and contributed much to, current under
standing of the development of the fetal thyroid-pituitary axis (14). The 
cardinal features are as follows: 

a) Thyroid visible- 16 to 17 days embryo 
b) Intracellular colloid - 10 to 12 weeks 
c) 125I organic binding and synthesis of iodothyronines - 10 to 12 

weeks 
d) RIA evidence of TSH in the pituitary - 12 weeks 
e) 125I uptake, TSH, T4 and fT4 undetectable or very low before 18 

to 20 weeks 
f) Full thyroid function - 22 to 26 weeks 

Emphasis may be given to the fact that thyroid and pituitary thyrotrope 
function are identifiable as early as 10-12 weeks of gestation, but signif
icant hormone levels appear only at 18-20 weeks with full function only 
about the beginning of the third trimester. These facts have to be borne 
in mind and correlated with the rate of appearance of maternal IgG in the 
fetal circulation. 

The transplacental passage of maternal IgG is reflected in the compos
ite diagram of Fig. 1. These data, culled from published reviews (14-16), 
indicate that fetal serum IgG is only S-8% of the adult concentration until 
about 16 weeks, only 10-20% until 17-22 weeks, and then, due to an abrupt 
change in placental permeability, increases rapidly in the third trimester 
to approach the maternal concentration. Throughout gestation, the contri
bution of IgG by the child is minimal, but steadily increases from early 
in the postpartum period as the maternal IgG is metabolized. 

3. Consideration of influences of maternal antibodies on the fetus 
and neonate obviously has to take cognizance of the above reviewed facts. 
General development is apparently largely independent of fetal thyroid func
tion until the third trimester. Therefore, a maternal antibody inhibiting 
TSH binding, and consequently action, will be expected to influence only 
that final period and, indeed, would do this progressively as the concentra
tion in the fetus increases. This concept is compatible with the data pub
lished by such as Matsuura et al. (9) and Iseki et al. (10) who showed that 
maternal TBIAb inhibited TSH binding and action, was present in the neonate 
early in "if , ann was cleared between three and 10 months of age: after re
placement therapy for variable periods (up to 34 months) the children were 
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Fig. 1. Development of pituitary-thyroid system 
and IgG levels with age. Adapted from 
Stites (16) (who modified from Allan
smith, et al., J. Pediat. 72: 289, 
1968) with permission from the publish
ers of J. Pediat., C.V. Mosby Co. 

apparently normal in subsequent physical and mental development. What con
ceivably was a similar circumstance, described in 1960 (17) and further eval
uated in 1973 (18), apparently led to permanent residual defects related to 
the early phase of hypothyroidism. It seems obvious that a variable degree 
of thyroid hypofunction is to be expected, related to the concentration of 
the inhibiting antibody, and thus differing from consequences in terms of 
mal-development of the child. 

It is clear that there is potential for misdiagnosing permanent hypo
thyroidism, particularly in a neonatal screening program, when the child's 
state is temporary and due to maternal TBIAb (see below). 

Time of onset of fetal hyperthyroidism due to transplacental passage 
of TSAb will depend on the concentration and affinity of the antibody. One 
might expect fetal signs, particularly tachycardia (well documented by Cove 
and Johnston) (19), at the earliest at about 16 weeks (12), increasing in 
frequency towards term as the passage of IgG increases. On the other hand, 
autoantibodies, including TSAb, tend to decline in women in the third tri
mester (8) and this probably reduces the incidence and severity of neonatal 
hyperthyroidism (as it similarly may be associated with clinical improvement 
in the mother) (8). Attempts to treat intrauterine hyperthyroidism, occur
ring in the fetus of a woman who is not herself hyperthyroid, so far have 
been very few (12,19,20). The clinical outcome of the neonate in this series 
was uniformly good, warranting the use of antithyroid drugs in such circum
stances, despite recognized potentially harmful effects (21). The guidelines 
applicable to women with overt hyperthyroidism, i.e., a use of a minimal 
effective dose of the drug that will maintain eu- or slight hyperthyroidism, 
are suggested, except that the parameter to be closely monitored is fetal 
heart rate. In women who are ot hyperthyroid, e.g., previously treated with 
either 131I or surgery, or spontaneously hypothyroid (8), antithyroid drug 
may be given more readily in a dose dictated by the change in fetal status. 
In either situation, after birth, neonates should be monitored for signs of 
hyperthyroidism after the effect of the antithyroid drug wears off (19). 

Apart from what are, by now, the reasonably clear-cut neonatal syn
dromes of hyperthyroidism due to TSAb and hypothyroidism from maternal 
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TBIAb, more confusing clinical patterns are being documented. One has been 
described by us in a series of publications (11,12,22) which, in summary, 
may be viewed as follows: the mother was diagnosed in her teens as having 
Hashimoto's thyroiditis and hypothyroidism requiring permanent therapy with 
T4; there was a family but not a personal history of hyperthyroidism. Re
constructing the histories of four pregnancies and three neonatal events 
(12,22), with detailed studies of the mother's IgG (11), it can be judged 
that she had at least two antibodies (TBEAb and TBIAb, Table 1) that led 
tointrauterine hyperthyroidism (TBEAb), euthyroidism at birth and for six 
weeks (TBIAb inhibiting TBEAb), and subsequent hyperthyroidism (reflecting 
the action of TBEAb). In short, the fetal and neonatal clinical states re
flected the effects of the mixture of these antibodies, and the doubtless 
varying affinities for, as well as the capacities of, their corresponding 
antigens. The changing concentration of maternal IgG in the second half 
of gestation in the fetus and the first six months of life (Fig. 1) undoubt
edly played an important role. 

Another patient had one miscarriage and three children (to be published 
by Drs. Francis and Riley, Gainesville, FL) were all found on neonatal scre
ening to be hypothyroid; one was subjected to thyroid scanning with pertech
netate and was said to have "thyroid dysgenesis". Two of the children, in
cluding the "thyroid dysgenesis" infant, at five and four years of age, had 
T4 therapy discontinued and subsequently remained euthyroid; the third has 
still to be so tested. The mother had Graves' disease at age eight, at 25 
became spontaneously hypothyroid, and was started on replacement therapy; 
her IgG, recently elevated, has TSAb, but is overwhelmingly potent as TBIAb. 

The most recent, and most controversial, area is the question of an
other type of antibody, TGBAb (Table 1) causing thyroid atrophy and hypothy
roidism (13). The beginning of this concept is the description of thyroid
growth assays, responsive to TSH or to an antibody, apparently distinct from 
TSAb, that promotes thyroid growth (TGSAb) (23). [As reported at this Cong
ress (Neylan et al., this Congress) we have reservations about the disparate 
nature of TSAb and TGSAb.] The growth-stimulating assay depends upon a mea
sure of DNA-replication, namely, the assessment by cytochemistry of the pro
portion of cells in S phase in guinea pig thyroid in vitro after exposure to 
the test IgG or TSH for five hours. Using this pr0o;edure, Van der Gaag et 
al. (13) found that the growth stimulus provided by TSH could be inhibited 
by variable concentrations of certain maternal IgG, i.e., from some mothers 
whose children had been identified as hypothyroid on neonatal screening. 
Acknowledging the concepts illustrated in Fig. 1, the authors postulated 
that initial thyroid growth was not inhibited but perhaps there was, later 
in gestation, interference with the maturation of relevant (TSH) receptors. 
A surprising feature was that most of the mothers had TGBAb in the serum 
but, apart from two, had no other feature of thyroid disorder or autoimmu
nity; this is in contrast to mothers associated with neonatal syndromes of 
hyper- or hypothyroidism who had TSAb or TBIAb in the blood and who person
ally presented with autoimmune thyroid disease (8-10). Since, of the seven 
children so far tested by scintiscanning, three had thyroid agenesis and 
four had ectopic glands, it is difficult to relate the anatomical findings 
to this thesis. It seems clear that this is an area of investigation that 
deserves, and will receive, greater attention and attempts obviously will 
be made to confirm the findings. 

Regarding the TGBAb assay described above, Drexhage and colleagues 
(23) and others (24,25) have reported TGSAb in instances of goitrous auto
immune thyroid disease and nontoxic, simple (i.e., otherwise considered to 
be nonautoimmune) goiter. If this is a concept and goiter-pathogenesis 
mechanism that becomes thoroughly established, one should expect neonatal 
goiter to be a common consequence of the transplacental passage of TGSAb 
in a woman with autoimmune or simple goiter, frequently encountered mala
dies. In fact, this does not appear to be a recognized syndrome. Since 
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fetal goiter is liable to result in malpresentation at the time· of labor, 
it seems unlikely that this syndrome, if it exists, is at all common. Con
sequently, either TGSAb is an antibody entirely different from TSAb and 
TBIAb in that it cannot affect the fetal thyroid, or the bioassays used to 
identify it (23-25) are detecting a different species of bioactive molecule. 
The other TGSAb assay recently developed (25) is based upon 3H-thymidine 
thymidine incorporation into DNA in FRTL5 cells; this is much less sensi
tive than the cytochemical procedure (23) in terms of the minimal effective 
concentration of TSH but has a considerably wider range of response. In our 
experience (Neylan et al., this Congress), with this procedure, IgG from 
goitrous individuals without Graves' disease has uniformly been negative. 

From this review of fetal and neonatal consequences of maternal auto
immune thyroid disease, it may be concluded that there is justification for 
screening certain clinical categories of pregnant women. The first emphasis 
should be on the need to consider thyroid disease in the circumstance of 
second or third trimester fetal tachycardia; when this is recognized, the 
mother's status and history regarding a possible autoimmune thyroid disorder 
should be reviewed. Positive features should lead to testing maternal serum 
for anti-TSH receptor antibodies. Obviously, women with known Graves' dis
ease and those with a history of children with neonatal hypo- or hyperthy
roidism ought to be checked. It would be doubtfully cost-effective, at 
present, for every woman with Hashimoto's thyroiditis to be tested, but the 
alert physician might recognize a strong family history of autoimmune thy
roid d1sorders and pay special attention to such a patient. 

The final question is, which test should be used for monitoring a preg
nant woman - TSAb in human thyroid or FRTL5 cells or TBIAb in human thyroid 
or guinea pig fat cell membranes, or other preparations that are now in use? 
In Koizumi et al. (this Congress) we illustrate the fact that false informa
tion may be provided by assay of a single concentration of IgG in any of 
four representative assay systems, i.e., examples are given there of appar
ently minimal or no response at a particular point, whereas full analysis 
showed a different interpretation. Consequently, outside of the research 
setting, the advice is -monitor by any available assay, but be aware of the 
intricacies of the assays and the potential for the provision of misleading 
data. 

For the infant, it would appear from the experience reviewed above 
that, if maternal antibody is thought to have caused neonatal hypothyroid
ism, full reevaluation later in infancy is indicated. Considering the ex
perience quoted above of an erroneous diagnosis of thyroid dysgenesis by 
radionuclide scanning shortly after birth, the Quebec practice of delaying 
scanning until three years of age (13) would seem to be highly commendable. 
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LABELED ANTIBODIES IN THE LOCALIZATION AND THERAPY OF THYROID CARCINOMA 

Shigenobu Nagataki 
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Nagasaki, Japan 

Radioimmunodetection, or radioimmunoimaging, detects tumors by using 
labeled antibodies against tumor-specific or tumor-associated antigens. 
This technique has been employed widely to detect carcinoembryonic antigen 
(1,2), alpha feto protein (3), and chorionic gonadotropin-producing tumors 
(4). Application of specific monoclonal antibodies has also been investi
gated (S-7). 

Since serum levels of thyroglobulin (Tg) increase in many patients 
with thyroid carcinoma and it has been known that Tg is secreted from thy
roid carcinoma into the circulation, the present studies were undertaken to 
investigate the accumulation of radioiodinated anti-Tg antibody by thyroid 
carcinoma. 

MATERIALS AND METHODS 

Studies with Nude Mice 

Radioiodinated anti-Tg antibody. In order to produce radiolabeled 
anti-Tg antibody, serum was obtained from a patient with Hashimoto's disease 
whose anti-Tg antibody titer was 8 x 107 by thyroid test, hemagglutination 
test of Fuji Zohki Co. Following purification, it was radioiodinated using 
lactoperoxidase and a glucose-glucose oxidase system. 

Procedures. Papillary adenocarcinoma, follicular adenoma, Graves' and 
normal thyroid tissues were transplanted into nude mice. Four weeks after 
transplantation, 25 ~Ci of 125I anti-Tg antibody were injected intravenously 
and scintigrams were taken at three and seven days after injection of the 
antibody. Mice were sacrificed immediately after the last scintigram, and 
transplanted thyroid tissues and other tissues of the nude mice were removed 
and analyzed for 125I-labeled compounds. 

Analysis of radioiodine-labeled compounds. In order to analyze radio
iodine-labeled compounds in tissues and sera, transplanted thyroid tissues, 
livers, and kidneys of nude mice were homogenized with phosphate buffer and 
centrifuged to separate soluble fractions. Sera and supernatants of the 
above mentioned tissues were filtered through Sephacryl S 300. The peaks 
of gel filtration were analyzed by affinity chromatography for anti-IgG
antibody and anti-Tg-antibody. 
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In Vitro Experiments 

Monolayer culture. Thyroid tissues from subjects with Graves' disease 
and from normal subjects obtained at the time of surgery were digested with 
collagenase and dispase. Cells were cultured in the plates with Ham's Fl2 
containing 10% FCS. On the sixth day of culture, 125r anti-Tg antibody was 
added to the media and the cells were incubated for one hour. After wash
ing with fresh culture media, the cells were digested with trypsin and the 
radioactivity of the hydrolyzed digestion media was measured. 

Suspension culture . Graves' thyroid tissues were digested with col
lagenase and dispase. Cells were then cultured in Ham's Fl2 containing 
0 . 5% or 10% FCS in culture tubes rotated vertically at 25 rpm (8). On the 
second and fifth days of culture, fluorescence isothiocyanate (FITC) labeled 
anti-Tg antibody and tetramethyl rhodamine isothiocyanate (TRITC) labeled 
anti-microsomal antibodies (9,10) we re added to the media and incubated for 
30 minutes . After washing the cells carefully, stained cells were examined 
under a fluorescence microscope. Microsomal antibody was obtained from a 
patient with autoantibodies against microsomes but not Tg . 

Clinical Studies 

Following an expl anation of the purpose and the pot ential bene fits of 
the s tudies, 1.5 mCi of 13lr-labeled anti-Tg antibody was injected intra
venously into patients who consented. Scintigrams were taken one, three, 
five, and seven days after injection of the antibody . 

RESULTS 

Studie s with Nude Mi ce 

Fig . 1 shows the scintigrams of nude mice seven days after the injec
tion of l25r anti-Tg antibody. Thyroid tissues were transplanted into the 
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right lumbar area. As can be seen, papillary carcinoma shown in the upper 
left and follicular adenoma in the upper right parts of the figure accumu
lated 125I anti-Tg antibody, while Graves' and normal tissues did not. 

Fig. 2 shows radioactivity in various tissues expressed as the ratio 
of tissue to blood. Radioactivity due to 125I anti-Tg antibody is shown 
on the left and that due to labeled normal IgG is shown on the right. The 
results in nude mice with transplanted normal thyroids, Graves' thyroids, 
follicular adenoma, and adenocarcinoma are shown from the top to the bottom. 
Each bar represents radioactivity in each tissue. Although normal thyroid 
and Graves' thyroid tissues could accumulate 125I anti-Tg antibody, as shown 
by the transplanted tissue of each group, the tissue/blood ratios of 125I 
were only approximately 0.5. In contrast to the findings in normal and 
Graves' thyroid tissues, transplanted adenoma and adenocarcinoma accumulated 
125I anti-Tg antibody radioactivity to concentrations greater than 2 to 5 
times that found in blood. As shown on the right, no significant accumula
tion was observed when normal IgG was injected. 

In carcinoma and adenoma, approximately 70% of the radioactivity was 
soluble and 80% was soluble in normal and Graves' tissues. These soluble 
fractions were further analyzed by Sephacryl S 300 gel filtration. 
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Fig. 3. Patterns in gel filtration of supernatants from 
various tissues of nude mice transplanted with human 
thyroid tissues and given 125I anti-Tg antibody. 

As shown in Fig. 3, supernatants of transplanted carcinoma and adenoma 
showed two distinct peaks, whereas supernatants of transplanted Graves' thy
roid tissue, liver, and kidney had only one peak which were similar to that 
of serum IgG, indicating that the radioactivity in Graves' tissues, liver, 
and kidney could be due to contamination with serum-labeled IgG. 

Fig. 4 shows the results of affinity chromatography of peak I and peak 
II of gel filtration shown in Fig. 3. Values are the radioactivity bound 
to affinity columns expressed as percent of total radioactivity. 

In peak I obtained from transplanted thyroid carcinoma, more than 90% 
of the radioactivity was bound to anti-IgG and more than 60% to anti-Tg, 
indicating that most of the radioactivity present in peak I was anti-Tg 
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Fig. 4. Affinity column chromatography of peak I and peak II of 
gel filtrations of supernatants from transplanted thyroid 
carcinoma into nude mice. 

antibody and Tg-immune complex. However, in peak II, most of the radioac
tivity was bound to anti-IgG and very little to anti-Tg. The results were 
very similar to those seen in peak II from sera of nude mice, indicating 
that most of the radioactivity in peak II was labeled anti-Tg antibody. 

In Vitro Experiments 

Monolayer culture. Fig. 5 shows the accumulation of 125I anti-Tg anti
body to Graves' thyroid cells and fibroblasts. Values shown are the radio
activity of cells incubated one hour with 125I anti-Tg antibody alone (with 
additional 0.1 mg/ml of Tg), cold anti-Tg antibody, or with normal IgG. 
Open bars represent values of thyroid cells and solid bars represent those 
of fibroblasts as control. l25I anti-Tg antibody was bound to Graves' thy
roid cells significantly greater than to fibroblasts. The binding was in
hibited by large amounts of Tg and cold anti-Tg antibody, but not by normal 
IgG. 

Suspension culture. Fig. 6 shows the results of immunohistological 
staining. Thyroid cells were cultured in 0.5% FBS and the majority of cells 
should have normal polarity because fluorescence-labeled antibodies were in
cubated for only 30 min when the cells were still living. Therefore, anti
bodies (or at least most of the antibodies) should exist on the cell surface 
and not within intracellular components. Here, anti-Tg antibody was bound 
to the cell surface of some thyrocytes, but not to colloid. Anti-microsomal 
antibody, which is believed to bind only to apical membranes and not to Tg, 
was also found on the cell surface of some thyrocytes, as shown in the middle 
part of the photograph. 

Although it would be difficult to conclude that the binding sites of 
anti-Tg and anti-microsomal antibodies are identical, the photograph on the 
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right, in which both anti-Tg and anti-microsomal antibodies are seen simul
taneously, suggests that binding sites of anti-Tg were not greatly different 
from those of anti-microsomal antibody . 

It is believed that in cultures consisting of 10% FBS, many thyroid 
cells reverse their polarity (11), so that more apical membranes are being 
exposed to the incubation medium. 

(cpm/ well) 
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+Tg 
0.1mg/ ml 

+antiTgAb 
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+nlgG 
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c:::J:Graves' thyroid cell c::J :Fibroblas Is 

Fig. 5. Accumulation of 125r anti-Tg antibody by Graves' 
thyroid cells and fibroblasts in monolayer 
cultures . 

Immunohistological staining of Graves' thyroid cells in suspension culture 

(0.5%FCS) 

FITC-antiTgAb TRITC-antiMsAb Double 

Fig. 6. Immunohistological staining of Graves ' thyroid cells in suspen
sion cell cultures. Left: FITC-labeled anti-Tg antibody . 
Middle: TRITC-labe led anti-microsomal antibody. Right: both. 

156 



131 1 Anti-thyroglobulin 
Antibody 

Fig. 7. Scintigrams of the thyroid of a patient with Graves' disease and 
an adenoma. Left: inorganic 123I. Right: 131I anti-Tg antibody. 

The results in 10% FBS were essentially the same as those in 0.5 % FBS 
except that the number of cells to which antibodies were bound appeared to 
be greater than in 0.5% FBS. 

Clinical Studies 

Fig. 7 shows the scintigrams of a patient with Graves' disease and a 
large adenoma. The scintigram with inorganic 123I on the left shows an en
larged thyroid and a large co ld area . In the scintigram with 131I-labeled 
anti-Tg antibody, 131I was not accumulated in Graves' thyroids, but was ac
cumulated by the adenoma. Since the subtraction technique was not employed, 
131I was also found in the area of the heart. The scintigram was so defi
nite that the subtraction method was not necessary. 

Fig. 8 shows scintigrams of a patient with a solitary adenocarcinoma. 
Ac cumula tion of l23I in the normal thyroid tissue and a co ld area can be 
seen on the left. In the right scintigram, 123I-labeled anti-Tg antibodies 
were not accumulated by normal thyroid tissue, but were accumulated by thy
roid carcinoma. 

Fig. 9 shows scintigrams of a patient who had a total thyroidectomy. 
He had elevated serum Tg levels, indicating that he had metastases; howev er, 
scintigrams with inorganic 123I or 131I did not show any hot areas. When 
131I anti-Tg antibody was injected , the s c intigram on the left (obtained 
24 hours after injec tion) showed no hot areas except in the area of the 
heart. However, the scintigram on the right, taken five days after inj ec
tion, showed a hot area in the right side of his neck. Lymph node metas
tases were confirmed at operation, and serum Tg levels decreased to normal 
after resec tion o f the node. 

DISCUSSION 

From studies in nude mice , i t is clear that labeled anti-Tg antibody 
was accumulated by transplanted thyroid carcinoma and adenoma, but not by 
normal and Graves' thyroid tissues. Approximately 70% of the radioactivity 
in carcinoma and adenoma was in the soluble fraction as Tg-anti-Tg-antibody 
innnune complex. 
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Fig. 8. Scintigrams of the thyroid of a patient with a solitary adenocar

cinoma. Left: inorganic 123r. Right: 131r anti-Tg antibody. 

He rt 

d after 

Fig. 9. Scintigrams of a thyroidectomized patient with thyroid carcinoma 

metastases to the right neck region. Left: 24 hours after 131r 
anti-Tg antibody. Right: Five days after 131r anti-Tg antibody. 
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Since accumulation of radioiodinated anti-Tg antibody was found only 
in carcinoma and adenoma, but not in normal and Graves' thyroid tissues, 
in vitro experiments were undertaken to investigate the difference in anti
body accumulation, using monolayer cell cultures of normal and Graves' thy
rocytes and suspension cell cultures of Graves' thyrocytes in 0.5% and 10% 
FBS, the latter to change the polarity of thyrocytes (12,13). 

The difference of the results between the in vitro nude mice study and 
the in vitro monolayer culture could be considered~ollows, since labeled 
anti-Tg antibody must reach the site where Tg molecules exist. 

In the in vivo studies, the reason why labeled antibody was not accu
mulated by normal or Graves' thyroids is that Tg molecules are not present 
on the cell surface exposed to circulating antibodies. In contrast, in in 
vitro experiments, labeled anti-Tg antibody was able to reach membranes-
through which Tg is secreted (14), because it is well known that thyroid 
cells lose their polarity in monolayer culture (15). Another possible ex
planation is that labeled anti-Tg antibody was able to reach the colloid 
of monolayer cultured cells, since the binding of contiguous cells could 
be quite loose in monolayer culture. 

In experiments of suspension culture using FITC-anti-Tg antibody and 
TRITC-anti-microsomal antibody, it was shown that anti-Tg antibody was bound 
on the cell surface, as was anti-microsomal antibody. 

From these in vitro experiments, it is very likely that thyroid carci
noma and adenoma-yose their polarity and secrete Tg directly into the cir
culation, and labeled anti-Tg antibody binds to Tg on the cell surface to 
produce Tg-anti-Tg-antibody immune complex which is gradually internalized 
and remains in the cytosol. 

The results of animal experiments and in vitro studies clearly indi
cated that radioimmunodetection could be useful for the localization and 
treatment of thyroid cancer. Clinical studies were carried out in patients 
who agreed to cooperate after explanation of the purpose of our study. The 
results of the clinical studies have shown that l31I-labeled anti-Tg anti
body was accumulated by thyroid adenoma and carcinoma, but not by normal 
and Graves' thyroids. Furthermore, metastases of thyroid carcinoma which 
secreted Tg but did not concentrate radioiodide, accumulated 131I anti-Tg 
antibody. 

Although similar results have been presented or published (16,17), 
these results of basic and clinical studies clearly showed the usefulness 
of the radioimmunodetection of thyroid carcinoma. 

In conclusion, although the techniques for detection must be improved, 
radioimmunodetection may be useful in the localization and treatment of thy
roid carcinoma because of the following reasons: 1) Anti-Tg antibody binds 
to thyroidal carcinoma and adenoma tissues but not to normal and Graves' 
thyroids. Therefore, a) 131I anti-Tg antibody can detect carcinomas as hot 
nodules and can be used to preferentially treat the tumors, and b) labeled 
antibody can detect and treat metastases without total thyroidectomy, thus 
avoiding complications. 2) Anti-Tg antibody can bind to metastases which 
secrete Tg but do not concentrate radioiodide. Therefore, labeled antibody 
can detect and treat the less well differentiated metastases than can be 
possible by radioiodide alone. 
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Amiodarone is a benzofuranic derivative containing 37.2 mg iodine per 
100 mg of active drug. It is widely used for the treatment of cardiac ar
rhythmias and angina pectoris (1,2), and has a prolonged half-life up to 2-
4 months. Amiodarone inhibits the outer ring deiodination (5'-deiodinase) 
of thyroxine (T4) and 3,3' ,5 1 -triiodothyronine (rT3) resulting in an in
crease in the concentration of serum T4, a decrease in the concentration of 
serum triiodothyronine (T3) and an increase in the concentration of serum 
rT3 (3-12). These changes are associated during the first few months of 
therapy by an increase in basal serum thyrotropin (TSH) concentration and 
the TSH response to thyrotropin-releasing hormone (TRH) (3,5). Although a 
tendency toward normalization after more prolonged therapy is usually ob
served, changes in these parameters of thyroid function may persist to some 
extent. Moreover, the development of hyperthyroidism and hypothyroidism 
may also occur with variable frequency (4,6,13-21). The mechanisms by which 
thyroid dysfunction is induced are not completely clear and the reasons why 
some patients become hyperthyroid and others hypothyroid remain to be elu
cidated. In view of the multiple and variable changes of thyroid function 
tests occurring in euthyroid, hyperthyroid, and hypothyroid amiodarone
treated patients, the precise evaluation of thyroid status often represents 
a difficult clinical challenge. Moreover, difficult therapeutic problems 
arise in the presence of amiodarone-associated thyrotoxicosis (AT) and, to 
a lesser extent, in the presence of amiodarone-associated hypothyroidism 
(AAH). 

These problems will be discussed in the present report on the basis of 
our experience (6) resulting from studies carried out in an area where iodine 
intake is moderately low (West Tuscany, Italy) and in an area where iodine 
intake is sufficient (Worcester, MA, USA). 

INCIDENCE OF THYROID DYSFUNCTION 

The incidence of thyroid dysfunction was evaluated in 239 patients sub
mitted to chronic treatment with amiodarone for various cardiac arrhythmias 
and/or angina pectoris. Clinical and laboratory evidence of hyperthyroidism 
was found in 18 of 188 patients (9.6%) residing in Italy and only in 1 of 41 
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Fig. 1. Time intervals between the onset of AAT and the 

institution or withdrawal of amiodarone therapy. 

patients (2%) living in the USA. In contrast, hypothyroidism was more 

common in the USA (9 of 41 patients, 22%) than in Italy (10 of 188 patients, 

5%). Environmental factors such as iodine intake may well account for these 

differences. The higher incidence of AAT in West Tuscany, a region of low 

iodine intake, is not surprising because iodine-induced thyrotoxicosis is 

much more common in areas of endemic iodine deficiency when supplemental 

iodine is administered or when iodine-containing compounds are given (16). 

Conversely, the higher incidence of hypothyroidism during amiodarone therapy 

observed in Worcester may be explained by the higher environmental iodine 

intake in the USA (6). It is of interest that AAT may occur at any time 

during chronic amiodarone treatment and even several months after withdrawal 

of therapy. The time interval between the onset of dis ease and the institu

tion of withdrawal of therapy observed by us in a recent series of 44 AAT 

patients is reported in Fig. 1. 

EUTHYROID AMIODARONE-TREATED PATIENTS 

In the majority of clinically euthyroid patients, the se rum T4 concen

tration was within the normal range, but the mean value was slightly higher 

than in control subjects, the difference be ing significant in Worces t e r but 

not in West Tuscany. Serum concentrations of free T4 were significantly 

inc r eased in both areas. The mean serum concentration of total T3, but not 

of free T3, was significantly decreased in patients from West Tuscany, while 

both parameters were significantly reduced in Worcester. A s ignificant in

crease in serum rT3 was noted in both areas. Serum thyroglobulin concen

tra tion was similar to that found in control subjects. With the exception 

of two cases with slightly e l evated values, basal se rum TSH was within the 
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normal range. Interestingly, absent or blunted TSH responses to TRH were 
frequently observed (43% in West Tuscany and 24% in Worcester). Serum 
total and free T4 and T3 concentrations did not differ between patients 
with absent, blunted, or normal responses from either area. 

The above changes in serum T3 and rT3 are in keeping with the known 
effects of amiodarone on 5'-deiodinase. The slight increase in serum T4 
could also be explained by a decreased metabolic clearance rate of T4 (9, 
22) resulting from an inhibition of the entrance of T4 into the cell (23) 
and by a compensatory rise in the T4 production rate in response to the 
decreased serum T3 concentration. The absent or blunted TSH response to 
TRH occurring in clinically and biochemically euthyroid patients may be 
difficult to explain. These abnormalities may result from a previous tran
sient mild thyrotoxic state or may herald impending thyrotoxicosis as sug
gested in a recent report (24). As an alternative explanation, a weak ag
onistic effect of amiodarone on the pituitary cell should be considered. 
Evidence for such an effect has recently been documented in hypothyroid 
rats in which the acute administration of amiodarone was associated with a 
partial inhibition of TSH secretion associated with a further decrease in 
serum T4 and T3 (25). In contrast, the finding that amiodarone stimulates 
in vitro the release of TSH from cultured rat pituitary cell remains to be 
explained (12). 

Serum thyroglobulin and thyroid microsomal antibodies had an incidence 
(7%) similar to that of controls, indicating that amiodarone treatment per 
se does not induce thyroid autoimmunity. 

AMIODARONE-ASSOCIATED THYROTOXICOSIS (AAT) 

The serum free T4 concentration was elevated in most (15/18) patients 
with ATT observed in West Tuscany, but the serum T4 concentration was often 
(10/18) in the range seen in euthyroid amiodarone-treated patients. The 
serum free T3 concentration was elevated in all and the serum total T3 con
centration was elevated in 16. Serum TSH was significantly decreased and 
the TSH response to TRH was absent in all patients. Similar changes were 
observed in the single AAT patient from Worcester. Thus, the serum total 
and free T3 concentrations appear to be the most useful indicators of thy
roid function in the diagnosis of hyperthyroidism associated with chronic 
amiodarone therapy (6,26). The serum thyroglobulin concentration was fre
quently elevated, as in other hyperthyroid conditions except for thyrotoxi
cosis factitia (27). In a separate study, 24 hr thyroid radioactive iodine 
uptake (RAIU) was determined in 35 patients with AAT. Markedly reduced 
values (< 4%) were found in all 12 patients who had no thyroid abnormali
ties by physical exam and ultrasound. In contrast, values greater than 8% 
were observed in most of the AAT patients with either diffuse (9/11, mean 
+ SE = 26 + 5%) or nodular (8/12, 16 + 5%) goiter. There was no correlation 
between RAIU values and serum concent~ation of thyroid hormones or urinary 
iodine excretion (28). The RAIU was always undetectable in euthyroid amio
darone-treated patients, irrespective of the presence or absence of goiter. 
goiter. It would appear that the goitrous patients with AAT had an under
lying disorder leading to failure of the thyroid to adapt to an excess 
iodine load by decreasing the active transport of iodide from plasma into 
the thyroid. This may explain why the incidence of spontaneous remission 
of thyrotoxicosis is much lower in the AAT patients with goiter than in 
those without goiter. Studies on circulating thyroid antibodies were car
ried out in patients with AAT. Thyroglobulin and/or microsomal antibodies 
were found in the majority (5/7) of the patients with toxic diffuse goiter, 
in one of seven patients with nodular goiter, and in two of nine patients 
with no apparent thyroid abnormality. In AAT patients with diffuse goiter, 
TSH receptor antibodies were found in all cases (7/7) when assayed by TSH
binding inhibition assay and in 57% (4/7) cases when assayed by adenylate 
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cyclase stimulation assay. Positive results with both assays were found 
only in one case with nodular goiter and in no patient without goiter. As 
discussed in an accompanying report published elsewhere in this volume (29), 
the absence of thyroid autoantibodies in the AAT patients with no evidence 
of underlying thyroid disorders excludes a pathogenic role of thyroid auto
immunity in these cases and provides indirect support to the concept that 
their thyrotoxicosis could be accounted for by the iodine load. This also 
applies to the AAT patients with nodular goiter. In contrast, the high 
incidence of typical autoimmune humoral features of Graves' disease in the 
AAT patients with diffuse goiter suggests that in these patients the thyroid 
autoimmune disorder was already present albeit clinically not apparent. It 
would appear that in these patients, amiodarone plays a triggering role in 
clinical expression of hyperthyroidism rather than including Graves' disease 
(30). 

THERAPY OF AAT 

AAT should be regarded as a serious complication, since it develops in 
patients with cardiac disorders and because conventional methods of therapy 
are often ineffective. Spontaneous remission of AAT after withdrawal of 
amiodarone has been observed in some patients, but several months may be 
required for this to occur, resulting in the danger of a worsening of their 
cardiac disease. Thionamide drug therapy is usually less effective in this 
condition and the use of radioiodine therapy is often prevented by the low 
thyroidal 131I uptake. The risk of thyroidectomy in cardiac patients with 
uncontrolled thyrotoxicosis cannot be considered. Recently, effective con
trol of hyperthyroidism by administration of corticosteroids has been re
ported in a small number of patients with thyrotoxicosis induced by amio
darone (31) or other iodine-containing compounds (19). No other effective 
medical treatment of AAT has so far been described. We recently (32) pro
posed the use of the simultaneous administration of potassium perchlorate 
(KC104) and methimazole (MMI). The effectiveness of this therapeutic method 
was evaluated in 23 patients with AAT, nine of whom were untreated, six 
treated with 40 mg MMI daily, and eight treated with 40 mg MMI and 1 g KCl04 
daily for up to 40 days and then MMI alone. Amiodarone was withdrawn in all 
cases. Five untreated patients had no goiter and all of them became clin
ically and biochemically euthyroid within 2-4 months; the remaining four 
patients were goitrous and all of them were still hyperthyroid 6-7 months 
after discontinuation of amiodarone. Five of the six patients receiving 
MMI alone had goiter and all of them remained clinically and biochemically 
hyperthyroid during the time of therapy (3-6 months); one patient of this 
group had no goiter and became euthyroid within three months of therapy. 
In seven patients (five with and two without goiter) combined therapy with 
MMI and KCl04 resulted in a rapid nomalization of serum thyroid hormones 
and restoration of clinical euthyroidism within 16-36 days. In the remain
ing patient (with goiter) of this group, KCl04 was discontinued after 40 
days because of mild neutropenia and euthyroidism was achieved about 100 
days later with MMI therapy alone (Fig. 2). A marked increase in the uri
nary iodine excretion was observed during the first two weeks of treatment 
in the patients treated with KCl04 and MMI. These data indicate that AAT 
is more likely to spontaneously remit in patients with no underlying thyroid 
disorder. Treatment with MMI alone is generally unsuccessful in inducing 
euthyroidism, especially in patients with underlying thyroid disease. In 
contrast, combined therapy controls hyperthyroidism in almost all cases ir
respective of the presence of underlying thyroid disease. The mechanism of 
the synergistic action of KCl04 and MMI in the therapy of AAT remains un
clear. KCl04 could exert its action by inducing a rapid depletion of excess 
intrathyroidal iodine whose organification is blocked by the concomitant ad
ministration of MMI. KCl04 would also block further entrance of iodine from 
the plasma into the thyroid. 
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Fig. 2. Serial FT4I and FT3I values in patients with 
amiodarone-associated thyrotoxicosis treated 
with methimazole plus KCl04 . The duration of 
KCl04 is r ep r esen ted by the sol id lines. The 
dotted lines represent values after KC104 was 
discontinued. The two patients without under
lying thyroid disease (o) did not receive any 
addit ional antithyroid drug therapy, while pa
tients with underlying thyroid disease ( e) re
quired 5-20 mg/methimazole daily to maintain the 
euthyroid state. 

AMIODARONE-ASSOCIATED HYPOTHYROIDISM (AAH) 
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Although the diagnosis of hypothyroidism was often not suspec t ed clin

ically, the serum TSH concentration was markedly elevated in all hypothyroid 
patients from West Tuscany and Worcester. The serum total and free T4 con

c entrations were low or low-normal in these patients, especial ly when com

pare d with leve ls obse rved in euthyroid amiodarone- treate d patients, in 

whom the serum T4 conc entration tende d to be elevated or in the high- normal 

range. To a lesser extent, serum total and free T3 values were also reduced 

in AAH patients, but considerable overlap with values observed in the con
trol groups was found. The serum concentration of rT3 was significantly re
duced compar ed to e uthyroid amiodarone-treated patients, but not compared t o 
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control subjects. Thus, the laboratory diagnosis of hypothyroidism in pa
tients chronically treated with amiodarone is readily made when the serum 
TSH concentration is elevated and the serum total and free T4 concentrations 
are low or in the low-normal range. The serum thyroglobulin was elevated in 
most of these (10/13) hypothyroid patients in whom it was measured. This 
observation is consistent with the increased thyroidal release of thyroglob
ulin during TSH stimulation. Thyroid microsomal antibodies were positive in 
40% and 33% of patients with hypothyroidism from West Tuscany and Worcester, 
respectively, suggesting the presence of an underlying autoimmune thyroidi
tis. This disorder is known to be frequently associated with iodine-induced 
hypothyroidism (33). The etiology of AAH in the absence of autoimmune thy
roiditis is unknown, but the large quantity of iodide released from the me
tabolism of amiodarone is the most likely cause. In normal subjects, the 
administration of large amounts of iodine induces a transient decrease in 
thyroid hormone synthesis, but no adaptation mechanism subsequently leads 
to normalization of thyroid hormonogenesis (16). Possibly patients who 
develop AAH have an intrinsic subtle defect resulting in failure to adapt 
to excess of iodine. 

THERAPY OF AAH 

AAH is usually mild and often is limited to biochemical evidence of 
thyroid underfunction with no overt clinical manifestations. However, 
severe myxedema may also occur (34) and a patient who died of probable 
myxedema coma has recently been reported (35). The occurrence of overt 
hypothyroidism during amiodarone treatment requires discontinuation of the 
drug. When this is not possible, thyroid hormone replacement therapy is 
indicated under careful monitoring of serum thyroid hormone and TSH concen
trations. The question of whether preference should be given to thyroxine 
or triiodothyronine remains to be clarified (35). Spontaneous remission 
of AAH after withdrawal of amiodarone is usually observed, but hypothyroid
ism may persist for several months. To overcome the inconvenience of this 
relatively prolonged hypothyroid state, a course of thyroid hormone therapy 
may be considered. Since the development of AAH appears to be related to 
the intrathyroidal iodide excess, we considered the possibility of restoring 
euthyroidism by the administration of KCl04. This would act by depleting 
excess intrathyroidal iodide, thus removing its inhibitory effects on thy
roid hormone synthesis and release. So far,in four patients with AAH have 
been treated with 1 g of KCl04 daily after withdrawal of amiodarone. A 
prompt rise in both serum T4 and T3 concentrations associated with a fall 
in serum TSH was observed in all cases within a few days. Further adminis
tration of KCl04 resulted in a reversible decrease in serum thyroid hormone 
concentrations. Further details are given in a separate report by Martino 
et al. (36) published elsewhere in this volume. These data indicate that 
short-term administration of KCl04 may be used in AAH to shorten the period 
of thyroid insufficiency. 

CONCLUSIONS 

In conclusion, amiodarone-induced thyroid dysfunction is most likely 
due to the excess iodide released during metabolism of this iodine-rich 
drug. Hyperthyroidism occurs more frequently in areas of moderate iodine 
deficiency, while hypothyroidism is more frequently found in areas of iodine 
sufficiency. 

The diagnosis of AAT is best confirmed by elevations in the serum total 
and free T3 concentrations, since elevated serum total and free T4 concen
trations are not infrequently found in clinically euthyroid subjects chron
ically treated with amiodarone. Similarly, TSH unresponsiveness to TRH may 
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also be encountered in association with euthyroidism, possibly in relation 
to a weak T3 agonistic effect of amiodarone on the pituitary. Conventional 
methods of treatment are relatively ineffective or not feasible in AAT pa
tients, although spontaneous remission after withdrawal of the drug occurs, 
especially in patients with no underlying thyroid disease. In patients 
with goiter, successful control of hyperthyroidism is achieved by combined 
therapy with MMI and KCl04. 

AAH is usually mild and its recogn~t~on is mainly based on laboratory 
rather than clinical grounds. An elevated serum TSH concentration and an 
inappropriately low-normal serum T4 concentration are the best indicators 
for the diagnosis of this condition. AAH also may remit spontaneously after 
discontinuation of amiodarone therapy. Recovery may be substantially accel
erated by short-term treatment with KCl04. 

In view of the relatively high incidence of amiodarone-induced thyroid 
dysfunction, thyroid function should be carefully monitored in patients re
ceiving chronic amiodarone therapy, especially in those patients with goiter 
or Hashimoto's thyroiditis. 
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Thyrotropin (TSH) is a member of the glycoprotein hormone family which 
includes pituitary lutropin (LH) and follitropin and placental chorionic 
gonadotropin. As with the other glycoprotein hormones, TSH is composed of 
two nonconvalently linked subunits, a and TSHS. The a subunit is common to 
all of the hormones and the S subunit is distinct for each hormone (1,2). 
Separate mRNAs which are encoded by separate genes have been identified for 
the TSH subunits (3-8). In the rat, there appears to be a single TSHS mRNA 
(0.7 Kb) which is consistent with data from Chin et al. (7) that indicates 
a single rat TSHS gene. On the other hand, Kourides and co-workers have 
suggested the possibility of two TSHS genes in the mouse with only one being 
expressed (9). 

The synthesis and secretion of TSH by the thyrotropes are suppressed 
by thyroid hormones (2). The mechanisms by which thyroid hormones induce 
a coordinate regulation of TSH subunit gene expression is not well under
stood. In euthyroid and hypothyroid animals and thyrotopic tumors, thyroid 
hormones cause a decrease in TSH with a preferential decrease in the TSHS 
subunit mRNA (10-14). Thyroid hormones also rapidly decrease the rate of 
transcription of the TSH subunit genes with a greater effect noted for the 
TSHSsubunit (15). 

In order to investigate the mechanisms by which thyroid hormones regu
late TSH subunit biosynthesis, we are studying the effect of thyroid hor
mones on the expression of these genes. In this study, we report the iden
tification of a single rat TSHS gene, its overall structure, and partial 
nucleotide sequence. 

METHODS AND RESULTS 

Identification of Rat Genomic DNA Fragments Encompassing the TSHS Gene 

The rat TSHS gene was isolated from a bacteriophage \ Charon 4A rat 
liver DNA library. TSHS-gene containing phage clones were selected by 
filter hybridization (16) using a nick-translated (17) mouse TSHS eDNA probe 
(10). Restriction-enzyme-digested bacteriophage A Charon 4A DNA containing 
the rat TSHS gene was resolved and processed according to the method of 

169 



5' mRNA 

D A B 

4 Kb -

2 Kb-

Cod1ng Reg1on 

0 

A 

C) 

ca. 

"0 
c: 

::t 

Fig. 1. 

3' 

c 

Synthetic oligodeoxyribonucleo
tide probes were made to corre
spond to different regions of 
the rat TSHS subunit mRNA. The 
indicated probes were made to 
correspond to 27 nucleotides in 
the 5' untranslated region, 32 
to 6 bas e s upstream from the 
mRNA translational start site 
(probe A) ; 25 nucleotides in 
the leader sequence, codons -12 
to -5 (probe B) ; 21 nucleotides 
in the 3'-coding region, codons 
+112 to +118 (probe C); and 27 
nucleotides i n the 5' untrans
lated region, 70 to 43 bas e s 
upstream f rom the translational 
start site ( probe D). 

0 

C) 

co 

B 

Fi g . 2. Bacteriophage ~Charon 4A-cont a i n i ng r at TSHB gene 

170 

(1 ~g DNA) was di ges t ed with t he i ndicated r estric
tion e nz yme s . Th e DNA was r eso l ved by e l ect r ophor e 
sis and transferred to ni t r oce llulose . The DNA was 
t he n hybr idi zed to probe A (2A) or t o pr obe B (2B). 
Both probe s hybridi zed to t he und igested DNA . Probe 
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Hind III . 
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Fig. 3. Structure of the rat TSHB gene. The rat TSHB 
gene is 2.5 Kb and consists of 3 exons and 2 
introns. The translational start site (ATG) 
is within exon 2 and the transcriptional start 
site is 28 nucleotides upstream within exon 1. 
Furthermore, a TATAAAA region is located 30 
nucleotides upstream from the transcriptional 
start site. 

Southern (18). Hybridization with the (32p)-end labeled synthetic deoxy
ribonucleotides that are complementary to specific regions of the rat TSHB 
mRNA (13) (Fig. 1) resolved 4.0 Kb and 2.0 Kb Hind III DNA fragments encod
ing the 5' untranslated region and the coding region, respectively (Fig. 2). 
The Hind III-generated DNA fragments were subcloned into the plasmid vector 
pBR322 and subsequently selected by colony hybridization (19) with a nick-
translated rat TSHB eDNA probe (7). ' 

Structure of the Rat TSH 8 Gene 

The 4.0 Kb and 2.0 Kb Hind III fragments were further digested with 
restriction enzymes and subcloned into the M13 cloning vector (20,21). The 
sequencing of the subcloned fragments was carried out using the dideoxy
nucleotide method with M13 DNA primers (New England Biolabs, Beverly, MA). 
The rat TSHB gene consists of 3 exons and 2 introns. The junction of the 
exons and introns was defined by comparison of the gene sequences with the 
known rat TSHB eDNA sequence (6,7). Intron 1 is located 1 nucleotide up
stream from the translational start site and intron 2 is located between 
codons +33 and +34 (Fig. 3) 

Identification of the Site of Initiation of Transcription 

Specific primed eDNA synthesis was used to determine the transcrip
tional initiation site of the rat TSHB gene (22). The size of the synthe
sized DNA corresponding to the 5'-end of the TSHB mRNA was determined by 
electrophoresis with known molecular size markers. The authentic rat TSHB 
mRNA eDNA transcript was identified as the band increased in thyroidecto
mized relative to normal rat pituitary RNA. The transcriptional initiation 
site is located 28 nucleotides upstream from the translational start site 
(data not shown). 

DISCUSSION 

The structure of the single rat TSHB gene that we have isolated and 
characterized is similar to that of the other glycoprotein hormone B sub
unit genes. The 2.5 Kb gene consists of 3 exons and 2 introns, the loca
tions of which are similar but not identical to those of the rat LHB gene 
(22) and human LHB and CGB genes (23). However, while the sizes of the 3 
exons and intron 2 are similar, intron 1 of the rat TSHB gene is much larger 
()1 Kb compared to 0.3 Kb). The 5'-untranslated region of the rat TSHB gene 
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like that of the rat LHS gene, is short with the transcriptional start site 
(exon 1) located 28 nucleotides upstream from the translational start site 
(exon 2). The presence of TATAAA region 30 nucleotides upstream in the 5'
flanking region is consistent with the promoter location described for other 
gene sequences. 

Recently, Samuels et al. (24) reported that thyroid hormone stimulation 
of growth hormone gene expression is mediated through the 5 1 -flanking region 
of the gene in the rat. The complete characterization of the rat TSHS gene 
will enable us to begin studies in the mechanism of regulation of its ex
pression and of the structural regions (notably in the 5'-flanking region) 
that are important for the functional response of this gene to thyroid hor
mones and other stimuli. 
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Thyrotropin (TSH) is a member of the family of glycoprotein hormones 
which also includes the pituitary gonadotropins, lueteinizing hormone and 
follicle-stimulating hormone, and the placental chorionic gonadrotropin. 
Each of these hormones is composed of dissimilar, non-convalently inter
acting, glycosylated subunits called a and 8 . Within a species, the a 
subunits are identical, and the 8 subunit determines the biologic and im
munologic specificity of the complete hormone (1). 

In the human, there is a single a gene, about 10 Kb in length (2,3). 
In contrast, the CG-8/LH-8 genes are small, about 1.5 Kb in length, and CG 
genes are multiple (4,5). The CG-8/LH-8 genes are arranged together in a 
block of genomic DNA of> 30 Kb on a single chromosome (6,7), and it has 
been suggested that the seven CG-8 genes arose by duplication of the single 
LH-8 gene (4,8). Although we have cloned mouse TSH-8 complementary DNA (9) 
and studied the structure of the mouse TSH-8 gene (10) and Maurer and his 
colleagues have cloned bovine TSH-8 complementary DNA (11), the human TSH
gene had not been studied. Thus, we decided to screen a human genomic li
brary with a combination of mouse and bovine TSH-8 eDNA probes. 

The human genomic library used was made by partial EcoRi digestion of 
the DNA (a gift of Dr. Arthur Bank, Columbia University), which was cloned 
in Charon 4A lambda. Screening of ~ 300,000 plaques yielded three hybrid
izing phages. After purification of the phage, similar restriction frag
ments were found in all three phage DNAs. Restriction fragments from two 
of these phages were subcloned in the plasmid vector pBR322 to allow more 
detailed mapping and DNA sequencing. A 0.91 KbEcoRi-BamHI human TSH-8 gene 
fragment had its nucleotide sequence partially determined. It was found to 
contain an exon coding for 34 amino acids of the amino terminus of human 
TSH-8 plus a 20 amino acid apparent signal peptide. Comparison of the amino 
acid sequence of human TSH-8 deduced from the nucleotide sequence showed es
sentially a perfect match with the published amino acid sequence (1,12,13) 
(Fig. 1). Moreover, there is > 80% amino acid homology of human with rat 
(14), mouse, and bovine TSH-8 in this amino-terminal region. 

We have found the mouse TSH-8 gene to be ~ 5 Kb in length and to con
tain 3 introns. To date we have found that the two 3'-ward exons of the 
human TSH-8 gene match the two 3'-ward exons of the mouse TSH-8 gene in 
size and position. Only two introns have been located in the human TSH-8 
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gene. The location of the 3'-ward intron within the amino acid coding 
region of the mouse and human TSH-B genes is conserved as compared with 
those in the human CG-B and LH-B genes (5,8). The position of the more 5'
ward intron of the human TSH-S gene 1s somewhat different from that found 
in the human CG-S and LH-S genes. 

A comparison of the structure of the cloned human TSH-S gene, isolated 
from our genomic library, with Southern blots of total genomic DNA is con
sistent with the presence of only one human TSH-S gene. Similarly, the 
other genes for the glycoprotein hormone subunits with the exception of 
hCG-S have also been single. 

We had previously demonstrated that the a and S subunits of TSH were 
located on two different mouse chromosomes, 4 and 3 respectively (15). 
Mouse LH-S has been assigned to chromosome 7 (15,16). In order to map 
human TSH-S and to compare the chromosomal locations of a, LH-S, and TSH-S 
in man and mouse, we used our 0.91 Kb human TSH-B gene fragment as a probe 
for the analysis of Southern blots of DNA extracted from 35 rodent-human 
somatic cell hybrids (17). Southern blots were prepared from EcoRi digested 
DNA, parental cell lines, and hybrid cells. A single 2.3 Kb fragment was 
detected in the human parental cell lines and 22 of the 35 hybrids. Anal
ysis of the cell panel showed concordant segregation of this fragment with 
chromosome 1 (17). 

Subregional localization of the human TSH-S gene to lp22 was undertaken 
using a panel of hybrids containing different segments of human chromosome 
1, but not the intact chromosome (17). 

Using our hybrid cells, we also have independently confirmed the pre
vious assignment by Naylor et al. (16) of the a subunit gene to human chro
mosome 6. We agree, additionally, with the assignment of the human CG-B/ 
LH-B gene cluster to chromosome 19. 

A conserved group of genes exists on the proximal region of the short 
arm of human chromosome 1 and mouse chromosome 3. In addition to TSH-S, 
the nerve growth factor-S gene and the proto-oncogene N-ras comprise this 
group of genes (18-21). TSH biosynthesis is primarily regulated by the sup
pressive action of thyroid hormones on the synthesis of TSH-S (22). More
over, thyroid hormones increase the synthesis of nerve growth factor (23-
25). Therefore, further molecular analysis of these genes may shed light 
on the structure necessary for thyroid hormone regulation. 
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Seifert), University of Hamburg, West Germany; and 3Endocrine 
Immunology Unit, University of Wales College of Medicine 
Cardiff, Great Britain 

The TSH receptor has a central role in the physiological and patho
physiological control of thyroid function. For example, Graves' disease 
results from a stimulation of cell metabolism by immunoglobulins binding 
to the TSH receptor. Recent biochemical studies have been able to establish 
the subunit structure of the TSH receptor (1,2). However, little is known 
about the concentration and distribution patterns of TSH receptors in dif
ferent thyroid tissues. Therefore, we have investigated the possibility 
of localizing the receptor in tissue sections using 125I-labeled TSH and 
autoradiography. 

MATERIAL AND METHODS 

Cryostatic specimens (-so•c) of human thyroid tissue (normal tissue, 
n=l; autonomous adenoma, n=l; Hurthle cell adenoma, n=1; nodular goiter, 
n=2) were examined (three sections from each tissue). Biologically active 
TSH (Henning Co., Berlin), labeled with 125Iodine (125I-TSH), was dissolved 
in 1 ml buffer (10 mM Tris-HCl, pH 7.5; 50 mM NaCl and 1 mg BSA/ml). In 
order to remove any free 125Iodine, the solution was dialyzed against this 
buffer for 12 h at 4•c immediately prior to use. The cryostatic specimens 
of thyroid tissue were fixed in acetone at 4•c for 10 min, dried at 4•c 
for 15 min, and rehydrated with PBS (pH 7.4). They were incubated with 
110 ~1 125I-TSH solution (407 Bq resp. 3 nU 125I-TSH/100 ~1). The incuba
tion was carried out for three hours at 37•c in a humid atmosphere. The 
material under investigation was bathed in PBS (four times, five minutes 
each time). Specimens were treated twice (five minutes each time) with a 
chromalaune gelatin solution (0.5 g gelatin at 37• C in 100 ml double dis
tilled water; 0.05 g KCr (S04)2 x 12 H20 added after cooling to room tem
perature). The stripping film procedure was then applied for autoradiog
raphy (3). The film exposure time was three weeks. Supplementary incuba
tions were carried out to asess the specificity of 125I-TSH binding to TSH 
receptors in the tissues: a) thyroid tissues (guinea pig, hog, human) with 
1) lZSiodine-labeled hCG (lZSI-hCG), (222 Bq; 2.2 Bq; 0.02 Bq), 2) free 
125Iodine (222 Bq; 2.2 Bq; 0.02 Bq), 3) 125I-TSH with non-labeled TSH 
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Table 1. Autoradiography Ln Human Thyroid Tissue 

Normal thyroid 
tissue 

3.4 + 0.25 

Nontoxic 
I 

3.7 + 0.26 

Nodular goiter 
II 

region 1: 
1.8 + 0.15 

region 2: 
1.3 + 0.05 

Autonomous 
adenoma 

1.5 + 0.2 

Hurthle cell 
adenoma 

1.6 + 0.15 

Specific reflection (R) in volts, defined as R = reflection of follicu

lar epithelium - reflection of background, of TSH receptor autoradio

graphy applied to tissues with various human thyroid gland diseases. 

Mean + SD, n = 20 for all points. l25I-TSH binding to normal thyroid 

tiss~ and nontoxic nodular goiter I differed from 125I-TSH binding of 

nontoxic nodular goiter II, autonomous and Hurthle cell adenoma. Region

ally variable 125I-TSH binding was found in nontoxic nodular goiter II. 

(Sigma, 3 mU, 1 mU, 0.3 mU/~1 buffer) (film exposure time was six weeks); 

b) human liver tissue and guinea pig epididymal fat pad tissue (EFP) with 

1) l25I-hCG, 2) free 125Iodine, and 3) 125I-TSH in concentrations as de

scribed under a). The film exposure time was six weeks. 

Reflection photometry (MPV III Microscopic photometer, Leitz Co.) was 

used (wave length 624 nm) for quantitation of the autoradiographs (4). The 

Fig. 1. 125I-TSH receptor autoradiography of a follicular adenoma with 3 

nU 125I-TSH. Homogeneous 125I-TSH labeling of follicular epithe

lium. 
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Fig. 2. 125I-TSH autoradiography of TSH receptors in nontoxic nodular 
goiter. Significant decrease of 125I-TSH binding (R = 1.6) in a 
region with focal nodular hyperplasia (fp) as compared to the sur
rounding parenchyma (sp), (R = 3.7). 

reflection was directly related to the number of silver grains per area 
investigated and measured in volts (V). Reflections of different regions 
of follicle epithelium and background were each measured 20 times . Specific 
reflection (R) was calculated (R = reflection of follicular epithelium -
r e fl ec tion of background). 

RESULTS AND DISCUSSION 

Table 1 shows autoradiography applied to different types of human thy
roid tissue . 125I-TSH binding to autonomous adenoma, Hurthle cell adenoma, 
and nontoxic nodular goiter (II) differed f rom normal thyroid tissue and 
from a second case of nontoxic nodular go iter (I). Nontoxic nodular goiter 
II displayed different R's depending on the region examine d. Fig. 1 shows 
125I-TSH r eceptor autoradiography in a case of folli cular adenoma. Fig. 2 
demonstrates autoradiographic localization of 125I-TSH in a case of non
toxic nodular goiter with non-uniform binding of the labelled hormone. 

An R of 2.5 was recorded in EFP c e lls containing TSH receptors. 125I
TSH binding to thyroid tissue (three diffe rent species) and EFP was inhib
ited in a dose-dependent manne r by unlabeled TSH. The liver, colloid, and 
th~roid interstitium of the various specimens examined showed no specif ic 
12 I-TSH labeling (R=O). None o f t he investigated thyroid tissues depi c ted 
any significant I25I- hCG or 125Iod ine binding of epithe lium, interstitium, 
o r colloid (R=O). 

The results sugges t that the technique described can detec t specific 
125I-TSH binding to tissue s containing TSH receptors. The differe nt R's, 
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recorded from tissues with various thyroid diseases, could be explained by 
the variation of TSH receptor density, TSH receptor affinit~~ or TSH recep
tor-occupying antibodies. It would seem, therefore, that 1 I-TSH receptor 
autoradiography is suitable for portrayal of regionally variable 125I-TSH 
binding in intact thyroid gland tissue. Possibly, this technique could be 
helpful in determining TSH receptor distribution patterns in tissues with 
functional heterogenicity, e.g., nontoxic and toxic nodular goiter. 
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BOVINE THYROTROPIN BINDING SITES IN NUCLEI AND NUCLEAR MATRIX OF PORCINE 

THYROCYTES* 

INTRODUCTION 

Goverdina E. Fahraeus-van Ree and Nadir R. Farid 

Thyroid Research Laboratory, Health Sciences Center 
Memorial University of Newfoundland 
St. John's, Newfoundland, Canada 

Thyrotropin (TSH) stimulates its thyroid target cells by interacting 
with specific receptors on the membrane (1). TSH binding sites have been 
purified and characterized in human and animal thyroid tissue using crude 
broken cell preparations, purified membranes, or whole cells (1,2). Our 
immunocytochemical studies, at light microscopical level, documented TSH 
binding sites intracellularly in porcine thyrocytes, particularly at the 
nuclear membrane and within the nucleus (2,3). 

The aim of the present study was to verify the TSH binding sites at 
the nuclear membrane (NM) and within the nucleus (N) at ultrastructural 
level and to characterize these binding sites by radioreceptor assays. 

IMMUNOCYTOCHEMICAL STUDY OF TSH BINDING SITES 

In this study, a protein A-gold (pAg) complex (gold particle size: 10 
nm) is used for the visualization of bTSH binding sites in porcine thyro
cytes. Porcine thyroid fragments were fixed prior to or after incubation 
in a hormone-free medium (Leibovitz-15) or in a medium with bTSH (100 mU; 
Thytropar, USV, Ontario). Three incubation sequences were used for both 
incubated groups: 1) 60 min at 4•c, 2) 60 min at 4•c and subsequently at 
37•c for 5 min, or 3) for 20 h. The fixed tissue was prepared for immuno
electronmicroscopical examination according to the method described by Van 
Putten et al. (4), using anti-bTSH (UCB-Bioproducts S.A., Brussels, Belgium) 
as first antibody and pAg complex (prepared according to the method of Slot 
& Geuze <5>) as a second step reagent. Fragments which were incubated for 
5 min at 37•c with bTSH show groups of gold particles in droplets, cisternae 
of the rough endoplasmatic reticulum, at the nuclear membrane, and within 
the nuclei (Fig. 1). 

BIOCHEMICAL STUDY OF TSH BINDING SITES 

N and NM of porcine thyroids were isolated according to the (slightly 
modified) method of Buttyan et al. (6). Morphological analysis at struc-

*Supported by MRC grant MA-7908. 
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Fig. 1. Electron micrograph of a thyrocyte from a 
fragment, which was incubated with bTSH for 
60 min at 4•c and sugsequently for 5 min at 
37•c. Gold particles are found at the 
nuclear membrane (NM, Y) and within the 
nucleus (N, T). Immunoreaction. 

Fig. 2. Electron micrograph of a nuclei fraction. 
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Fig. 3. Binding of 125r-bTSH as a function of protein con
centrations of thyroid homogenate (T-Horn), nuclei 
(T-N), and nuclear matrix (T-NM). Homogenate, 
nuclei, and nuclear matrix (protein concentrations 
50-3000 ~g) in 0.5 ml N-buffer (10 mM Tris-HC1, 
2.5 mM KCl, 2.5 mM MgC12, 0.5 M sucrose; pH 7.5) 
were incubated with 1.38 ng of 125r-bTSH for 1 hr 
at 37°C in a waterbath shaker at 100 oscillations/ 
min. After incubation, 1.0 ml of ice-cold Dulbec
co's phosphate buffered saline was added to each 
tube, the tubes were centrifuged in a Beckman 
Microfuge B for 5 min, and the washed pellets 
counted in a y-counter. Each point is the mean of 
three observations. 

tural and ultrastructural level shows a relatively pure fraction of intact 
nuclei (3.7 + 0.8 mg protein/gr tissue; Fig. 2) and nuclear matrix (1.1 + 
0.3 mg protein/gr tissue). 5'Nucleo tidase (measured according to Arkest~ijn 
<7>) was detectable in theN fraction, but was 25%-50% lower than in the 
homogenate fraction; phosphodiesterase I activity (measured according to 
Touste r et al. <8>) was not detectable. Radiorecepto r assays (experimen
tal procedures described elsewhere~ manuscript in preparation) show that 
N and NM of thyrocytes can bind 12'1-bTSH, dependent on the amount of pro
tein and incubation time (Figs. 3,4). At an incubation time of about 20 
min at 37°C, a number of TSH binding sites of both fractions are approaching 
saturation. The same binding patte rn has been found for TSH receptors in 
human thyroid membranes (9), sugges ting that the decrease in binding after 
15-20 min of incubation might be due to the shedding of receptors and/or 
r e leasing of receptors in the medium. Non-labeled bTSH (0.001-1 mU) shows 
a dose-wise inhibition of 1251-bTSH b i nding toN, as well as to NM (Fig. 5). 
The binding specificity of 125r-bTSH to N and NM is assessed by the lack of 
displacement observed in the presence of human chorionic gonadotropin or 
insulin (up to 1 unit). Thyroid homogenate and nuclei isolated from por
cine heart tissue give little and/or non-specific binding of bTSH (Figs. 

183 



I 
CJ) 

~ 
I 

l{) 
N 
~ 

15 

10 

5 

0 

~ ~ ~ ~ ~ ___ ,_~ ~ ... 
"' ... T-N 
~ 

' ~··•""""'"'"" X ~ ... ,. ...... )( ··············· ,..... ''••••••••••••••••• T-NM 
~ X ••• •• 

I ~ ............ ·· 
~ .. ~ X 

·"•;>, .... 
)(' 

Ill 

..,; H-N 
-----.-4~------------~~~ 

0 50 100 150 

incubation time in mrn 

Fig. 4. Binding of 1251-bTSH as a function of time. Heart 
nuclei (H-N), thyroid nuclei (T-N), and nuclear 
matrix (T-NM) were incubated with 1.38 ng of 1251-
bTSH for from 1 min to 150 min at 37•c. H-N and 
T-N: 3000 ~g/tube; T-NM: 1100 ~g/tube. Assay 
conditions were the same as in Fig. 3. The spe
cific binding at each point is calculated as the 
total binding minus the non-specific binding (de
termined by adding an excess of unlabeled bTSH: 
200 mU/tube), which averages 3-5% of the total 
radioactivity for T-N and T-NM. 

3,4). Scatchard analyses of Nand NM binding reveal one class of bTSH 
binding sites (Fig. 6). The binding affinities are similar (0.4 nm-1), 
but the number of available TSH binding sites varies: Rnuclei:l.O pmol/mg 
of protein; Rnuclear matrix: 1.7 pmol/mg of protein. These results are in 
agreement with studies on bovine luteal tissue, which indicate that several 
intracellular organelles, including the nucleus, contain gonadotropin bind
ing sites (10,11). 

Both morphological and biochemical approaches agree that porcine thy
rocytes contain saturable and specific bTSH binding sites in their nuclei 
and that these sites are predominantly in the nuclear matrix. This study 
provided the rationale for our present investigations of the potential role 
of nuclear receptors in mediating some of the physiologic actions of TSH. 

ACKNOWLEDGMENT 

We thank Dr. L.J.A. van Putten for her support in carrying out the 
immuno-electronmicroscopical study. 

184 



I 
(/) 

~ 
I 

1.() 

~ 
-o 
c 
::J 
0 

..0 
~ 

Fig. 

u_ 

'ci-

14 

12 

10 

8 

6 

4 

2 
0 

5. 

0.16 

0.14 

0.12 

0.10 

0.08 

0.06 

0.04 

0 

ll!l 
ll!l 

0 

~--.:·?··, ........ 
.... ll!l 

200 

···~ El ll!l 

···~ 8 
~#, .................. ~ § 

...... - ...... ~.....,·BT-NM 

0 
llSI 

400 600 

ng bTSH 

... • T-N 

BOO 1000 

Displacement of total 125r-bTSH binding. T-nuclei 
(2000 pg protein/tube) and T-nuclear matrix (800 
pg protein/tube) were incubated with 1.38 ng 125r
bTSH for 1 hr at 37"C with different concentra
tions of unlabeled bTSH (0.001 - 1 mU). Assay 
conditions were the same as in Fig. 3. 

0 

.... , 
\.~.: .. ~ 

'!II, 

10 

·· .. ' ·· .. ' 
···· .. ~ 
~ ....... ,!llo .. 
~ ........... ffi 

... ... """'"ffiT-NM ... 
'T-N 

20 30 40 50 60 

bound (ng) 

Fig. 6. Scatchard plot of the data in Fig. 5. 

185 



REFERENCES 

1. 

2. 

3. 
4. 

5·. 
6. 
7. 
8. 
9. 
10. 
11. 

186 

Manley SWW, Knight A, and Adams DD. Springer Semin Immunopathol 5: 
413, 1983. 
Farid NR, Fahraeus-van Ree GE, and Briones-Urbina R. In PG Wa1fish, 
JR Wall, and Volpe (eds), Autoimmunity and the Thyroid, Academic 
Press, New York, 1985, p 249. 
Fahraeus-van Ree GE and Farid NR. Clin Res 31: 679, 1983. 
VanPutten LJA, Van Oordt PGWJ, Terlou M, et al. Cell Tissue Res 231: 
185, 1983. 
Slot JW and Geuze HJ. J Cell Biol 90: 533, 1981. 
Buttyan R, Olsson C, Sheard B, et al. J Biol Chern 258: 14366, 1983. 
Arkesteijn CLM. J Clin Chern Clin Biochem 14: 155, 1976. 
Touster 0, Anderson NN, Dulaney JT, et al. J Cell Biol 47: 604, 1970. 
De Bruin TWA and Van der Heide D. Acta Endocrinol 99: 522, 1982. 
Rao ChV, Mitra S, and Carman Jr FR. J Biol Chern 256: 2628, 1981. 
Chegini N, Rao ChV, and Carman Jr FR. Exp Cell Res 151: 466, 1984. 



FLOW CYTOMETRIC ANALYSIS OF TSH BINDING TO ITS RECEPTORS 

Kiyoshi Takaya, Susmu Satomi, Yukihiko Miyata, Yoshio 
Taguchi, and Mario Kasai 

The Second Department of Surgery 
Tohoku University School of Medicine 
Sendai, Japan 

It is generally accepted that benign thyroid nodules and differentiated 
thyroid carcinomas have TSH receptors, and some of these tumors are stimula
ted by endogenous TSH. In these cases, thyroid hormone suppressive therapy 
is widely used to control tumor growth (1,2). 

TSH receptor has been measured by Radioreceptor assay (3) or Adenylate 
cyclase activation method (4). Recently, flow cytometry has become widely 
used in cell biology because of its rapidity and objectivity. We studied 
flow cytometric analysis of receptor-binding of TSH to human thyroid tis
sues. TSH receptor might also be measured indirectly by this method. 

MATERIALS AND METHOD 

Human thyroid tissues were obtained at surgery. Fifteen thyroid tis
sues were used; one adenomatous goiter, five papillary carcinomas, two fol
licular carcinoma, one medullary carcinoma, two malignant lymphomas of the 
thyroid, one small cell carcinoma of the thyroid, and three specimens from 
patients with Graves' disease. 

The tissues were immediately cooled at 4•c after resection. An in
direct immunofluorescence method was used. The tissue was minced with 
scissors, and taken to pieces with pinsette in chilled PBS. Single cell 
suspension was prepared by filtering the solution through 60 pm Nylon mesh. 
The first antibody, 200 pl of anti-hTSH (Rabbit; UCB Bioproducts lot No. 
I550/001) which was 10-fold diluted, was added to a pellet of 106-108 cells. 
After incubation for 30 min at 4•c, the cells were rinsed twice in chilled 
PBS. The second antibody, 200 Pl of Fluorescein Isothiocyanate (FITC)
conjugated anti-Rabbit IgG (Goat; Miles-Yeda, lot No. E069) which was 10-
fold diluted, was added to the cell pellet. After incubation for 30 min 
at 4•c, the cells were rinsed twice in chilled PBS. Methanol (2 ml of 
100%) was added in the pellet, which was then left overnight at 4•c in a 
darkroom in order to fix the cells and stabilize the fluorescence of FITC 
(5). After rinsing with distilled water, 2 ml of 1 N HCl was added to the 
cell pellet and incubated at 6o•c for 5 min to remove nonspecific binding 
of FITC (5). After being rapidly cooled in ice, the cells were rinsed in 
PBS. 
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Cl : TSH-RECEPTOR 

21 : TSH 

:J> : ANT-TSH(RABBIT) 

n : FITC-ANT-R.IgG 
(GOAT) 

Fig. 1. Scheme of indirect membrane immuno
fluorescence method. 

The instrument used was a CS-20 Flow Cytometer (Showa Denko Ltd., 
Japan). The instrument setting was constant and the flow speed was 200-
600 cells/sec in each assay. 

Fig. 1 shows a scheme of the indirect membrane immunofluorescence 
method. FITC of the second antibody is stimulated by the laser beam of 
the flow cytometer, and emits fluorescence. The amount of receptor-bound 
TSH should correlate with the fluorescence intensity of FITC. 

When FITC is used, it is necessary to test the specificity of the 
fluorescence because of its nonspecific binding to proteins. Autofluores
cence (AF), fluorescence intensity of a specimen which was incubated only 
with the second antibody, was measured in each assay as an indicator of 
nonspecific fluorescence intensity. 
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Fig. 2. A flow cytometric data of follicular 
carcinoma. 



RESULTS 

AF & SF 

Compeltltve lnhtbtlton 
& SF 

AF & Complete 
lnhtbt!ton 

Fig. 3. Competitive fluorescence 
inhibition test. The 
specimen was a follicular 
carcinoma. 

Flow cytometric data from a follicular carcinoma is shown in Fig. 2; 
the vertical axis is the cell count, and the horizontal axis is the chan
nel number for the fluorescence intensity range. The wedge-shaped wave at 
the center shows specific fluorescence (SF). The mean fluorescence inten
sity (MFI) of SF is expressed by mean channel~ S.D., as the wave of SF can 

AF & SF 

Fig. 4. Papillary carcinoma 56 y. M. MFI of AF and 
SF were 57.7 + 19.2 ch. and 76.5 + 20.4 ch. 
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AF & SF 

Fig. 5. Small cell carcinoma of the thyroid 71 y. F. 
MFI of AF and SF were 7.4 + 1.8 ch. and 14.2 
+ 1.9 ch. 

be regarded as a normal distribution curve. The sharp wave at the left side 
shows fluorescence of cell debris. 

Competitive inhibition of fluorescence, using anti-Rabbit IgG not con
jugated with FITC (Miles-Yeda Ltd. lot No. Sl40) as a competitor with the 
second antibody, was carried out to demonstrate the specificity of this 
assay. The results using follicular cancer cells are shown in Fig. 3. The 
patient's preoperative serum TSH level was 2.4 ~U/ml (0.5-5.5). The top of 
the figure is the complex of AF (lt. peak) and SF (rt. peak); peak channels 
(ch.) were 33 ch. and 41 ch., and MFI were 35.9 + 11.5 ch. (mean+ S.D.) and 
48.4 + 8.9 ch., respectively. A significant difference was observed between 
AF and SF. The results of competitive inhibition are shown in the middle of 
the figure; the peak of SF (rt. peak) was shifted to the left as the content 
of the competitor was increased. At the bottom is seen the complex of AF 
and the result of complete inhibition by competitor of the second antibody; 
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AF & SF 

Fig. 6. Medullary carcinoma 68 y. M. MFI of AF and 
SF were 23.8 + 13.4 ch. and 24.7 + 12.5 ch. 



peak ch. was the same 33 ch., and MFI were 35.9 + 11.5 ch. and 36.4 + 11.5 
ch., respectively. The same result was gained with an experiment usTng ade
nomatous goiter cells. 

Data from one of five papillary cancer cases is shown in Fig. 4. Left 
peak is AF, and the right peak is SF. 

Data from a case of small cell carcinoma of the thyroid, which is dif
ficult to differentiate pathologically from malignant lymphoma, is shown in 
Fig. 5. A difference between AF and SF can be recognized though the waves 
are close to the peak of cell debris because of the weakness of fluorescence 
intensity. There was no significant fluorescent peak in two cases of malig
nant lymphoma. 

Data from a case of medullary cancer is shown in Fig. 6. MFI of AF and 
SF were 23.8 + 13.4 ch. and 24.7 + 12.5 ch. There was little difference be
tween the two. 

One of three cases of Graves' disease is shown in Fig. 7. The patient 
was in a euthyroid state after drug therapy, and her TSH level was within 
normal limits at operation. At the top of the figure is the complex of AF 
and SF. The middle figure is a complex of SF (lt. peak) and the result 
after preincubation with TSH, 10 mU/ml, at 4•c for 30 min before cells were 
treated with the immunofluorescence method (rt. peak). The bottom figure 
represents the complex of AF, SF, and TSH pretreatment, from the left peak, 
in order. Fluorescence intensity of follicular cells of Graves' disease 
was enhanced by pretreatment with 10 mU/ml of TSH. 

AF & SF 

SF & Incubated 
w1th TSH !OmU ml 

AF, SF, & Incubated 
w1th TSH !OmU/ml 

Fig. 7. Graves' disease 29 y. F. MFI 
of AF, SF, and TSH pretreatment 
were 24.0 + 14.3 ch., 29.7 + 
15.8 ch., ;nd 36.5 + 20.1 ch., 
respectively. -
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CONCLUSION 

The characteristics of this assay are as follows: 1) Experimental 
operation is easily done without use of radioisotopes. 2) The amount of 
receptor-bound TSH per cell, which could not be measured by another method, 
can be measured rapidly and objectively. 3) Analysis of TSH receptors can 
be done per cell unit because of flow cytometric measurement. 

This method will be available for TSH receptor analysis of Graves' 
disease and thyroid neoplasms. 
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GANGLIOSIDE AND PHOSPHOLIPID CONTENT IN NORMAL AND PATHOLOGICAL HUMAN 

THYROID 

INTRODUCTION 
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The first step in the action of TSH is the binding of the hormone to 
a specific receptor in the thyroid plasma membrane (1). Following this 
event, there is an activation of adenylate cyclase, resulting in increased 
intracellular cyclic AMP levels (2,3). Cyclic AMP, in turn, interacts with 
an intracellular target and mediates many of the effects of TSH on the thy
roid gland (4). Kohn et al. (5) have recently suggested that gangliosides 
play an important role in the interaction of TSH with thyroid plasma mem
brane receptor. Evidence to support this view comes from the demonstration 
of specific TSH-ganglioside interactions (6), the presence of gangliosides 
in biologically active systems and their absence in biologically inactive 
systems (7), and from the reconstitution of a cyclase stimulatory activity 
by resynthesis of higher order gangliosides in thyroid membranes where a 
receptor defect has been correlated with a deficiency in higher order gan
gliosides (8,9). 

All this information comes essentially from experiments with bovine 
and rat thyroid, whereas there are only few data (10-12) on the role of gan
gliosides in human thyroids. In order to clarify this point, we have begun 
to study the ganglioside pattern of normal and pathological human thyroid 
tissue. Since, in addition to the gangliosides, phospholipids were also 
shown to be components and modulators of the TSH-receptor in the plasma 
membranes (13), we also analyzed the phospholipid fractions in the same 
tissues. 

In this paper we compare the ganglioside and the phospholipid content 
of normal human thyroids to those of five nontoxic diffuse goiters, one con
genital hypofunctional goiter, two toxic adenomas, and three thyroid cancers 
(one follicular, one papillary, and one medullary carcinoma). 

MATERIALS AND METHODS 

Tissues 

Thyroid tissue adjacent to cold nodules with no evidence of macroscopic 
or microscopic abnormalities were used as normal tissue. 
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Pathological thyroid tissue was obtained in the operating room from 
patients undergoing surgery for thyroid disease. Diagnosis of thyroid dis
ease was made by usual clinical and laboratory criteria and confirmed by 
histopathological findings on the tissues after surgery. Serum T4, T3, TSH, 
FT4, and FT3 were measured by radioimmunoassay using Becton Dickinson kits, 
and serum Tg by Sorin kit. Thyroid tissues were frozen in liquid nitrogen 
and stored at -8o•c immediately after collection until used. 

Ganglioside Analysis 

Thyroid plasma membranes were prepared as described by Tate et al. 
(14). Gangliosides were extracted from sonicated membrane preparations 
(Braun Inc., Model Labsonic, 1510 cell disrupter; 3 min at 300 watt). 

The procedure utilized was that of Yu and Leeden (15), and the final 
purified fraction was obtained using the method described by Williams and 
McCluer (16) utilizing a Sep Pakm cartridge. 

The purified fractions were assayed for total gangliosides by the 
resorcinol method using N-acetyl-neuraminic acid (Sigma Chemical Company, 
USA) as standards (17). Determination of the ganglioside pattern was per
formed on a purified fraction by thin layer chromatography. The purified 
fractions were previously dried under a stream of nitrogen and dissolved 
in methanol. For chromatography, silica gel 60 (HP-TLC) plates (E. Merck, 
Darmstadt, Germany) were used in a solvent chloroform:methanol:KCl 0.03 M 
(120:70:16) (9). The gangliosides were visualized with resorcinol reagent 
(ganglioside vis. Supelco, Bellefonte, USA) identified by comparison with 
standard gangliosides and quantitated densitometrically at 570 nm using a 
Camag TLC-HPTLC scanner (Camag, Muttenz, Switzerland). 

Phospholipid Analysis 

Phospholipid analysis was performed by thin layer chromatography as 
previously described (18). The phospholipids were located by exposing the 
plates to iodine vapor. The spots were scraped from the plates and the 
phosphate content measured. 

RESULTS AND DISCUSSION 

As shown in Table 1, the total ganglioside content in normal and patho
logical human thyroid plasma membranes ranged from 65 to 183 nmol/sialic 
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Table 1. Lipid-bound Sialic Acid Concentration in Human Thyroids 

Tissue 

Normal (n.S) 

Nontoxic diffuse goiter (n.S) 

Hypofunctional congenital goiter (n.1) 

Toxic adenomas (n.2) 

Cancers (n.3) 

Lipid-bound sialic acid 
(nmol/gr fresh tissue) 

75 + 10 

95 + 12 

147 

127 + 10 

113 + so 



a b c d e f 

Fig. 1. Thin layer chromatography of human thyroid ganglia
sides. (a) mixed brain ganglioside; (b) normal 
thyroid; (c) medullary carcinoma; (d) toxic adenoma; 
(e) folli cular carcinoma; (f) papillary carcinoma. 

acid/gm fresh tissue. The lowest content was found in normal tissue where
as, the highest, with a large scattering, in the neoplastic tissues. The 
ganglioside content in the thyroids used in our study was lower than that 
found by Bouchon et al. (12) in thyroid tissue. This discrepancy could be 
easily explained by the different expe rimental conditions . In our study, 
gangliosides we re extracted from the plasma membranes, whereas in Bouchon's 
study the gangliosides were extracted from the who le homogenates. The anal
ysis of gangliosides, based on TLC migration, showed that human thyroid 
plasma membranes were rich in gangliosides co-migrating with authentic GM3, 
GMl, GD3, GDla, GDlb, and GTlb (Figs. 1,2 and Table 2). In normal tissue, 
the major ganglioside was GM3 (53%), GD3 was the second major ganglioside 

Table 2. Re lative Distribution (%) of Gangliosides in Normal and 
Pathological Human Thyroids 

Tissue Gangliosides (%) 

GTl GDlb GDla GD3 GMl GM3 

Normal 3.4 2.3 2.8 33.0 5.0 53.0 

Nontoxic diffuse goiter 3.0 3.7 2.9 34.0 4.0 52.0 

Toxic adenoma 3.1 2 . 6 2.5 32 . 0 5.8 54.0 

Hypo func tional 

congenital goiter 3.2 3.2 3.8 7.0 28.0 53.7 

Fo llicular carc inoma 0.5 1.0 2.5 7.3 6 . 7 82.0 

Papi llary c a r c inoma 1.9 3 . 7 3.4 20.3 7. 1 64.0 

Medullary carcinoma 2.9 5.0 9.0 52.0 11.0 19.7 
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Fig. 2. Scans of the resorcinol-stained thin layer chromatography 
plates of human thyroid gangliosides. (a) mixed brain 
gangliosides; (b) normal thyroid; (c) medullary carcinoma; 
(d) toxic adenoma; (e) follicular carcinoma; (f) papillary 
care inoma. 

1-

~ 

c-

(33%), whereas all the other gangliosides (GM1, GDla, GDlb, and GTl) repre
sented 13.5% of the total. As shown in Fig. 2, GM3 appears as a doublet as 
previously described by Bouchon et a1. (12). No qualitative or quantita
tive differences were observed comparing t he ganglioside pattern of normal 
thyroids to those of nont oxic diffuse goiter and of toxic adenoma (Fig. 1, 
Table 2). 

On the other hand, in the hypofunctional goiter, the ganglioside pat
tern showed abnormalities compared to that of normal tissue. In this tissue, 
GM3 and GM1 r epresented about 80% of the total and GD3 represented only 7% 
of the total (Table 2, Fig. 3). In a folli cular carcinoma, GM3 was at the 
highest level (82%), GM1 and GD3 r ep r esented only 14% of the total, whereas 
all the other higher order gangliosides were at the lowest level if compared 
to the same gangl i oside in the othe r pathological thyroids (Table 2). 

Similar ab normalities in ganglioside pattern have been reported in a 
r at thyroid tumor with a TSH-receptor defect ( 19). In this tumor, the TSH
receptor deficiency was corre lated with the alte ration in the plasma mem
brane content of higher order gangliosides and with a deficiency in the 
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Fig. 3. Scans of the resorcinol-stained thin layer chromatography 
plates of congenital hypofunctional goiter gangliosides. 
(a) ganglioside standards as indicated; (b) congenital hypo
functional gotter gangliosides. 

enzymes responsible for the synthesis of the higher order gangliosides im
plicated as a potential component of the TSH-receptor; GDlb, GTl, and GMl 
(7). Abnormalities in the ganglioside patterns were observed in different 
carcinomas. In a medullary carcinoma, the major ganglioside was GD3 (52%), 
whereas GM3 represented only 19% of the total (Table 2). In a papillary 
carcinoma, the ganglioside pattern was qualitatively similar to that of 
normal tissue; quantitatively, however, there were some differences. GM3 
was higher (65%) than in normal tissue and GD3 was lower (21%) (Table 2). 

These data indiate that in various states of thyroid function, there 
are some abnormalities in the ganglioside pattern. Since, in addition to 
the gangliosides, phospholipids were also shown to be components or modula
tors of TSH-receptor in the plasma membranes (4,13), we analyzed phospho
lipid fractions in the same normal and pathological thyroid plasma mem
branes. The analysis of the phospholipid fractions in the same normal and 
pathological thyroid plasma membranes did not show significant differences 
in the phospholipid patterns as reported in Table 3. 

CONCLUSIONS 

Our data indicate that, in state of altered thyroid function, ganglio
side but not phospholipid patterns are modified. However, at present, it 
is not clear whether a correlation between functional modification of the 
thyroid and ganglioside composition exists. This area is now under inves
tigation. 
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Table 3. Relative Distribution (%) of Phospholipids 1n 
Normal and Pathological Human Thyroids 

Tissue Phospholipids (%) 

SP LE PI PE 

Normal 15 37 15 33 

Nontoxic diffuse goiter 16 41 14 27 

Hypo functional 

congenital goiter 4 so 14 27 

Toxic adenoma 17 37 18 31 

Follicular carcinoma 12 38 19 21 

Papillary carcinoma 4 49 10 36 

Medullary carcinoma 8 52 11 28 
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CHARACTERIZATION OF THE OPTIMAL THYROTROPIN (TSH) INDUCED CYCLIC AMP 

ACCUMULATION IN THE CLONED HUMAN THYROID CELL LINE (GEJ) 

ABSTRACT 

Jean Jacques Remy, Jean Salamero, and Jeanine Charreire 

INSERM U 283 
Hopital Cochin 
Paris, France 

Cloned human thyroid epithelial cells, which we previously selected 
for their capacity to bind 125I-TSH to their TSH receptors, can produce 
cAMP in a dose-dependent manner, when stimulated by either TSH or GD IgG. 

This cell line provides an effective tool which is both easily avail
able and highly efficient and which, in addition, circumvents the need for 
human thyroid tissue, thyroid membranes, or receptor preparations. More
over, this material excludes the possibility that species specificities 
reduce the chances of measuring a positive response. 

INTRODUCTION 

The existence of circulating thyroid-stimulating antibodies (TSAb) in 
Graves' disease (GD) is now widely recognized (1), TSAb being considered as 
the cause of GD hyperthyroidism (2). The different assay procedures used 
for their detection can be separated into those directly assessing stimula
tion by the antibodies (3) and those reflecting the antibody-induced modu
lation of the membrane receptor for thyrotropin (TSH) (4). In the first 
group of assays, the measurement of cyclic AMP (cAMP) in extracts of human 
thyroid slides (5), or thyroid cell cultures (6) after incubation with test 
material, is commonly used because of its high degree of specificity and 
sensitivity. 

In previous studies, we developed a monoclonal human thyroid cell line 
(7) by fusing fresh normal human thyroid cells with a human lymphoblastoid 
cell line. The resultant cell line, called GEJ, was selected for its ex
pression of TSH receptors, and has characteristics of normal human thyroid 
cells. In this work, we investigated the characteristics of TSH-induced 
cAMP production by GEJ cells and determined whether this cloned human thy
roid cell line could be a useful and convenient alternative for detecting 
TSAbs. 

MATERIALS AND METHODS 

GEJ was obtained by fusing the human GM1500 6TGA-12 cell line with 
normallhuman thyroid cells. Before assay, GEJ cells were washed twice in 
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Hanks' Balanced Salt Solution (HBSS) and left to rest during 2 hrs at room 
temperature (RT) in RPMI 1640 (Gibco, Paisley, Scotland) without serum. 

Test stimulators. TSH used in this study and referred to as E-TSH 
(Endo, Organon, France) was crude extract from porcine and bovine pitu
itaries. Its assigned biological activity was 1 IU per 2.3 mg. Immedi
ately before bioassay, lyophilized E-TSH preparations were reconstituted 
in 0.8 ml distilled water and appropriate dilutions prepared in modified 
hypotonic HBSS (8) containing 40 mM Hepes, 4 mM 3 isobutyl-! methyl-Xanthine 
(IsoBX), and 0.4% bovine serum albumin (BSA). Certain experiments used IgG 
purified fractions of serum from GD patients; these fractions were obtained 
after serum dialysis on a GF05 column (IBF, France) containing (Tris 25 mM) 
NaCl (35 mM) pH = 8.8. Then, they were purified by passage through DEAE
Trisacryl (IBF, France) and dialyzed through a GF05 column in hypotonic 
HBSS (8). With this method, 85% of the IgG were recovered with a purity 
purity of 95.98%. IgG were also prepared from normal individuals, these 
preparations having been previously shown to be free of residual stimula
tory activity (9). 

Assay of cAMP production. 150 ~1 of E-TSH or control or experimental 
IgG (2 mg/ml) were added to triplicate of GEJ cells. Incubations were per
performed at 37°C in an atmosphere of 10% C02 in air. Their durations and 
the numbers of GEJ cells used are further specified. After the incubation 
period, the medium was removed and 300 ~1 of 10% trichloracetic acid (TCA) 
were added for 30 min at RT. The TCA-cell mixtures were then centrifuged 
and the supernatants used for intracellular cAMP assay after they were ex
tracted three times with 2 ml of water-saturated ether; after evaporation, 
the residues were resuspended in 0.3 ml of 0.05 M acetate buffer pH= 6.2. 
No acetylation of samples or standard was performed~ their cAMP contents 
being measured by mean of a radioimmunoassay with lz5r-cAMP antibodies 
(Pasteur Production, Paris, France). Results are expressed as mean pica
moles (pmoles) of cAMP for each set of triplicate cells. 

RESULTS 

Characteristics of cAMP Production by GEJ Cells after Stimulation by E-TSH 

The accumulation of intracellular cAMP in 25,000 GEJ cells in response 
to 30 min incubation with increasing doses of E-TSH is shown in Fig. 1. A 
typical S shape curve response is obtained. Basal cAMP production ( :::_ 5 
pmoles) is observed in GEJ cells similarly incubated in only hypotonic HBSS 
supplemented with Hepes, IsoBX, and BSA. GEJ cells were consistently re
sponsive to more than 25 ~/ml E-TSH, a plateau being reached with the dose 
of 500 ~u/ml. 
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Fig. 1. Intracellular cAMP accumulation 
by GEJ cells after stimulation 
by various doses of b. TSH. 



Table 1. Characteristics of Intracellular cAMP Accumulation by GEJ Cells 
After Stimulation by 1,000 ~u/ml E-TSH: One Typical Experiment 

GEJ cells (103) Time of incubation (min) cAMP (pmoles/tube) 

la 25 0 5.5 

25 5 7.2 

25 15 15.1 

25 30 22.0 

25 45 25.0 

25 60 17.0 

25 90 13.0 

25 120 6.5 

lb 12.5 30 11 

25 30 25 

50 30 46 

Kinetic analysis of response to 103 ~u/ml E-TSH added to 25,000 GEJ 
cells shows that maximum stimulation of intracellular cAMP accumulation 
occurs at 30-45 min followed by a decline (Table 1 a). An analysis of re
sponse to 103 ~u/ml E-TSH during 30 min with increasing GEJ cell concentra
tions indiated that 12,500 to 50,000 GEJ cells per tube gave dose-related 
cAMP production (Table 1 b). 

Table 2. Prevalence of TSAb in Hyperthyroid GD 

Subjects % increase from baseline cAMP 

1* 70 

2 500 

3 200 

4 540 

5 250 

6* 130 

7 340 

8 200 

9 240 

10 500 

*Patients on antithyroid drugs. 
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Interaction of IgG Fractions with GEJ Cells 

IgG fractions from eight untreated hyperthyroid GD patients caused 
significantly greater cAMP levels when compared to control IgG (p<O.OS by 
Student's t test). Overall, the percent increase of intracellular cAMP for 
the GD group ranged from 200 to 540% above baseline control IgG. However, 
SO% of the positive samples caused stimulation equal to 200% above base
line (Table 2). 

DISCUSSION 

The experiments we describe here demonstrate that E-TSH induces a dose
dependent production of intracellular cAMP by the human thyroid epithelial 
cell we cloned (7). Similarly, GD IgG, which stimulates thyroid cell via 
TSH receptors and induces thyroid hyperactivity (10), also stimulates GEJ 
to produce cAMP. The GEJ cells allow the detection of TSAb found in the 
sera of most GD patients. These results indicate that GEJ cells possess the 
adenylate cyclase system which allows them to behave as normal thyroid cells. 
These results could be anticipated from our previous experiments, since all 
the GEJ cell characteristics that we investigated, either in terms of TSH 
binding or of thyroid function (thyroid hormones and thyroglobulin produc
tions), were similar to those of normally functioning thyroid cells. 

It is clear that this cell has multiple advantages. Apart from its 
high availability and consistently extreme convenience, experiments can be 
conducted using defined material at any time. Moreover, their human origin 
excludes the possibility that species specificity could reduce the chance 
of measuring a positive response (11). In contrast to the results reported 
by Vitti et al. (12) who demonstrated that the use of the cloned rat thyroid 
cell line detected more TSAb positive GD patients, GEJ cells do not do so. 
When comparing the TSI indexes obtained with GD IgG preparations tested on 
either GEJ or human thyroid epithelial cell culture (13), no discrepancies 
were found. More precisely, TSAb negative ot TSAb positive IgG preparations 
remain respectively negative or positive regardless of the nature of the 
human thyroid cell population utilized. This could be explained by the fact 
that these authors compared cAMP production by human thyroid membrane prepa
rations to those obtained with the rat FRTL-5 thyroid cells. It could be 
postulated that TSH receptors could be modified during the preparation of 
the membranes and, thus, allow detection of higher amounts of TSAb. 
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CLINICAL EXPERIENCE WITH A SENSITIVE IMMUNORADIOMETRIC ASSAY FOR SERUM 
THYROTROPIN (TSH): DIAGNOSTIC AND THERAPEUTIC IMPLICATIONS FOR HYPERTHYROID 
AND THYROID CANCER PATIENTS 

Monika F. Bayer, Joseph P. Kriss, and I. Ross McDougall 

Nuclear Medicine/Radiology 
Stanford University School of Medicine 
Stanford, CA, USA 

A few patients with subtle signs or symptoms of mild hyperthyroidism, 
concurrent with consistently normal serum thyroid hormone levels, prompted 
us to adapt highly sensitive TSH measurements (1-4) to routine clinical use. 
TSH results in over 300 patients were found to be highly consistent with the 
clinical impressions and of value in several clinical situations. This ac
count will focus on specific clinical applications, while a more complete 
report will be published separately (5). 

SUBJECTS AND METHODS 

The patients were evaluated in the Stanford University Thyroid Clinic 
by standard clinical criteria: history, physical examination, and conven
tional thyroid function tests (6). 

TSH-Assay: We modified, as described elsewhere (5), a commercial, 
solid-phase, sequential immunoradiometric assay (IRMA) which uses in the 
first step a S-subunit specific, monoclonal anti-TSH and, in the second 
step, another monoclonal, 125I-labeled, TSH antibody directed against the 
a-subunit (Tandem R-TSH, Hybritech, San Diego, CA) (7). The detection limit 
of the modified assay was <O.l·~U/ml and the smallest TSH concentration that 
can be precisely measured was <0.4 ~U/ml. Values below 0.3 ~U/ml were less 
well reproducible and stated as <0.3. The normal range for TSH was 0.4-3.7 
~U/ml as determined in healthy individuals and in clinic patients with mis
cellaneous non-thyroid disorders (excluding severe systemic illnesses). 

RESULTS AND DISCUSSION 

Basal TSH in Lieu of TRH-stimulation Studies ~n the Diagnosis of Borderline 
Hyperthyroidism 

The assay differentiated well between serum TSH levels in euthyroidism 
and hyperthyroidism, i.e., 97% of 29 patients with a diagnosis of hyperthy
roidism (Graves' disease, multinodular goiter, toxic nodule of unknown eti
ology) had suppressed TSH of <0.3 ~U/ml. Also, there was a strong correla
tion between basal TSH and TSH measured 20-30 min post i.v. bolus of 400 ~g 
TRR; n=25, y=O.lO + 0.21, r=0.85. 
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Table 2. Serum TSH Measured During PTU Treatment 

Patient Date TSH (lJU/ml) FT4 (ng/dl) T3 (ng/dl) 

H.D. 0.3 1.8 200 

A.M. <0.3 1.7 100 

H.M. 12/10/84 <0.3 3.6 280* 

12/21/84 (0.3 2.7 120 

1/22/85 (0.3 1.1 110 

3/22/85 1.7 1.2 

A.D. 9/84 (0.3 1.1 185 

6/85 1.7 1.1 185 

C.B. 6/84 1.85 1.6 135 

4/85 1.9 1.6 140 

*Start PTU 

As illustrated in Table 1, in patients with an equivocal diagnosis of 
hyperthyroidism, i.e., a clinical suspicion but normal or, at most, border
line high free T4 (FT4) and T3, a subnormal TSH result can help establish 
the diagnosis and enable the clinician to either treat the patient earlier, 
or monitor him closely. For instance, of the three patients listed on top 
of Table 1, in whom a suppressed TSH confirmed early stages of hyperthyroid
ism, at least one (W.A.) became overtly hyperthyroid within the ensuing four 
months. Also, in patients who, by all clinical and biochemical criteria, 
are still euthyroid, a significant fall in TSH can indicate progression of 
disease (W.R.). 

Management of Patients Undergoing Antithyroid Drug Therapy 

At early stages of therapy, or in patients poorly controlled by pro
pylthiouracil (PTU), we observed generally suppressed TSH levels of (0.3 
lJU/ml (Table 2). Conversely, in patients responding well to therapy, the 
usual course of events was that serum FT4 and T3 dropped first and stabi
lized somewhere within the normal range (individual threshold), while serum 
TSH concentrations tended to reach normal, measurable levels only after 
another few months (H.M., A.D., Table 2). Consequently, it would appear 
that this resumption of normal pituitary TSH secretion can serve as a marker 
for successful treatment and might be useful in making further treatment 
decisions. 

Sequential Sensitive TSH Measurements During Remission Following Antithy
roid Drug or 133r Therapy. Prediction/detection of Recurrences Before They 
Become Clinically Overt, or Before Other Thyroid Indices Become Abnormal 

As illustrated in Table 3, in patients in remission, serum TSH levels 
changed significantly over a period of a few months, often in the absence 
of any major changes in serum thyroid hormone levels (S.A. and D.M.). We 
stipulate that patients in whom serum TSH falls drastically (D.M. and L.M.), 
or in whom TSH remains subnormal (H.M.), are most likely to suffer are
lapse, while rising TSH levels (S.A., R.R., H.E.) would appear to be a 
strong indicator for a good prognosis, at least near term. 
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Table 3. Serum TSH in Graves' Patients During Remission Post PTU or 13lr 

Patient Date TSH (llU /ml) FT4 (ng/dl) T3 (ng/dl) Rx 

D.M. 8/84 6.0 1.4 200 Post PTU 

9/84 3.1 1.7 200 

10/84 0.8 2.0 200 

L.M. 10/84 0.5 1.5 135 Post PTU 

5/85 <0.3 2.0 165 

S.A. 5/84 0.3 1.5 140 Poc;t PTU 

6/84 0.5 1.5 110 

11/84 2.7 1.5 120 

3/85 1.3 1.3 100 

R.R. 6/84 <o .3 1.3 Post 131r, PTU 

9/84 0.5 1.1 145 

H.E. 7/84 0.4 2.5 140 Post 131r 

11/84 0.7 1.9 120 

1/85 0.5 2.2 

4/85 1.1 1.9 90 

6/85 1.3 1.9 105 

Optimization of Thyroxine Suppression Therapy in Thyroid Cancer Pa~ients 

Sensitive TSH measurements in 35 patients with a history of papillary 
and/or follicular thyroid cancer, who had undergone thyroidectomy and had 
been taking thyroxine for extended periods, revealed that 77% had indeed 
suppressed TSH of <0.3 llU/ml, as is recommended in order to minimize the 
risk of metastases. The remaining 23%, however, had measurable TSH levels 
ranging from 0.5 - 4.0 llU/ml (Fig. 1) suggesting that their T4 uptake was 
inadequate. A large proportion (43%) of those with suppressed TSH had bor
derline high FT4 levels. It is unclear whether in all cases thyroid hormone 
concentrations can be lowered to normal levels while TSH secretion is kept 
subnormal. Nonetheless, routine sensitive TSH assays are of value in the 
management of thyroid cancer patients to ensure suppression of TSH without 
subjecting the patients to unnecessary high d,oses of T4. 

Precise Adjustment of Thyroxine-replacement Therapy in Hypothyroid Patients 

We found, in good agreement with earlier data by Wehmann et al. (8), 
that a large percentage (45%, n=36) of patients who have been taking thy
roxine for six weeks to several years, and who presented with normal FT4 
and T3 levels, had subnormal TSH levels of <0.3 ~/ml, indicative of a cer
tain degree of overtreatment (Fig. 1). Six of these patients had subtle 
signs of hyperthyroidism (rest tachycardia, quadriceps weakness, onycholy
sis) and there the subnormal TSH results confirmed the clinical suspicion 
of excessive T4 therapy; however, the majority of these patients were 
totally asymptomatic. Thus, in patients on thyroid hormone replacement, 
normal serum thyroid hormone levels do not guarantee physiological euthy
roidism, but sensitive TSH measurements help the physician to adjust re
placement dosage to simultaneously normalize serum thyroid hormones and 
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TSH. It is difficult to dispute that optimal adjustment of the treatment 
dose over many years may have beneficial effects on the c ardiovascular 
system o r bone me tabolism, even though some patients may r e fuse to reduce 
the ir T4 dose or complain of symptoms when on less medication. 

SUMMARY 

Sufficiently senstttve TSH measurements are of clinical value in di
agnosis and management of many hyperthyroid patients, in particular those 
with equivoc a l disease, those on PTU, or those presumably in remission 
a f t e r the rapy, and help optimize T4 replacement fo r hypothyroid pat i ents, 
or T4 r e placement/ s uppression therapy for thyroid cancer patients. 
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A HIGHLY SENSITIVE, NON-ISOTOPIC ASSAY FOR HUMAN TSH WITH EXTENDED 

CLINICAL UTILITY 

Robert C. Doss, B.J. Green, Carole A. Spencer,l and John 
T. Nicoloff! 

Abbott Laboratories, North Chicago, IL, and lThe Clinical 
Research Unit, Department of Medicine, The University of 
Southern California School of Medicine, Los Angeles, CA, USA 

Serum thyrotropin (TSH) is widely regarded as the best indicator of 
thyroid function. The ideal clinical TSH assay would combine features of 
a short incubation time with precise measurement over a range encompassing 
hyperthyroid and hypothyroid values. Currently, most commercial assays 
have sensitivity limitations and, therefore, are relegated solely to the 
confirmation of primary hypothyroidism (1). The ultrasensitive research 
assays have displayed excellent delineation between euthyroid and hyperthy
roid individuals but also possess time and range limitations (2-4). We 
report the development of a sensitive and precise immunoenzymometric assay 
(lEMA or EIA) for TSH with an extended clinical range. In a controlled 
clinical study, the EIA was compared to an ultrasensitive TSH RIA (UST) 
developed by Spencer and Nicoloff (2). 

METHODS 

HTSH-EIA: The EIA employs two distinct, TSH-specific monoclonal anti
bodies bound to a quarter-inch polystyrene bead and a third monoclonal anti
body (directed against the a-subunit of TSH) coupled to horseradish peroxi
dase. Briefly, 100 ~1 of standards, controls, or specimens are added to the 
appropriate well of a plastic reaction tray. One anti-TSH-coated bead is 
then added to each well and the reaction tray is floated in a 37"C water
bath and the beads washed 3X with water using Abbott's Pentawash system. 
200 ~1 of anti-TSH: peroxidase conjugate is added to each washed bead and 
the tray placed back into the 37"C waterbath for one hour. Following this 
second incubation, the beads are washed 3X and transferred to plastic re
action tubes. 300 ~1 of o-phenylenediamine (OPD) substrate solution con
taining H202 is added to each bead and the reaction allowed to proceed for 
30 minutes at room temp. The reaction is stopped with 1 ml of 1~ H2S04 and 
the absorbance read at 492 nm on the Abbott Quantum® or appropriate spec
trophotometer. The color intensity is directly proportional to the con
centration of TSH. 

UST-RIA: The UST is an RIA for TSH utilizing a double antibody pre
cipitating technique. The assay employed in this study is a modification 
of the assay published previously (2). 
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Fig. 1. Comparison of the distribution of hyper
thyroxinemic and euthyroid populations 
between the EIA and UST. The assays were 
performed on the same samples (hyper and 
euthyroid). Hyperthyroxinemic (~) and 
euthyroid (e) specimens were previously 
characterized by the UST and other thy
roid function tests and clinical assess
ments. See methods for assay protocol. 

RESULTS AND DISCUSSION 

Both the EIA and the UST displayed good delineation between the values 
from 55 normal and 58 hyperthyroxinemic subjects (Fig. 1). The mean~ S.D. 
for the euthyroids was 2.46 + 1.33 miU/L for the EIA and 2.28 + 1.02 miU/L 
for the UST. For the hyperthyroxinemic subjects the mean + S.D. was 0.07 
+ 0.14 miU/L for the EIA and 0.16 + 0.11 miU/L for the UST~ Comparison 
between the EIA and the UST revealed good correlation (r = 0.966, slope = 
1.16, y = -0.16) for the concentration range 0-8 miU/1. The correlation was 
found to be 0.82 in the range 0-3 miU/L. The ability of the EIA to distin
guish hyper from euthyroid states is further evident from a larger clinical 
study involving 315 euthyroid and 139 hyperthyroid subjects. The central 
95% of the euthyroid population was found to display TSH values between 
0.45 and 6.20 miU/L, while greater than 95% of the hyperthyroxinemic pa
tients had TSH levels less than 0.35 miU/1. Hypothyroid subjects posses
sed TSH levels greater than 12 miU/L (Fig. 2). 
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EIA sensLt1v1ty was determined to be 0.05 + 0.02 miU/L by the method 
of Rodbard (5) and by dilution of normal human serum samples. This was 
reflected by the excellent precision at the low end of the dose response 
curve. The within and between assay variability (C.V.) at 1.5 miU/L was 
3-6% and 4-7% respectively. 

Additional clinical studies, using the EIA, revealed that 21% of 165 
patients on thyroid hormone replacement therapy displayed subnormal TSH 
levels with normal Free T4 (data not shown). This suggests that a basal 
TSH measurement, utilizing a highly sensitive assay, may be more appropri
ate than a Free T4 measurement when establishing replacement dosage and 
will avoid chronic mild chemical thyrotoxicosis. 

TSH assays with high sensitivity will also be important in monitoring 
suppression therapy patients. It was observed in 32 goiter patients on 
supression therapy that the response to TRH challenge was proportional to 
basal TSH when the initial TSH levels were greater than 0.1 miU/L. However, 
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3 patients out of 15 with undetectable basal TSH (i.e., less than 0.05 miU/ 

L) showed a response to TRH, suggesting that these undetectable levels of 

TSH may still be biologically active. This also suggests that assay sensi

tivities below 0.01 miU/L may be required to replace the TRH challenge test 

in assessing the adequace of suppression in these patients. Alternatively, 

measurement of the TSH response to TRH with an ultrasensitive TSH assay 

should significantly enhance management of these patients. 

Thus, the clinical data indicates that the HTSH-EIA can be useful as 

a primary thyroid screening test and as a monitor for evaluating hyperthy

roxinemic and suppressed patient states. 
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MEASUREMENT OF CIRCULATING THYROTROPIN CONCENTRATIONS BY AN 

IMMUNOCHEMILUMINOMETRIC ASSAY 

INTRODUCTION 

Peter J. Evans, Ian Weeks, Stuart Woodhead, Keston Jones, 
Reginald Hall, and Maurice F. Scanlon 

Departments of Medicine and Medical Biochemistry 
University of Wales College of Medicine 
Heath Park, Cardiff, Wales 

We have developed an immunochemiluminometric assay (ICMA) which has 
a sens1t1v1ty far greater than that of existing immunoassays and which 
discriminates clearly between euthyroid and hyperthyroid basal TSH levels 
(1). As part of the clinical validation of this assay, we have measured 
basal TSH levels in normal and hyperthyroid subjects over a twenty-four 
hour period. We have also measured the variation in basal TSH levels in 
a variety of clinically euthyroid patients with acute and chronic non
thyroidal disease. 

PATIENTS AND METHODS 

Five normal euthyroid, six hyperthyroid, and three euthyroid subjects 
with multinodular goiter were sampled hourly over 24 hours. In addition, 
serum samples were obtained at 11.00 hours from four groups of 20 euthyroid 
patients with chronic liver disease (CLD; mean age 54; age range 17-72; 15 
male, 5 female), chronic renal disease (CRD; mean age 42; age range 18-73; 
10 male, 10 female), acute myocardial infarction (MI; mean age 63; age range 
36-79; 15 male, 5 female), and acute cerebrovascular accident (CVA; mean age 
68; age range 52-86; 10 male, 10 female). The control group consisted of 
20 healthy, euthyroid subjects (mean age 32; age range 19-57; 8 male, 12 
female). Concentrations of fT3 and fT4 were measured using Amerlex kits 
(Amersham International, Cardiff UK) and TSH concentrations were measured 
as described previously (1). 

RESULTS 

Circadian Rhythm Studies 

As shown in Figs. 1-4, all five control subjects demonstrated a normal 
circadian variation in TSH levels. Three hyperthyroid patients (2a, 2b, and 
3b) showed a normal secretory pattern but basal TSH levels were suppressed. 
In patients with euthyroid multinodular goiter, one subject (4a) showed sup
pressed TSH levels throughout the period of study, one subject (4b) had a 
normal pattern of secretion with suppressed TSH levels during the day, and 
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Fig. 1. TSH concentration measured every hour for 24 hours in normal sub-

jects. Each point is plotted as mean + ISD. 

one subject (4c) showed normal basal TSH levels with a normal circadian 

pattern of secretion. 

Acute and Chronic Non-thyroidal Illness 

As shown in Table 1, fT3 and fT4 were significantly lower in all pa

tient groups than in normals, the most profound decrease occurring in those 

with CRD. In contrast, TSH concentrations in patients with CRD, CLD, and 

MI were not significantly different from normal. TSH levels in patients 
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GRAVES DISEASE 
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Fig. 2. TSH concentration measured every hour for 24 hours in patients 
with Graves' disease. Each point is plotted as mean+ ISD. 

with CVA were marginally reduced (p<O.OS) and albumin concentrations were 
significantly lower in CRD, CLD, and CVA. 

DISCUSSION 

Using this ultrasensitive ICMA for TSH, normal subjects showed the 
expected physiological variation in basal TSH levels. Interestingly, some 
hyperthyroid individuals showed a circadian rhythm which indicates that 
other factors may still exert a controlling influence on the thyrotroph 
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Fig. 3. TSH concentration measured every hour for 24 hours in patients with 
toxic multinodular goiter. Each point is plotted as mean + ISD. 

217 



EUTHYROID MULTINODULAR GOITRE 

4a 4b 4c 

1.6 

0.16 0.8 

1.4 

:; 0.12 0.6 
..__ 

1.2 :::l 
E 
:t 0.08 0.4 
(/) 
1- 1.0 

0.04 0.2 

0.8 

0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 

Time(hours) 

Fig. 4. TSH concentration measured every hour for 24 hours in patients 
with euthyroid multinodular goiter. Each point is plotted as mean 
+ ISD. 

Table 1. TSH, fT4, fT3 and Albumin Concentrations in Normal Subjects 
and Clinically Euthyroid Patients with Non-thyroidal Illness 

Normal 

CRD 

CLD 

MI 

CVA 

TSH 

(mU/ 1) 

1.58 + 0.81 

(0.60 -. 3.30) 

1.63 + 0.95 

(0.54 - 4.35) 

1.70+0.79 

(0.38 - 3.21) 

1.51 + 1.12 

(0.54 - 4.91) 

0.98 + 0.58* 

(0.41 - 2.68) 

(pM) 

17.4 + 2.2 

(12 - 21) 

8.7 + 3.2*** 

(1.0 - 15) 

13.0 + 3.1*** 

(8.0 - 18) 

15.2 + 2.4** 

(10 - 20) 

15.7 + 3.0* 

(12 - 22) 

(pM) 

7.6 + 1.0 

(5.7 - 9.0) 

3. 2 + 1.1*** 

(0.9 - 4.6) 

3.5 + 1.9*** 

0.2-7.9) 

4.3 + 1.0*** 

(1.8- 6.3) 

3.8 + 0.8*** 

(2.2 - 5.2) 

Albumin 

(g/L) 

48 + 3 

(42 - 54) 

41 + 8*** 

(24 - 53) 

30 + 8*** 

(29 - 57) 

52 + 5 

(44 - 61) 

45 + 6** 

(30 - 53) 

Results are mean+ 2 SD (n = 20), range in parentheses. *p< 0.05; 
**p<O.Ol; ***p<0.005. Mann Whitney Test. 
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even in the face of elevated circulating levels of thyroid hormones. Pa
tients with euthyroid multinodular goiters showed a gradation from normal 
to hyperthyroid basal levels of TSH which is compatible with the spectrum 
of autonomy of thyroid function known to exist in such subjects. It is 
clear that this assay highlights the potential importance of sensitive TSH 
measurements in identifying patients with some degree of autonomy in the 
presence of normal thyroid hormone levels. 

All individual TSH levels measured in patients with acute and chronic 
non-thyroidal illness fell within our previously established normal range 
of 0.4 to 4.0 mU/1. However, the group mean concentration in CVA patients 
was significantly reduced which may reflect a degree of central suppression 
of TSH release as suggested by other studies in severely ill patients (2). 
The assessment of thyroid status in patients with non-thyroidal illness 
using free hormone assays can be unsatisfactory. While these studies con
firm that free T3 may be genuinely reduced in such cases, there is the ad
ditional problem of artifactual reduction caused by altered serum binding 
protein concentrations. This problem is most apparent in the fT4 measure
ment where the greatest reduction coincides with lowest albumin levels in 
patients with CRD and CLD. In studies using equilibrium dialysis to mea
sure fT4, normal levels have been found in chronically ill patients (3). 
Our data support the view that a sensitive TSH assay may prove useful as a 
first line test of thyroid function particularly where established thyroid 
function tests may provide misleading information. 
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EVALUATION OF PATIENTS ON THYROXINE (T4) REPLACEMENT WITH A HIGHLY 

SENSITIVE COMMERCIAL TSH IMMUNORADIOMETRIC ASSAY (TSH-IRMA) 

Juan Garces and Charles P. Barsano 

Center for Endocrinology, Metabolism and Nutrition 
Northwestern University and VA Lakeside Medical Center 
Chicago, IL, USA 

Current strategies for the optimal management of patients requiring 
thyroid hormone replacement or suppression therapy are limited by the non
specificity and insensitivity of clinical symptoms and by the impracticality 
of frequent or extensive laboratory evaluation of thyroid status (e.g., TSH 
testing, radioiodine uptake). The recent introduction of highly sensitive 
TSH assays which distinguish suppressed from normal TSH levels offers a 
practical means for applying more precise assessment of basal TSH secretion. 
This study was conducted to illustrate the potential for under- or over-medi
cation of patients receiving T4 replacement or T4 suppression when managed 
conventionally and to suggest a practical strategy for improved management 
employing sensitive TSH measurement. 

METHODS 

Patients rece1v1ng L-thyroxine as replacement therapy for primary hypo
thyroidism (32) or as suppression therapy for euthyroid goitrous or nodular 
thyroid disease (12) met the following criteria: 
a) Continuous treatment with T4 for at least three months prior to study, 
b) Clinical assessment by the treating physician as euthyroid on the basis 

of current symptoms and physical examination, 
c) Credible history of compliance to therapy, 
d) Absence of concurrent illness or drug therapy known to alter thyroid 

hormone binding proteins or T4-to-T3 conversion, and 
e) Normal T3-Resin-Uptake or equivalent assay. 

High sensitivity serum TSH concentrations were determined by the Boots
Calltech Diagnostics (Slough, U.K.) Sucrosep~ TSH-IRMA assay. The sensitiv
ity (0.08 ~U/ml) and approximate range of normal values (0.2 - 5.45 ~U/ml) 
quoted by the manufacturer were consistent with those determined in this 
laboratory, 0.08 ~U/ml and 0.3 - 5.0 ~U/ml, respectively. Serum T4, serum 
T3, and T3-Uptake determinations were obtained by the Tetrabead, T3 Riabead 
and Triobead assay kits (Abbott Laboratories, North Chicago), respectively. 
Normal ranges for the above assays were: T4, 5-13 ~g/dl; T3, 80-220 ng/dl; 
T3 Uptake, 23-32%. 
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Table 1. TSH-IRMA Levels in Normal Subjects and Untreated Primary 
Hypothyroidism and Hyperthyroidism 

Patient Group n· Mean Stand. Dev. Range 

1• Hypothyroidism 13 96 . 2 106.3 12.2 - 346 

Normal subjects 30 1.6 0.98 0.31 - 4.7 

Hyperthyroidism 20 0.01* 0.02* 0 - 0.07* 

*All values were below the limit of sensitivity. 

RESULTS 

TSH-IRMA Levels in Normal, Hypo- and Hyperthyroid Subjects 

A normal range of 0.3 - 5.0 ~U/ml was established from 30 normal sub
jects (Table 1). Patients with untreated pr imary hypothyroidism exhibited 
TSH-IRMA levels great e r than 5 ~U/ml. Untreated clinically hyperthyroid 
patients all exhibited TSH-IRMA levels below the limit of detectability. 
A TSH-IRMA level of 0 . 1 ~U/ml, conservatively approximating the sensitiv
ity of the assay, was defined as the range of suppressed basal TSH concen
trations. 

Se rum T4 and T3 Concentrations ~n T4 Replacement Therapy 

As illustra t ed i n Fi g. 1, a high proportion o f pa tients (7/32) exhib
ited elevated TSH-IRMA levels. In patients whose T4 level s were in t he 
lower-normal range, S-9 ~g/dl, an elevated TSH-IRMA level was common (4/11) . 
The TSH-IRMA levels of patients whose T4 levels were in the upper-normal 
range, 9-13 ~g/dl, were highly variable, ranging from frankly elevated (3/ 
15) to undetectab le (4/15) . In contras t, the TSH-IRMA l evels o f pat ients 
whose serum T3 l eve l s we r e in t he lower-normal range were highly variable, 
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whereas those with upper-normal T3 levels typically exhibited undetectable 
TSH-IRMA levels (5/6). 

Serum T4 and T3 Concentrations in T4 Suppression Therapy 

In patients on T4 suppression therapy the relationships of TSH-IRMA 
levels to the concurrent levels of T4 and T3 were similar to those observed 
in the T4-replaced patients (Fig. 2). The principal difference was the ab
sence of elevated TSH-IRMA levels, predictable by the definition of the pa
tient group. 

DISCUSSION 

The high proportion of elevated and "normal" TSH levels observed among 
clinically euthyroid, T4-replaced patients with normal T4 levels emphasizes 
the limited efficacy of clinical symptoms and serum T4 levels as measures 
of adequate T4 replacement. Further, maintenance of the serum T4 level in 
the upper-normal range, typically accompanied by normal T3 levels (1,2) may 
be compatible with euthyroidism but is no assurance of complete substitu
tion of endogenous hormone nor of complete suppression of basal TSH. These 
data and others' (3,4) establish that conventional TSH assays with a typi
cal sensitivity of 0.5 ~U/ml cannot discriminate between suppressed basal 
TSH levels and many normal TSH levels. The highly sensitive TSH-IRMA, how
ever, allows the clinician to determine that not only is the patient's TSH 
production reduced below the hypothyroid range, but also reduced to below 
that level (0.3- 5.0 ~U/ml) which is "normal", by definition, only for 
healthy, untreated individuals. 

Overmedication with T4 constitutes an additional management problem 
since mild thyrotoxicosis is often difficult to detect with certainty. 
Clinical symptoms are commonly nonspecific and insensitive. Blunted TSH 
responses to TRH administration and suppressed radioiodine uptakes may re
flect optimal T4 replacement, as well as overmedication. Recognizing that 
a fully suppressed basal TSH level by any assay cannot distinguish complete 
T4 replacement from excessive T4 administration, we offer for consideration 
the recommendation that TSH-IRMA levels of patients receiving T4 replacement 
be maintained in the range 0.1 - 0.3 ~U/ml. This practice would assure not 
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only that frank hypothyroidism is precluded, but also that basal TSH secre
tion which is "normal" only for untreated, normal individuals is not per
mitted to sustain goiter growth. At the same time, the undefined but pos
sible risks attendant to long-term, subclinical hyperthyroidism would be 
verifiably precluded by the substantially but incompletely suppressed TSH
IRMA levels. 

Further studies are indicated to confirm that basal TSH levels in the 
range of 0.1 - 0.3 pU/ml are not sufficient to foster appreciably the growth 
of goiters, nodules, or occult malignancy. Other studies are indicated to 
document that TSH-IRMA levels within this range are attainable without ex
cessively frequent blood sampling and titration of dosage. 

REFERENCES 

1. Maeda M, Kuzuya N, Masuyama Y, et al. J Clin Endocrinol Metab 43: 10, 
1976. 

2. Pearce CJ and Himsworth RL. Br Med J 288: 693, 1984. 
3. Alexander WD, Kerr DJ, and Ferguson MM. Lancet ii: 647, 1984. 
4. Seth J, Kellett HA, Caldwell G, et al. Br Med J 289: 1334, 1984. 

224 



STUDIES OF CALMODULIN-LIKE PORTION IN THE TSH RECEPTOR 

SUMMARY 

Takashi Hachiya,l Yoshiyuki Nakajima,2 Yasuaki Ura,2 Masao 
Ishida,2 Tadayoshi Miyazaki,3 and Yukio Ochi4 

linternal Medicine and 3Radiology, Kyoto Pref. Univ. of 
Medicine, 2Nantan General Hospital, Central Clin. Lab., and 
4shiga Univ. of Medical Science, Japan 

Calmodulin (CaM) antagonists, such as W-7, W-5 chlorpromazine, and 
haloperidol, inhibited dose-dependently 125I-bTSH binding to its receptor. 
This inhibitory effect by CaM antagonist was diminished by the addition of 
EDTA. Not only anti-CaM antibody but also CaM inhibited dose-dependently 
125I-bTSH binding to its receptor. These results may indicate the presence 
of a CaM-like structure in the membrane receptor for TSH. 

Four sera out of 300 patients with Graves' disease had increased CaM 
binding activities as compared to normal control subjects. The binding 
could be demonstrated as the autoantibody to CaM by double antibody method, 
polyethyleneglycol method, and also gel-filtration. Three antibodies were 
monoclonal and one was polyclonal immunoglobulins (IgG and/or IgA). 

Although the incidence of the autoantibody to CaM in Graves' disease 
is low and the pathologiccal significance of the autoantibody to CaM remains 
obscure, the existence of this antibody in the serum of patients may suggest 
the production of antibody to a CaM-like structure in the TSH receptor. 

INTRODUCTION 

Calmodulin (CaM), a low molecular intracellular ca2+ binding protein, 
has been recognized as a regulatory factor of various cellular mechanisms. 
Recently, considerable evidence has been presented that CaM is implicated 
in relation to the hormone receptor, as a regulatory factor of hormonal 
action. To date, our research has examined the effects of CaM antagonists 
on the TSH receptor assay and CaM binding immunoglobulin in sera from 
Graves' disease patients. The obtained results showed that a CaM-like 
structure may exist in the membrane receptor for TSH. We also found CaM 
binding immunoglobulin in sera from patients with Graves' disease. 

MATRIALS AND METHODS 

Highly purified bovine CaM was obtained as previously described (1). 
We used 125I-bTSH and solubilized porcine thyroid receptor from a 

225 



BIT(% 

30 

20 

10 

0 

solubilized porcme 

thyro1d receptor 

~'~--~----~------~ 
5 .. w-• o 

( M/1) 

~I 
~ 

---o.. 

human thyro1d 

plasma membrane 

Fig. 1. Effects of W-7 and W-5 on the binding of 125r-bTSH to thyroid 
receptor. 

commercially available kit (R.S.R. Ltd., U.K.). 125r-CaM and anti-CaM was 
obtained from Amersham (U.K.). We examined 30 sera from patients with 
Graves' disease with LATS activity, 270 sera from patients with Graves' dis
ease without LATS activity, 30 sera from patients with Hashimoto's disease, 
8 sera from subacute thyroiditis patients, 3 sera from silent thyroiditis 
patients, 5 sera from thyroid cancer patients, and 27 sera from normal vol
unteers. TSH radioreceptor assay was carried out using human thyroid plasma 
membrane (2) and solubilized porcine thyroid receptor (3). Detection of 
autoantibody to 125r-CaM was examined by PEG precipitation and double anti
body method, as previously described (4). 

RESULTS 

Effects of W-7 and W-5 on the binding of 125r-bTSH to the thyroid 
receptor are shown in Fig. 1. The binding of 1251-bTSH to human thyroid 
plasma membrane was dose-dependently inhibited by the addition of W-7. How
ever, such a remarkable inhibition was not observed after the addition of 
W-5. Similar results were obtained using solubilized porcine thyroid re
ceptor. Similar inhibition was also observed by other CaM antagonists such 
as chlorpromazine and haloperidol (data not shown). 

When normal human serum was removed from the assay mixture, the inhi
bition of 125r-bTSH binding was diminished. By adding calcium ion to the 
assay mixture, almost in the same concentration as human serum, the inhib
itory effect by W-7 was again resumed. However, the inhibition of 125r
bTSH binding was also diminished by the addition of EDTA (data not shown). 
Preincubation of human thyroid plasma membrane with anti-CaM antibody dose
dependently resulted in the decreased binding of 125r-bTSH to plasma mem
brane, whereas other antibodies did not show such inhibition. Similar re
sults are obtained using solubilized porcine thyroid receptor (Fig. 2). 
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A. large amount of CaM inhibited l251-bTSH binding to its receptor, al
though no direct binding of 1251-bTSH to CaM was observed (Fig. 3). 

The binding of 1251-CaM to sera from various thyroidal diseases is 
shown in Fig. 4. One out of 30 LATS positive sera from Graves' disease, 
and three out of 270 sera without LATS activity showed increased binding 
act~v~ty. However, none of the sera from other thyroidal diseases showed 
any increased binding activity. The same results were obtained by using 
double antibody and Protein A adsorbent (data not shown). Binding of 1251-
CaM with patient's serum increased proportionally to the amounts of serum. 
Also, binding of 1251-CaM to patient's serum was dose-dependently inhibited 
by the addition of unlabeled CaM over the range of lo-6 "'10 JJg/tube (data 
not shown). 

Using the double antibody method, three patient's sera (K.K., T.U., 
and L.A.) were precipitated by antiserum for 1gG and 1gA; only one pa
tient's serum (M.A.) for 1gG. The light chain type of CaM binding immuno
globulins were kappa (T.U., M.S., and L.A.), and both kappa and lambda (K. 
K.) (Table 1). 
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Table 1. Specific Binding of 1251-calmodulin with 
Immunoglobulin Class and Light Chain 
Type of Patient's Sera 

B/T (%) 

Rabbit Normal 
serum serum K.K. T.U. M.S. L.A. 

Ant i-IgG 3.1 6.7 8 . 5 7.7 7.3 

Anti-IgA 4.0 8.9 8.2 3.9 7.0 

Anti -IgM 3.3 2.9 3.9 3.5 3.8 

Anti-K* 4.3 14.2 8 . 2 8.8 8.2 

Anti-A* 4.2 7.7 3.8 4.0 3.8 

*Sheep antiserum against rabbit gamma-globulin was 
added. 
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CaM 

Fig. 6. Possible schematic structure 
of the TSH receptor. 

The elution pattern of 125I-CaM with patient's serum (case K.K.) on a 

Sephacryl S-300 is shown in Fig. 5. CaM has a M.W. of about 16,700. Thus, 

the eluted radioactivity was found behind the third peak (albumin fraction). 

When 125I-CaM was preincubated with the patient's serum and then eluted, 

the radioactivity was found behind the void volume and before the second 

peak. When preincubated with unlabeled CaM (10 ~g/tube), however, this ra

dioactivity disappeared completely. 

DISCUSSION 

In the present study, we examined the effects of CaM antagonists on 

the binding of 125I-bTSH to its receptor in order to investigate the par

ticipation of calcium ion and CaM. W-7 inhibited 125I-bTSH binding to its 

receptor. This phenomenon required calcium ion. These results may suggest 

the involvement of CaM on the binding of 125I-bTSH to its receptor. The 

incubation of thyroid plasma membranes with anti-CaM antibody resulted in 

decreased binding of 125I-bTSH to membranes. From the resulting evidence 

we postulated a CaM-like structure in the membrane receptor for TSH as 
shown in Fig. 6. 

In addition to the hypothesis described above, we examined the bind

ing immunoglobulin for CaM in sera from patients with various thyroidal 

diseases in order to elucidate the involvement of a CaM-like structure in 

relation to the autoimmune mechanism. Four sera out of 300 from patients 

with Graves' disease had CaM binding immunoglobulins but there were no CaM 

binding immunoglobulins in sera from other thyroidal diseases. These sera 

bound to CaM dose-dependently and the binding was inhibited by the addition 

of unlabeled CaM. CaM binding immunoglobulins were confirmed to be IgG and/ 

or IgA. 
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When 12SI-CaM was mixed with patient's serum, an immune complex forma
tion was demonstrated by gel-filtration on Sephacryl S-300. The radioac
tivity before the second peak (IgG fraction) is thought to be an immune 
complex between 12SI-CaM and IgA or IgG. The radioactivity behind the void 
volume is thought to be an aggregation of these immune complexes. 

CaM antibody act1v1ty correlates with neither TSH receptor antibody 
activity (determined by Smith's kit), nor with antithyroidal antibodies 
(microsome and thyroglobulin). The significance of autoantibodies to CaM 
is unknown, but it may have some relation to a CaM-like portion in the TSH 
receptor. 
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TSH SECRETORY REGULATION: NEW EVIDENCE THAT TRIIODOTHYRONINE (T3) and 

THYROXINE (T4) CAN INHIBIT TRH SECRETION BOTH IN VIVO AND IN VITRO* 

ABSTRACT 

Tokuji Iriuchijima, Debbie Rogers, and John F. Wilber 

Section of Endocrinology, Department of Medicine 
LSU Medical Center 
New Orleans, LA, USA 

The potential influence of thyroid hormones in vivo upon TRH secretion 
was examined using rat hypothalami in vitro derived from hyperthyroid (50 
~g L-T4/lOO g.B.W. x 4 days) and hypothyroid (4 weeks post total thyroid
ectomy) rats. Ouabain-activated TRH secretion from hypothalami derived 
from hyperthyroid animals was lowered in 14 + 3.7%, significant at p<0.02, 
and TRH secretion stimulated by ouabain was ~ugmented 36 ~ 10% from hypo
thyroid hypothalami. Similarly, when L-triiodothyronine (T3) (0.1 ~g/100 
g.B.W.) was injected intraventricularly, serum TSH was lowered significantly 
without a concomitant elevation in peripheral T3 concentrations. In con
trast, administration of the identical quantity of T3 i.p. had no suppres
sive effect upon TSH release. It is concluded that thyroid hormones regu
late TSH secretion, at least in part, by inhibition of hypothalamic TRH 
secretion directly. 

INTRODUCTION 

Abundant evidence has supported the view that thyroid hormones (T4 and 
T3) regulate TSH secretion exclusively by opposing TRH actions at the level 
of pituitary thyrotroph cell (1-3). However, recently we have demonstrated 
that T3 can inhibit ouabain-stimulated TRH secretion from rat hypothalami 
in vitro (4). Further evidence that thyroid hormones can inhibit TRH secre
tion both in vitro and in vivo forms the substance of this report. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats, weighing approximately 200 g., were used. 
Experimental hyperthyroidism was induced by giving L-T4 (50 ~g/100 b.B.W.) 
i.p. for four days. Experimental hypothyroidism was produced by total thy
roidectomy and animals were used four weeks postoperatively. 

Rat hypothalamic incubations were performed in vitro after dissection 
into eight thin pieces and incubation in Krebs-Ringer bicarbonate (KRB) 
buffer, 10 mM glucose, 0.25% BSA, equilibrated with 95% 02, 5% C02 at pH 

*Supported in part by USPHS Grant #NS 19885. 
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7.5. Tissues were preincubated for 90 minutes prior to two 1 hour experi
mental periods. Media were harvested separately and stored at -3o•c for 
TRH determinations by RIA (5). 

Medium TRH concentrations were expressed as percent of control (TRH hr 
2/TRH hr 1 x 100). 

Intraventricular stainless steel cannulae (#26) were established using 
a stereotaxic apparatus and ketamine anesthesia. After a 1 week postoper
ative period, animals received either isotonic saline or T3 (0.1 ~g/100 

g.B.W . ) IVT or i.p. Samples (0.5 ml) for TSH RIA were secured from the 
subclavian vein immediately before and 60 minutes after T3 or vehicle was 
administered. Plasma TSH was determined by our specific RIA (6) and T3 by 
RIA was quantitated using an immunoassay kit from Corning. Results were 
analyzed by paired Student's t t est. 

Ouabain, T3, and T4 were purchased from Sigma Chemical Co., St. Louis, 
MO, USA. 

EXPERIMENTAL RESULTS 

Inhibition of ouaba in-induced TRH secretion in vitro af ter short-te rm 
in v i vo T4 administ r ation is shown i n Fig. 1. Aft;r an imals r eceived 50 
~g T4 per 100 g.B.W. for 4 days, ouabain-activated TRH release was inhib
ited 14 + 3.7% (n=6), significant at p( 0.02 compared to TRH secretion from 
euthyroid-derived hypothalami (n=6). 

Augmentation of ouabain-stimulated TRH secretion by experimental hypo
thyroidism is displayed in Fig. 2 . TRH released from hypo thyroid hyoptha l 
ami (right panel) wa s e nhanced 36 + 10% over TRH s ec r e tion from euthyroid 
controls (n=ll), s i gn i fi cant p( O.Ol. 

The inhibiting action of L-T3 when administered centrally (IVT) is 
shown in Fig. 3 (left section). Plasma TSH was lowered from 215 + 32 ~U/ 
ml to 144 + 25 ~U/ml (n=ll), p( O.OOS. This effect could not be attribute 
t o a rise Tn periphera l T3 concentrations (right section). In contrast, 
when the identical amount of T3 was administered pe riphe rally (i.p.), TSH 
concentrations were not lowered s ignificantly (194 ~ 33 vs. 160 ~ 25 ~U/ml) 
even though peripheral T3 concent r ations inc reased slightly (54~ 3 ng/ dl 
to 73 + 6 ng/dl, p( O.OOS). 
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Three lines of new evidence herein provide support for the view that 
thyroid hormones may regulate TSH secretion, at least in part, by inhibit
ing TRH secretion~~· and extend our previous demonstration of T3 in
hibition in vitro of ouabain-activated TRH release (4). Not only can TRH 
secretion~e augmented by experimental hypothyroidism and inhibited, con
versely, by hyperthyroidism, T3 given in IVT (lateral ventricle) can lower 
TSH in vivo in dosage schedules that fail to affect TSH when administered 
peripherally (i.p.). Although the evidence from the latter studies con
cerning TRH secretory events is indirect, we consider it unlikely that cen
trally administered T3 acted on the thyrotroph cell~~· since identical 
amounts administered i.p., associated with increments in circulating T3 con
centrations (Fig. 3) not seen following the intraventricular route, failed 
to reduce circulating TSH concentrations. 

Our present observations are supported by the earlier studies of Cook 
(7), who reported that systemically ineffective quantttttes of L-T4 adminis
tered IVT to rats could suppress TSH secretion, as inferred from reductions 
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Fig. 3. Effect of intraventricular adminis
tration of T3 on plasma TSH and T3 
concentrations. Values are expres
sed as the mean+ SEM (N=ll) and 
analyzed by pair;d Student's t test. 
NS indicates not significant. 
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in thyroidal 13lr release rates. Moreover, recently, injections of T3 (2 
ng) directly into hypothalamus were reported by Belchetz, et al., to rapidly 
inhibit TSH secretion, whereas direct pituitary injection of identical T3 
quantities did not lower TSH (8). The failure of T3 to block KCl-stimula
ted TRH in vitro, in the studies of Tapia-Arancibia, et al. (9), we infer 
reflecte~inadequate preincubation time with T3. 

Further studies are in progress to explore in greater detail the phys
iological implications of this new regulatory concept of modulation of TRH 
secretion by thyroid hormones. 
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EFFECT OF TRH ON 5'-DEIODINASES IN RAT PITUITARY GLANDS 

Taeko Shimizu, Yasunori Ozawa, and Yoshimasa Shishiba 

Division of Endocrinology, Toranomon Hospital and Okinaka 
Memorial Institute for Medical Research 
Tokyo, Japan 

INTRODUCTION 

It is well known that the act1v1ty of 5'-deiodinase in the pituitary 
increases in thyroidectomized rats (1-4). However, the cause of this in
crease in the activity of 5'-deiodinase has not been elucidated. Either 
the direct effect of reduced thyroid hormones or the enhancement of the 
sensitivity to TRH was considered as the causative factor. Recently, it 
was reported that TRH increased the activity of 5'-deiodinase of cultured 
GH4Cl cells (5). Hypothalamic factors, including TRH, were also reported 
to regulate 5'-deiodinase activity in the pituitary (6). The modulation 
of 5'-deiodinase activity by trophic hormone per se was exemplified in the 
5'-deiodinase of thyroid gland. It is increased by TSH, while that in 
liver and kidney was not influenced at all (7). From this evidence, it is 
conceivable that TRH stimulates the increase of 5'-deiodinase in pituitary 
in vivo. To determine the effect of TRH on pituitary T4 5'-deiodinase in 
vivo, the present experiments were carried out. 

MATERIALS AND METHODS 

Experiment 1. Male Wistar rats, weighing 180-200 g, were injected 
intraperitoneally with a dose of 100 ~ TRH/200 g BW twice a day for three 
days. The same volume of saline was injected into control rats. On the 
fourth day, pituitaries were harvested. 

Experiment 2. Male Wistar-Imamichi rats at the age of 4 weeks (60-70 
g BW) were surgically thyroidectomized by the supplier. Effect of thyroid
ectomy was examined by serum levels of the T4, T3, and TSH measured by RIA. 
On the 15th day after thyroidectomy, a dose of 800 ~ TRH/200 g BW was in
jected ip twice a day for 3 days. On the 18th day, pituitaries were har
vested. 

Experiment 3. On the 15th day after thyroidectomy, a single dose of 
1 mg TRH/150 g BW was injected ip and pituitaries were harvested at the 
24th hour after the injection. 

All through these three experiments, the body weight of the TRH
injected group was not different from that of the control group. 
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Table 1. Km and Vmax of High Km 5'-deiodinase in Pituitary 
After Chronic Treatment with TRH in Normal Rats 

Control 

TRH 

Km (pM) 

0.93 + 0.077 
1.14 + 0.148 

Mean~ SD; *p < 0.01 

Vmax (pmol/mg protein·min) 

0.993 + 0.182 
0.328 + 0.031* 

Measurement of T4 5'-deiodinase. Pituitaries were homogenized in 50 
mM Tris buffer, pH 7.4, containing 5 mM dithiothreitol (DIT). The homoge
nate was centrifuged at 1500 x g for 30 min. The particulate fraction ob
tained by the centrifugation at 100,000 x g for 1 hr was suspended in 50 mM 
phosphate buffer, pH 6.5, containing 5 mM DIT to make 20-fold dilution of 
the pituitary weight. After preincubation of the suspension at 37"C for 5 
min, graded doses of T4 (0.613 - 9.8 UM) were added and further incubated 
at 37"C for 20 min. Reaction was terminated by the addition of 2 aliquots 
of 95% ethanol (7). After centrifugation at 1500 x g for 30 min, T3 was 
measured by RIA kit. Low Km enzyme was measured by Visser's method (8). 
The buffer containing 0.32 M sucrose, 10 mM HEPES, and 10 mM DIT, pH 7.0, 
was used to homogenate pituitaries. The precipitate obtained by different 
centrifugation between 3500 and 100,000 x g was suspended in 0.2 M phos
phate buffer, pH 7.0, containing 20 mM DIT. 

RESULTS 

Experiment 1. Two kinds of T4 5'-deiodinase were observed in normal 
rats' pituitary (Fig. 1), low Km (3.7- 80 nM) and high Km (0.9- 2 pM). 
After chronic treatment with TRH as described in the materials and methods, 
Km and Vmax of low Km enzyme were not changed by TRH. On the contrary, 
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Fig. 1. Eadie-Hofstee plot of 5'-deiodinase 
in normal rat pituitaries. 



T3 T4 
ngldl ,.og/dl 

100 

50 5 

0 

p<0 01 
TSH 

ng/ml 

Fig. 2. Serum concentration of TJ, T4, and 
TSH after chronic treatment with TRH. 
See experiment 1. 

Vmax of high Km enzyme was decreased by TRH (Table 1). Km of high Km 
enzyme was not changed by TRH. Serum concentrations of T3, T4, and TSH 
were significantly decreased by the treatment with TRH (Fig. 2) . 

Experiment 2. In thyroidectomized rats, the chronic treatment with 
TRH increased Vmax of low Km enzyme, but the extent was slightly short of 
statistical significance (Fig. 3). Km of low Km enzyme was not changed by 

nM Km 

r-- N 5 -----, 
.,. 
150 

so 

---'0 

pmoi(>S/mg pr. · h V max 
r 0.05 < P< 0 .1-, 

----10 
Control TRH 

Fig. 3. Km and Vmax of pituitary 5'
deiodinase in thyroidectomized 
rats after chronic treatment 
with TRH. See experiment 2. 
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TSH 
110/ml 

Fig. 4. Serum T3 and TSH in thy
roidectomized rats after 
chronic treatment with 
TRH. See experiment 2. 

TRH. High Km enzyme was not detected in the pituitaries of thyroidectomized 
rats. Serum T3 was slightly decreased and serum TSH was slightly increased 
by TRH, but both of them did not exhibit statistic significance (Fig. 4). 

Experiment 3. The Vmax of low Km 5'-deiodinase in pituitaries was sig
nificantly increased by a single dose of TRH at 24 hours after the injection 
(Fig. 5). The Km of that was not changed by TRH. Serum T3, T4, and TSH were 
not changed by a single injection of TRH. 
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Fig. 5. Km and Vmax of pituitary 5'
de iodinase in thyroidectomized 
rats at 24 h after injection 
of a single dose of TRH. 



DISCUSSION 

The pituitary T4 5'-deiodinase is known as low Km enzyme (3,8). In 
our hands, high Km 5'-deiodinase was also detected in the pituitaries when 
the same buffer was used as that for the enzyme in other tissues. The value 
of the Km in pituitary was lower than that of thyroid gland. After chronic 
treatment with TRH, Vmax of high Km enzyme was significantly decreased by 
TRH (Table 1), while that of low Km enzyme was not changed. As shown in 
Fig. 2, serum TSH was decreased by chronic treatment with TRH, as reported 
previously (9). The reduction of serum TSH shows the unresponsiveness (or 
desensitization) of pituitary to TRH, and, in that pituitary, the activity 
of T4 5'-deiodinase (high Km) was found to be decreased. In normal pitu
itary, the low Km enzyme activity was very low. Therefore, experiments 2 
and 3 were carried out, employing thyroidectomized rats in which the activ
ity of low Km 5'-deiodinase increased (1-4). 

The chronic treatment with TRH increased the Vmax of low Km T4 5'
deiodinase in thyroidectomized rats and a single dose of TRH increased the 
Vmax significantly. This increase in the activity of the enzyme must be 
due to some biological effect of TRH, because the responsiveness to TRH 
was enhanced by thyroidectomy. 

In summary, low Km and high Km T4 5'-deiodinases were detected in 
normal rat pituitary. The decrease of Vmax of high Km enzyme was observed 
in the TRH-unresponsive pituitary and the increased Vmax of low Km enzyme 
was observed in the TRH-stimulated pituitary of thyroidectomized rats. The 
evidences of the stimulation of TRH to increase pituitary 5'-deiodinase have 
been reported recently by other laboratories (5,6). Those evidences show 
that TRH possibly regulates both high Km and low Km enzymes in rat pituitary. 
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PERINATAL PITUITARY-THYROID FUNCTION AT HIGH ALTITUDE 

INTRODUCTION 

Arturo Villena, Eduardo A. Pretell, Eduardo Manucci, and 
Emilia Wong 

Endocrine Laboratory, High Altitude Research Institute and 
Pediatrics Service, Hospital Cayetano Heredia and Universidad 
Cayetano Heredia, Lima, Peru 

Acute exposure of adult men to a high altitude environment results in 
transitory thyroid hyperactivity (1) and increased TSH secretion (2). The 
effect of high altitude on pituitary-thyroid function during perinatal life 
has little been studied. Normal low cord blood T4 levels have been reported 
(3), and a hypoxemic condition of the fetus has been suggested by high cord 
blood hematocrits (4), hyperplasia of bone marrow erythroid cells (5), lower 
birth weight (6), and by a higher incidence of prematurity (6) and neonatal 
mortality (7). 

The normal newborn infant rapidly becomes chemically hyperthyroid in 
the neonatal period due to an acute release of pituitary TSH (8), which 
evokes thyroid hormone secretion (9), and due to an abrupt increase in 
peripheral conversion of T4 to T3 (10). 

The present study was conducted to explore further the pituitary and 
thyroid function of newborn infants acutely exposed to a high altitute 
environment characterized by hypoxia and lower temperature and barometric 
pressure. 

MATERIALS AND METHODS 

Two groups of healthy subjects have been studied. There were six 
native mothers and their newborn term infants at high altitude (Cerro de 
Pasco, 4,300 m) and five control mothers and their infants at sea level 
(Lima, 150m). Maternal and cord blood samples were taken at delivery. 
The parents were informed and consent obtained. A polyethylene catheter 
was inserted under sterile conditions into the umbilical vein of the infant 
within a few minutes of birth, and 3 ml blood samples were obtained at 10, 
30, 60, 90, and 120 minutes of life. The umbilical catheter was then re
moved. Additional samples were taken by venipuncture at 24 and 48 hours. 
Double antibody RIA measurements of TSH (11), Total T4, and T3 (12), and 
Free T4 by solid-phase method (13) were conducted simultaneously on each 
maternal and newborn sample. Moreover, weight and height, Apgar index 
(14), gestational age (15), placental weight and volume (16), maternal 
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and cord blood microhematocrit (17), and maternal urinary iodine concentra
tion (18), as previously described, were registered at birth. 

All infants were products of full term, uncomplicated pregnancies and 
were delivered vaginally. The newborns were kept at an ambient nursery 
temperature (10"C at high altitude and 25"C at sea level), and mean rectal 
temperatures were monitored from birth to 120 minutes. The neonatal course 
was uneventful. 

Statistical analysis was performed using standard methods for Student's 
t test (two tailed) and regression analysis. Variances from means are indi
cated as SDs. The rate of fall of serum TSH from the 30 min peak concentra
tion was calculated by plotting on a logarithmic scale against age in min
utes. 

General data of mothers and their newborn children at delivery are 
shown in Table 1. Mean maternal hematocrit at high altitude (50.3 + 7.0%) 
was significantly higher than at sea level (36.0 + 2.3%). All high-alti
tude mothers had normal mean urinary r- excretion~ Placental weight and 
volume were similar at both levels, although the ratio of placental weight: 
birth weight tends to be greater at high altitude (0.165 + 0.010 vs 0.156 
+ 0.018). With regard to perinatal data, infants born at-high altitude dif
fered from those at sea level by having a significantly lower mean weight 
(2.8 + 0.2 vs 3.4 + 0.2 kg; p<.01), mean height (49.2 + 2.3 vs 53.4 + 2.3 
em; p(.05), and me;n rectal temperature (36.6 + 0.7 vs-38.0 + 0.4 •c), and 
greater cord blood hematocrits (60.3 ~ 3.1 vs 48.4 ~ 4.6%; p(.01). 

RESULTS 

The correlation between cord T3 levels and the placental weight:birth 
weight ratio (placental coefficient), indicates that at the same placental 
placental coefficient, infants born at a high altitude had lower T3 cord 
levels than infants born at sea level. There was no significant correla
tion between birth weight, placental coefficient, and cord hematocrit with 
respect to cord TSH concentration and cord thyroid hormones at either level, 
although newborns with greater weight tend to have higher cord T4 and Free 
T4 levels. 

In contrast to newborns at sea level, fetal serum free thyroxine and 
TSH concentrations did not significantly exceed maternal values at term, 
with lower T4 concentrations than their paired maternal levels. 

The following data was obtained concerning neonatal changes of TSH and 
thyroid hormones during the first minutes and hours of life. The postnatal 
surge of TSH peaked at 30 minutes (108.5 + 35.8 ~U/ml) and was not signifi
cantly lower than at sea level (133.8 ~ 30 ~U/ml). The half time of disap
pearance of serum TSH from 30 minutes peak concentration was clearly slow 
at high altitude (108' vs 85'). While in both groups the maximum increase 
of T4 and Free T4 was peaked at 24 hours, the peaking up curves were de
layed at high altitude, starting only after 60 minutes, whereas at sea level 
it began at 30 minutes of life. Free T4 was significantly lower during the 
first 120 minutes, but total T4 got significantly higher at 48 hours follow
up. The surge of T3 was also delayed and significantly lower at high alti
tude, reaching its maximum peak (182 ~ 44 ng/dl) at 24 hours, whereas at sea 
level it peaked (236 + 30 ng/ dl) at two hours. The triiodothyronine:thy
roxine ratio changes paralleled the T3 changes, and was significantly lower 
and delayed at high altitude, reaching its peak at 120 minutes (0.011 ~ 
0.001), whereas at sea level it peaked (0.016 + 0.002) at 90 minutes of 
life. 
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DISCUSSION 

The postnatal surge of TSH was slightly lower in children born at a 
high altitude and, regardless of lower ambient and rectal temperature, they 
did not show more TSH surge. Since an early acute release of TSH in the 
newborn is mainly the result of extrauterine cooling and preformed pool of 
pituitary TSH (8), we can suggest that infants born at high altitudes have 
lower pituitary TSH reserve. In addition, the slower decline curve of serum 
TSH from the 30 minute peak concentration toward normal, as observed at high 
altitudes, suggests lower degradation rate of TSH. 

Newborn children at a high altitude also showed delayed serum T4 pick
ing up levels and significant lower cord Free T4 and during the first 120 
minutes of life. Since neonatal elevation of T4 and Free T4 results mainly 
from TSH stimulus to the thyroid gland (19), we suggest that newborns at 
high altitudes have a decreased secretion of thyroid hormones. Moreover, 
it appears to be decreased T4 clearance because its slower decline falls 
after the 24 hour peak concentration. 

The surge of T3 was also delayed and significantly lower in newborn 
children at high altitude, and it was parallel to changes in T3/T4 ratio. 
It has been suggested that the early increase of T3 that occurs during the 
first hours of life is due to augmented thyroidal secretion (19) and rapid 
increase in peripheral conversion of T4 to T3 (20). Therefore, newborns 
of high altitude seem to have decreased thyroid response to TSH stimulus 
together with delayed maturation of tissue T4 metabolism, namely of the T4 
to T3 conversion system. In addition, placenta of high altitude seems to 
have impaired monodeiodinating activity as compared to those at sea level. 

The pituitary and thyroid function of our infants born at high altitude 
are similar to those previously described in healthy, small for gestational 
age, and preterm infants delivered before full term maturation of the hypo
thalamic-pituitary-thyroid system and peripheral iodothyronine metabolism 
(21). Moreover, infants born at high altitudes seem to exhibit an apparent 
decreased thermogenesis response against cold exposure, which appears to 
increase thyroid activity and the rate of 5' monodeiodination (22). 

Although fetal capillary p02 at high altitude has been described as 
not significantly lower than at sea level (23), the hypoxemic condition of 
our fetus at high altitude may be suggested by increased cord blood hemato
crits and by lower height and weight at birth. Its possible effect on mat
uration of the hypothalamic-pituitary-thyroid system and peripheral iodothy
ronine metabolism deserves further comments. 

The significance of this relatively lesser pituitary and thyroid ac
tivity shown by the newborn children at high altitude during the first hours 
of life is not yet clear. Since adequate thyroid function regulates the 
central nervous system (24) and lung surfactant maturation (25) and since 
a higher incidence of neonatal respiratory distress and mortality at high 
altitudes has been described (7), it appears that these children are handi
capped when exposed to high altitude environmental conditions which should 
be discussed further. 

In conclusion, our findings suggest that infants at high altitude seem 
to have: 1) lower pituitary TSH reserve, 2) lower and delayed secretion of 
thyroid hormones, and 3) delayed maturation of peripheral iodothyronine 
metabolism. 
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HUMAN FETAL PROLACTIN BUT NOT TSH SECRETION IS AFFECTED BY DOPAMINERGIC 

STIMULI* 

Elio Roti, Giuseppe Robuschi, Angelo Gnudi, and Lewis E. 
Braverman 

University of Parma Medical School, Italy 
University of Massachusetts Medical School 
Worcester, MA, USA 

In adult mammals, thyrotropin (TSH) is regulated by an integrated 
system in which circulating thyroid hormones and the intrapituitary conver
sion of T4 to T3 inhibit and thyrotropin-releasing hormone (TRH) stimula
tes TSH secretion. Furthermore, somatostatin (SRIH) and dopamine (DA) in
hibit pituitary TSH release (1,2). We have reported that TRH (3) and SRIH 
(4) stimulate and inhibit, respectively, fetal TSH secretion. Metoclopra
mide, a DA receptor-blocking drug, given to parturient women does not affect 
cord blood (CB) TSH, suggesting that DA plays a minor role in the regulation 
of fetal TSH secretion (5). We have now investigated the effect of bromo
criptine (BC), aDA agonist drug, given to women during labor on TSH and 
prolactin (PRL) secretion in the term fetus. 

MATERIALS AND METHODS 

Women with normal pregnancies were studied at term. During labor, 5 
mg BC was given p.o. to 60 randomly selected women. Sixty-two women re
ceived placebo (control) during labor. Maternal serum (MS) was obtained 
before BC or placebo administration and at parturition. At birth, CB was 
collected from all newborns. Serum was frozen at -2o•c until analysis. 
TSH, PRL, thyroxine (T4), triiodothyronine (T3), and reverse triiodothyro
nine (rT3) concentrations were measured by RIA. All samples were assayed 
for each hormone in duplicate, in the same assay and in random order. MS 
and CB hormone values at parturition in women treated with BC or placebo 
were grouped according to the interval of time between BC or placebo admin
istration and birth: 0-30, 30-60, 60-90, 90-120, 120-180, 180-240, 240-300, 
300-425 min. Data were evaluated by comparing the results in MS or CB in 
the women treated with BC with those given placebo. Statistical analyses 
were carried out by the unpaired Student's t test, two-way analysis of 
variance (ANOVA), and regression analysis, as appropriate. All reported 
values are the mean + SE. 

*Supported by grant CT 84.01778.04 from CNR, Italy, grant AM 18919, NIH, 
USA, and the John and Ethel Goldberg Research Fund. 
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RESULTS 

Maternal Serum Hormone Values 

There were no significant differences in maternal serum T4, T3, rT3, 
PRL, and TSH concentrations prior to BC vs placebo administration. At par
turition, serum TSH concentration was significantly lower in the BC treated 
women as compared to values in the women receiving placebo (ANOVA, p<0.006). 
Serum PRL concentration was markedly decreased in the women previously 
treated with BC compared to the placebo treated women (ANOVA, p<O.OOl) and 
this decrease was significantly more pronounced with increasing time inter
vals between BC administration and delivery (regression analysis; p<O.OOl). 
No significant differences were observed in serum T4, T3, and rT3 concen
trations between the BC and placebo-treated women. 

Cord Blood Serum Hormone Values 

CB PRL concentrations in newborns whose mothers were treated with BC 
were significantly lower than those observed in women receiving placebo 
(ANOVA, p<O.OOl) (Fig. 1). There was a progressive decline in CB PRL values 
in newborns whose mothers had been treated with BC as the time between drug 
administration and delivery increased (regression analysis; p<O.Ol). There 
was no difference in CB TSH concentrations between BC and placebo-treated 
women (Fig. 2). CB T4, T3 and rT3 concentrations were similar in the new
borns whose mothers had received BC or placebo. 
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Fig. 1. Cord blood PRL concentrations at different intervals of time after 
the maternal administration of bromocriptine or placebo. The 
number of samples in each group is shown in parentheses. The bars 
represent the mean values and the brackets the SE. 
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Fig. 2. Cord blood TSH concentrations at different intervals of time after 
the maternal administration of bromocriptine or placebo. The 
number of samples in each group is shown in parentheses . The bars 
represent the mean values and the brackets the SE. 

DISCUSSION 

Administration of DA and its agonists and DA antagonists to man and ex
perimental animals inhibits and stimulates, respectively, PRL secretion (1). 
During pregnancy, markedly elevated serum PRL concentrations are usually 
present by the first trimester and continue elevated throughout pregnancy 
(6). Dopaminergic control of PRL secretion during pregnancy is suggested 
by the observations that the administration of antidopaminergic drugs to 
pregnant women significantly increases serum PRL concentrations (7) whereas 
the administration of dopaminergic drugs markedly decreases PRL secretion 
(8). In the present study, the administration of BC to women during labor 
markedly reduced serum PRL concentrations. The lowest PRL values were ob
served in maternal samples obtained 180-240 minutes after BC administration. 

Radioimmunoassayable PRL is detected in fetal serum as early as 10-12 
wks of pregnancy and after the 25th wk a progressive increase is observed 
until birth. At parturition, fetal PRL is higher than that observed in the 
mother (9). Evidence for an active role for DA in the regulation of PRL 
secretion during fetal and early neonatal life has been obtained in animals 
and man. Bromocriptine administration to an occasional pregnant woman has 
been reported to decrease fetal serum PRL concentration (10). We have de
monstrated that BC administered to women during labor suppresses fetal PRL 
secretion in the fetus. This finding is somewhat at variance with the 
studies of others (11-13). TRH, a known stimulator of PRL release, read
ily crosses the human placenta, yet its administration to women in labor 
does not increase fetal PRL secretion (14). This latter observation does 
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not negate the role of TRH in the regulation of fetal PRL secretion, but 
rather suggests that PRL secretion is maximal in the term fetus and cannot 
be further stimulated. 

In the adult, an inhibitory effect of DA on TSH secretion has been 
suggested by the observation that the administration of L-dopa, DA, and BC 
significantly reduces basal and TRH-stimulated serum TSH concentrations in 
euthyroid and hypothyroid subjects. Conversely, the administration of dopa
minergic receptor blocking drugs significantly increases serum TSH concen
trations (1,2). Studies to investigate the role of DA in the regulation of 
TSH secretion during pregnancy have yielded conflicting results. Ylikorkala 
et al. (15) reported that the oral administration of BC did not affect ma
ternal basal serum TSH concentration but did lower the TSH response to TRH. 
Administration of metoclopramide to pregnant women did not induce a signif
icant change in maternal serum TSH concentrations (5,7,13). We now report 
a small but significant decrease in maternal serum TSH concentrations fol
lowing BC administration during labor, suggesting the presence of some dopa
minergic control of TSH secretion in the term pregnant woman. Despite the 
effective transfer of BC across the placenta, as indicated by the decrease 
in fetal serum PRL, no effect of BC on fetal TSH concentration was observed. 
This finding is in agreement with previous results in one pregnant woman 
(10). These results suggest that dopaminergic control of TSH secretion is 
of minor importance in the term fetus which is in agreement with our pre
veous studies that the maternal administration of metoclopramide did not 
affect fetal serum TSH concentration (5). The failure of dopaminergic stim
uli to inhibit TSH release might be partially responsible for the elevated 
serum TSH concentrations observed in the term human fetus since the other 
mechanisms inhibiting TSH release, such as circulating T4 and T3, the intra
pituitary T4 to T3 deiodination and SRIH are normally active in the term 
fetus (4,16,17). 
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CHOLINERGIC AGENTS AND INHIBITORS OF EXTRACELLULAR CALCIUM INFLUX SUPPRESS 
THE SECRETION OF TSH BY HUMAN THYROTROPIC ADENOMA CELLS MAINTAINED IN LONG
TERM CULTURE 

Henry G. Fein, Nancy E. Butkus, and Robert C. Smallridge* 

Division of Medicine 
Walter Reed Army Institute of Research 
Washington, D.C. 

Recent reports from various centers have described effects of musca
rinic agonists and blockers on anterior pituitary secretion in both animals 
and humans (1). Studies of intact organisms are limited, however, by the 
frequent significant stress such agents induce (2). Although important 
effects have been demonstrated for other pituitary hormones (3,4), reports 
of cholinergic effects on TSH secretion are scant (1). Thus, our laboratory 
has conducted ongoing studies of cholinergic effects on human TSH secretion 
in vitro in monolayer culture of cells obtained from TSH-secreting pituitary 
adenomas (5). In this paper, we report that incubation with acetylcholine 
inhibited basal and TRH-stimulated TSH secretion; only the latter effects 
were blocked by addition of atropine. 

There has also been increasing evidence that free calcium, both extra
cellular and cytoplasmic, may be important in the physiology of TSH secre
tion especially that stimulated by TRH (6). To examine this issue, we 
studied the effects of inhibiting free calcium influx into these human thy
rotropes. Verapamil produced a nonsignificant suppression of basal TSH. 
However, doses of EGTA, previously shown to complex virtually all free cal
cium (7), suppressed basal TSH but did not inhibit TRH-stimulated secretion. 

METHODS 

Fresh tissue was received at operation upon a 29 year old woman with 
TSH-induced hyperthyroidism. The presence of a pituitary adenoma was demon
strated by CT and MRI scans. Preoperative TSH was significantly elevated 
(20-30 ~U/ml) and increased markedly after TRH (often to over 150 ~U/ml), 
decreased into the normal range after dexamethasone (2 mg every 6 hr for 1 
day) and minimally decreased after bromocriptine (20-30 mg for 6 months). 
No preoperative studies with cholinergic agents were performed. Adenoma 
tissue was immediately brought to the laboratory, washed in ca++ and Mg++ 
free Hank's Balanced Salt Solution (HBSS), and minced to 1 mm pieces in a 
0°C solution of 0.5 mg/ml trypsin (Worthington), 0.03 mg/ml collagenase 
(Worthington), 0.01 mg/ml DNAase (Sigma), 20 mM HEPES, and 2% chick serum 

*The opinions expressed herein are the private views of the authors and 
are not to be construed to be official or reflecting the views of the 
Department of the Army or the Department of Defense. 
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(Gibco) in HBSS (8). This was then incubated 90 min at 37"C. The cells 
were then centrifuged and the solution removed by decantation and replaced 
with Medium 199 (Whittaker MA Bioproducts) with 20% fetal bovine serum 
(Gibco), 25 mM HEPES, 2 mM glutamine, 0.1 mg/ml ascorbic acid and antibi
otic-antimycotic mixture (Gibco). Cells were further separated by vigorous 
pipetting and then distributed into 2.5 ml microwel1s (Limbro) at 106 cells 
per well (Total: 22 microwe1ls; initial viability 93%) and cultured at 37"C 
under humidified 5% C02. Within 24 hours, cells were in monolayer, where 
they remained viable but without evident proliferation throughout the en
suing 98 days of this study. Media were changed after 72 hours of culture 
and then approximately twice weekly in addition to experiments conducted 
weekly. Media were replaced by the same mixture but without fetal bovine 
serum on the evening before each experiment and at 0 hours. At 3, 6, and 9 
hours, media were changed with fresh serum-free media also containing ex
perimental agent(s). After overnight incubation, these media were removed 
and medium without agent(s) but with fetal bovine serum were restored. All 
media removed were immediately frozen at -70"C for later TSH radioimmuno
assay using agents supplied by the National Institute of Health (USA). Se
cretory rates, calculated as ~U TSH per microwell per hr, were expressed as 
the percentage of the secretory rate in each well during incubation without 
agent(s) and normalized to the secretory rates of control wells. Data were 
analyzed by nonpaired Student's t test. 

Table 1. Effects on TSH Secretion by Adenoma Cells in Monolayer Culture 

Agent 

10-7M TRH 

10-SM ACh, 10-SM Physo 

10-SM ACh, 10-SM Physo, 1o-6M Atropine 

10-SM ACh, 10-SM Physo, 1o-9M TRH 

10-SM ACh, 10-SM Physo, 10-7M TRH 

10-SM ACh, 10-SM Physo, 10-7M TRH, 

1o-8M Somatostatin 

1o-7M Dopamine 

1o-7M Dopamine, 1o-7M TRH 

10-8M Somatostatin, 10-7M TRH 

1o-4M Verapamil 

10-6M LHRH 

4x1o-4M EGTA 

4x10-3M EGTA 

4x10-4M EGTA, 10-7M TRH 

4x10-3M EGTA, 10-7M TRH 

10-6M Atropine 

% (+ SEM) Stimulation 

112. 3 + 18. 7* 

-27.6 + 1.2* 

-26.0 + 8.0 

-28.1 + 1.1* 

21.3 + 13.6 

83.1 + 38.6* 

66.1 + 20.6 

19.1 + 16.9 

31.1 + 26.0 

1.3 + 19.2 

-75.2 + 26.3 

19.3 + 9.3 

-22.7 + 14.4 

-78.7 + 24.9* 

107.0 + 29.4* 

104.4 + 38.2* 

*p<O.OS versus control. Data are expressed as % stimulation vs baseline 
period and normalized to simultaneous control wells. Negative values: 
inhibition vs baseline; ACh: acetylcholine; Physo: physostigmine. 
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RESULTS 

Initial TSH secretion was massive (10,600 + 295 ~U/well/day) and, al
though it declined, it persisted for 98 days. Sephadex G-100 gel chromatog
raphy of spent media collected after 72 hours of culture revealed a dominant 
peak that co-migrated with radiolabeled human standard TSH and small peak of 
apparent mol wt 62,000 (not shown). Although neither dopamine nor somato
statin suppressed basal TSH secretion, both agents blunted TRH-stimulated 
TSH secretion (Table 1). Unlike a previous report (9), LHRH had no effect 
on these thyrotopes. Both verapamil and the higher concentration of EGTA 
suppressed basal TSH, but EGTA did not blunt TRH-stimulated TSH. Acetyl
lcholine (with physostigmine added to block cellular acetylcholinesterases) 
suppressed basal TSH secretion and blunted TRH-stimulated TSH secretion. 
When atropine was added to the incubation medium, there was a block of the 
suppressive effect of acetylcholine on TRH-stimulated TSH secretion, but no 
alteration of the effect on basal TSH secretion (Table 1). 

DISCUSSION 

This report, taken together with our laboratory's other recent studies 
(5), suggests that cholinergic mechanisms may play a role in modifying TSH 
secretion in vitro. In our previous report, acetylcholine suppressed basal 
TSH secretion~imilar monolayer cultures of cells from a TSH-secreting 
pituitary adenoma that was not responsive to TRH. Atropine blocked these 
effects. However, we cannot fully explain why atropine blocked the acetyl
choline effect on basal secretion in that TRH-unresponsive adenoma and, in 
the studies reported herein, blocked TRH-stimulated but not basal TSH secre
tion. Perhaps muscarinic mechanisms are chiefly modulators of the effects 
of other releasing substances and thus might have more evident effects in 
systems where TRH is active. 

Although dopamine and somatostatin, in the doses we employed, failed 
to suppress basal TSH (similar to the in vivo results in this patient), we 
could demonstrate their well-known effects in suppressing TRH-stimulated 
TSH secretion. Our finding that incubation of thyrotropes with EGTA had 
no effect on TRH-stimulated TSH supports the notion that mobilization of 
intracellular calcium stores may be more important than calcium influx in 
mediating TSH release (6). Had we preincubated the cells with EGTA (to 
eventually deplete intracellular calcium), we might have observed a diminu
tion of TSH secretion by TRH. Nevertheless, our findings of decreased basal 
secretion during incubation with agents that inhibit extracellular calcium 
influx supports other investigations (10) suggesting that this may also be 
an important physiological mechanism affecting TSH secretion. 
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COMPARISON OF A PITUITARY TSH-SECRETING MICRO- VERSUS MACROADENOMA 

Neil Gesundheit,! Patricia A. Petrick,l Terry Taylor,l* 
Edward H. Oldfield,2 and Bruce D. Weintraubl 

!Molecular, Cellular and Nutritional Endocrinology Branch 
National Institute of Arthritis, Diabetes, and Digestive and 
Kidney Diseases, and 2surgical Neurology Branch, National 
Institute of Neurological and Communicative Disorders and 
Stroke, National Institutes of Health, Bethesda, MD 

While more than 40 cases of TSH-secreting pituitary adenomas have been 
reported in the medical literature (1,2), little attention has been devoted 
to structural variability--in particular that due to carbohydrate micro
heterogeneity--of thyrotropin molecules derived from different tumors and 
distinct physiological states. We recently evaluated two patients repre
senting extremes within the spectrum of TSH-secreting pituitary adenomas 
and have contrasted several biochemical features of these tumors. 

Patient A, a 23 year old female, presented with clinical hyperthyroid
ism and elevated serum TSH and a subunit levels. Imaging studies, includ
ing computer tomographic (CT) and nuclear magnetic resonance, showed no 
clear abnormality in the pituitary fossa. Venous sampling studies, how
ever, showed step-up of TSH and asubunit in the left petrosal sinus. At 
surgery, a 0.8 em x 0.8 em left-sided pituitary microadenoma was resected. 
At one year follow-up, the patient is clinically cured with basal TSH in 
the normal range and undetectable a subunit. 

Patient B, a 54 year old male, presented with clinical hyperthyroid
ism and elevated TSH and a subunit levels. CT scan of the pituitary fossa 
showed bony destruction by a large pituitary tumor invading the sphenoid 
sinus. At surgery, a 3 em x 5 em macroadenoma was partially resected. 
Postoperatively 5,200 rads of x-irradiation were delivered to the sella 
turcica; however, the patient required surgical debulking nine months later 
because of left eye blindness from tumor regrowth. At 18 month follow-up, 
he has radiologic evidence of persistent tumor; serum TSH is nonsuppressible 
at 20-30 ~U/ml and a subunit continues to be elevated. 

Pituitary tissue obtained from these two cases was freshly minced and 
incubated in Delbecco's Modified Eagles Medium with [35s]methionine and 
either [3H]glucosamine or [3H]mannose at 37°C in an atmosphere of 95% 02-
5% C02 for 18 hours. Medium from this incubation was then sequentially 
immunoprecipitated with anti-hTSH-6 to precipitate TSH dimers, followed by 
anti-hLH-6 to remove LH subunits, and finally by anti-hTSH-a to precipitate 

*Assistant Professor of Medicine, Georgetown University School of Medicine, 
Washington, DC. 
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remaining free ex subunits, by modifiation of methods described previously 
(3). A portion of the immnoprecipitated TSH dimers and free a subunits was 
analyzed for subunit size on SDS-PAGE, while the remaining material was de
graded by Pronase (Calbiochem) to generate TSH and free a glycopeptides. 
Free radioactivity was separated from glycopeptides by passage of the mix
ture over a Sephadex G-25 (Pharmacia) column, and the purified glycopeptides 
were then chromatographed on concanavalin A (con A)-agarose (Pharmacia) by 
the method of Cummings and Kornfeld (4). Asparagine-linked glycopeptides 
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Fig. 1. Electrophoretic pattern of TSH and free 
in patient A. TSH and free a subunit were 
precipitated from medium incubated with 
tumor minces from patient A and analyzed by 
SDS-PAGE. The apparent molecular weights 
(MW) were 22,000 for TSH-a (top panel, left 
peak), 18,000 for TSH-£ (top panel, right 
peak), and 22,500 for free a subunit (lower 
panel). All three subunits incorporated 
[3H]glucosamine and [35s]methionine. 
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that fail to bind to con A represent triantennary, tetraantennary, and bi
secting complex forms; those that bind weakly and elute with 10 mM a-methyl
glucoside (a-MG) represent biantennary complex structures; those that bind 
strongly and require elution by 500 mM n-methylmannoside (n-MM) represent 
high mannose and hybrid structures. This study is the first in which newly 
synthesized, secreted human TSH has been proteolytically degraded into gly
copeptides and analyzed by lectin chromatography methods, which permit more 
specific inferences of glycoprotein carbohydrate structure. 
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Fig. 2. Electrophoretic pattern of TSH and free a 
in patient B. TSH and free a subunit were 
precipitated from medium incubated with 
tumor slices from patient B and analyzed 
by SDS-PAGE. [3H]glucosamine was the 
radionuclide label used in the incubation 
medium. TSH- a and TSH- 13 had apparent MW 
of 22,000 and 18,000, respectively (top 
panel). Free a subunit had a MW of 29,000 
(lower panel), which is much larger than 
conventionally seen. 
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As shown in Fig. 1 (top panel), in patient A, newly synthesized, se

creted TSH-a had an apparent MW=22,000 and TSH-S an apparent MW=l8,000, 

consistent with previous studies (5). Free a subunit (lower panel) had an 

apparent MW=22,500 and a broader base, suggesting greater molecular weight 

heterogeneity within the free a subunit. All three subunits showed com

parable incorporation of [3H]glucosamine relative the apoprotein label, 
[35s]methionine. 
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Table 1. Biochemical Comparisons: TSH-secreting Micro- Versus 
Macroadenoma 

Diagnosis 

In vitro secretory response 
to TRH 

Apparent MW on SDS-PAGE of 
radiolabeled TSH 

Percentage of [3H] CHO
labeled g1ycopeptides 
binding to con A 

Patient A 

Microadenoma 

Present 

TSH-a 22,000 
TSH- t3 18,000 
Freea 22,500 

48% TSH dimer 
47% Free a subunit 

Patient B 

Macroadenoma 

Absent 

TSH-a 22,000 
TSH-t'! 18,000 
Free a 29,000 

30% TSH dimer 
13% Free a subunit 

In patient B, newly synthesized, secreted TSH-a and TSH-a had similar 
molecular weights as in patient A (Fig 2, top). However, free subunit 
had a much larger apparent molecular weight of 29,000 (Fig. 2, bottom). A 
second, smaller peak of MW=22,000 (Fig. 2, bottom) may represent the more 
conventional form of the free a subunit. 

In order to investigate differences in carbohydrate structure in TSH 
and free a subunits secreted by these two tumors, newly synthesized glyco
peptides were chromatographed on con A. In patient A, 52% of [3H]mannose
labeled glycopeptides from TSH dimer failed to bind to con A, 43% bound 
weakly and were eluted by 10 mM a-MG, and 5% bound strongly and were eluted 
to 500 mM a-MM (Fig. 3, top). For free a subunit, 53% of [3H]mannose
labeled glycopeptides failed to bind to con A, 30% bound weakly and were 
eluted by 10 mM a-MG, and 8% bound strongly and required elution with 500' 
mM a-MM (Fig. 3, bottom). Within the weakly bound glycopeptides there was 
seen a novel "retarded" peak (second peak from the left, Fig. 3, bottom); 
these glycopeptides, which are present on free a but not on combined sub
units in this tumor, may represent a special class of N-linked biantennary 
complex structures that have decreased steric availability of core mannose 
residues (6). 

In contrast to patient A, in patient B 70% of newly synthesized, se
creted [3H]glucosamine-labeled glycopeptides from TSH dimer failed to bind 
to con A, 22% bound weakly, and 8% bound strongly (Fig. 4, top). Free a 
subunit showed even less glycopeptide binding to con A; 87% of [3H]gluco
samine-labeled glycopeptides failed to bind, 10% bound weakly, and 3% bound 
strongly (Fig. 4, bottom). We have recently performed con A chromatography 
on TSH and free a glycopeptides labeled with either [3H]mannose or [3H]
glucosamine and have shown comparable binding patterns for both carbohy
drate labels within a particular tumor. The dramatic changes in con A 
binding described here, therefore, are due to differences in carbohydrate 
structure of TSH and a subunit secreted by these two tumors. 

In summary, these two tumors had dramatically different clinical be
havior and also demonstrated distinctive biochemical features in vitro 
(Table 1). The macroadenoma secreted newly synthesized free a-;ubunit that 
had an abnormally large molecular weight on SDS-PAGE and, when analyzed by 
glycopeptides, demonstrated little ability to bind to con A. Similarly, 
newly synthesized, secreted TSH dimer glycopeptides from the macroadenoma 
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had diminished con A binding (30%) when compared to those from the micro
adenoma (48%). Although not shown here, the microadenoma also had a brisk 
secretory response to TRH in vitro, which was blunted in the macroadenoma. 

In conclusion, TSH and a subunit secreted by human pituitary adenomas 
demonstrate heterogeneity in carbohydrate structure. In this comparison, 
the more aggressive adenoma secreted TSH and a subunits with a larger pro
portion of bisecting and multiantennary complex oligosaccharide units. This 
observation supports the hypothesis that carbohydrate structure may predict 
the clinical behaviour of TSH adenomas and may modulate the bioactivity of 
the TSH molecule (7). 
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DEFECTIVE TSH SUPPRESSION IN A CASE OF NON-NEOPLASTIC INAPPROPRIATE TSH 

SECRETION (ITSHS) 

Salvatore Benvenga, Giuseppe A. Sobbrio, Francesco Vermiglio, 
Salvatore Cannavo, Antonio Granata, Gaetano Lombardi,l and 
Francesco Trimarchi 

Instituto di Clinica Medica e Terapia Medica, University of 
Messina, Policlinico, Messina, and linstituto di Scienze 
Endocrinologiche, University of Naples, Italy 

The non-neoplastic inappropriate secretion of thyroid stimulating hor
mone (ITSHS) classification (1) includes also defective suppression of TSH 
secretion by somatostatin, dopamine, and other suppressors. These abnormal
ities have been postulated but not yet, at least contemporarily, documented 
in any reported case. The present study demonstrates the defective suppres
sion of TSH secretion by dopamine, dopamine agonists, somatostatin, and 
corticosteroids, and also reports the measurement of plasma immunoreactive 
endogenous thyrotropin-releasing hormone (TRH) in a patient with ITSHS and 
thyroid hormone resistance (2). 

MATERIAL AND METHODS 

Case Report 

A non-neoplastic ITSHS was diagnosed in a 44 year old man who had been 
previously hemithyroidectomized because of a cyst in the right lobe of the 
thyroid. The patient (162 em, 64 kg) was judged clinically euthyroid on the 
basis of the absence of clinical and metabolic features of hypothyroidism, 
and on the normal serum total thyroxine (T4) and marginally increased serum 
triiodothyronine (T3) associated with increased serum TSH values (Table 1). 
Serum T4-binding globulin and prealbumin were normal and anti-thyroid anti
bodies were absent. The x-ray enlarged sella turcica was revealed as an 
empty sella by means of computed tomography. Basal and dynamic (insulin 
tolerance test, TRH, LHRH) pituitary function (GH, PRL, FSH, LH) assessment 
gave normal results, as well as the evaluation of serum cortisol circadian 
rhythm. Serial estimation of liver enzymes, lipids, and T4-binding globu
lin showed no significant variation after 2 or 3 week suprapharmacological 
thyroid hormone regimens (L-T4 up to 800 ~g/day; L-T3 up to 120 ~g/day). 
The administration of thyroid hormones induced poor increase in red blood 
cell glucose-6-phosphate dehydrogenase, in glucagon-stimulated cAMP, and 
in urinary hydroxyproline, giving evidence of a partial target resistance 
to thyroid hormone. 

Assay Methods 

Hormones were measured by commercial kits purchased from Biodata 
(Milan, Italy). The intra- and interassay coefficient of variation (CV) 
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Date 

12/3/81* 
4/16/82* 

6/10/82 

9/15/82 
10/16/82 

1/13/83 

12/12/83 

1/9/84 

5/10/84 
12/14/84 

Table 1. Selected Baseline Function Tests 

T4 
(~g/dl) 

9.8 
10.8 

6.2 

6.5 
6.0 

7.1 

11.3 

9.5 

10.0 
12.9 

T3 
(ng/dl) 

240 

270 

263 
214 

247 
246 

249 

195 
189 
212 

FT4 
(pg/ml) 

7.6 
8.0 

9.1 

14.1 

15.3 

FT3 
(pg/ml) 

4.5 
4.2 
5.1 
5.6 

6.0 

TSH 
(~U/ml) 

15.0 

25.0 
33.0 

30.0 (43)a 

19.0 
6.6 

7.3 (24.4)a 

7.1 (23.6)a 

4.6 (14.7)a 

15.3 

*Assays performed in another laboratory. Right lobectomy was performed 
in March 1982. a: The TSH response after TRH is reported in brackets. 

are 3.1 and 6.1 (T4), 3.6 and 6.8 (T3), 2.5 and 5.5% (TSH). Free thyroid 
hormones (FT4 and FT3) were measured by the Sclavo (Milan) kits based on 
column adsorption chromatography and RIA (CV for FT4, 5.0 and 7.0; for FT3, 
4.9 and 6.5%). Serum alpha-TSH and TSH-beta were measured in Professor 
Giovanni Faglia's laboratory at Milan University according to his homemade 
method (3). Circulating endogenous TRH was measured according to the RIA 
method previously validated and published by one of us (4). Normal values 
for TRH are 31.9 + 11 pg/ml (x + SD); hypothyroid and hyperthyroid average 
values are 22.1 ~-16 and 49.1 ~-14 pg/ml, respectively. 

RESULTS 

Table 1 illustrates the spontaneous changes in serum total and free thy
roid hormone and TSH levels during the entire observation period. Serum TSH 
ranged from normal to definitely high levels, and its subunits were repeat
edly normal (alpha-TSH = 0.36 to 0.69 ng/ml, TSH-beta = 0.5 ng/ml). Iden
tity of patient's TSH with the MRC 6838 TSH standard was proved by the para
llel dilution curves of radioactive TSH displacement. Patient's TSH was 
biologically active as serum T3 and FT3 increased significantly following 
endogenous TSH surge after iv TRH. Serum TSH response to TRH ranged from 
normal to exaggerated (Table 1) when the patient was untreated. A further 
ther increase in TSH response to TRH was achieved after serum T4 decrease 
induced by methimazole treatment. A similar normal stimulatory effect was 
exerted by dopamine agonists (domperidone and sulpiride). 

The TSH response to suppressive agents was abnormal. In fact, full TSH 
suppression was never achieved, even in the presence of extremely increased 
FT4 (73.9 pg/ml) and FT3 (24 pg/ml) levels induced by the chronic adminis
tration of L-T4 (800 ~g) or L-T3 (120 ~g/day). Bromocriptine (0.5 to 5 mg/ 
day, orally administered for three weeks) provoked a clear suppression of 
PRL release along with an unexpected enhancement in basal and TRH- (200 ~g/ 
iv) stimulated serum TSH. Another paradoxical increase in both TSH and PRL 
was observed after nomifensine (100 mg/day for 30 days). Also, dopamine iv 
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Table 2. Paradoxical TSH Response to Suppressive Agents Prior To 
and After 200 pg IV TRH ( fl TSH) 

Agent 

Bromocriptine 
(0.5-5 pg/day/3 weeks) 

Nomifensine 
(100 mg/day/30 days) 

Dopamine 
(400 pg/kg/min/4 hrs) 

Somatostatin 
(800 Pg/150 min) 

Dexamethasone 
(3 mg/day/3 weeks) 

TSH 
(pU/ml) 

8.oa 

14.3 - 22.0C 

3l.Oa 

flTSH 
(pU/ml) 

43.9 

61.0 

11.5 

43.9 

TRH test was performed: a) on the last day of treatment, b) after 
30 min infusion, or c) TSH was measured during infusion without 
TRH stimulation. 

infusion (4 Pg/kg/min) failed to suppress TSH secretion, as well as dexa
methasone (3 mg/day for three weeks) and somatostatin (800 pg/250 min iv). 
The paradoxical responses are scheduled in Table 2. 

Plasma TRH values fluctuated between 24 and 26 pg/ml prior to any 
treatment and between 22 and 26 during and after any of the drugs adminis
tered. 

DISCUSSION 

The clinical and biochemical characterization of this patient with 
empty sella and partial target organ resistance to thyroid hormones is dis
cussed in detail in another extensive study (5). Strong arguments excluded 
the presence of a pituitary adenoma as the absence of thyroid hyperfunction, 
the normal alpha-TSH to TSH-beta ratio, and the normal responsiveness of TSH 
to appropriate stimuli. 

In this patient, we also report normal plasma TRH values irrespective 
of the biochemical thyroid status or of the different substances adminis
tered. No immediate explanation for these results is available at the 
moment. 

The inhibitory dopaminergic control on TSH secretion has been reported 
both in euthyroid (6) and hypothyroid patients (7). In our case, dopamine 
and its agonists failed to inhibit TSH secretion which was instead stimula
ted. Also, somatostatin, which is well known to inhibit TSH nocturnal peak 
and its response to TRH (8-10), failed to exert its suppressive effect. 
Other instances of unexpected effects provoked by different drugs have been 
described: serum TSH rose during T3 (11) or T4 (12). Also, partial or total 
ineffectiveness of bromocriptine in diminishing TSH levels has been reported 
(13) even very recently (14). 
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The present patient is the first in whom more of one paradoxical re
sponse was observed. We suggest, therefore, that this patient enters the 
classes II C 1-3 of the Weintraub et al. classification, in that he shows 
contemporarily defective TSH suppression by somatostatin, dopamine, and 
glucocorticoids. 
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THYROTROPIN SECRETION IN THALASSEMIC PATIENTS DURING PUBERTY AND 

POSTPUBERTY 

INTRODUCTION 

Maria Langer, Piero P. Rovasio, Antonello Masala, Sergio 
Alagna, Giovanni A. Cuccuru, Pierangela Cossu, Vittoria 
Loriga, Giuseppe Madeddu, and A. Stangoni 

Patologia Medica and Service of Nuclear Medicine of the 
University, Immunohematology and Transfusional Unit, USL 
Sassari, Italy 

Hypogonadotropic hypogonadism attributed to hemosiderosis is frequent 
in patients with beta-thalassemia major (1,2). Data concerning the other 
pituitary and peripheral endocrine hormones are controversial. In a pre
vious study (3), we found low thyroid hormone concentrations and/or in
creased serum TSH levels in a high percentage of clinically euthyroid pa
tients. This situation was found in early childhood and did not change 
with increasing age. Compensated hypothyroidism with high or normal TSH 
levels which were hyperresponsive to TRH was described by several authors 
(4-6) in thalassemic patients, whereas others report normal indices of thy
roid function (1,7). 

These discrepancies may be due to differences in the selection of pa
tients in regard to age, sex, puberty stages, and transfusion regimens. 
In order to evaluate whether pituitary hemosiderosis affects TSH secretion 
or whether primary thyroid function is involved, we studied TSH secretion 
and thyroid hormone concentrations in a group of patients in pubertal or 
postpubertal age treated with the same transfusion and chelating regimen. 
The data were evaluated separately during the different stages of puberty 
and in different age groups. 

PATIENTS AND METHODS 

Fifty patients, 31 females and 19 males, aged 13-23 with beta-thalas
semia major participated in this study. Diagnoses were based on Hb elec
trophoresis and on hematological data. All had been transfused since early 
childhood on a monthly regimen to maintain the pretransfusional Hb levels 
at about 8 g % until 1982 and thereafter at a weekly regimen to maintain 
the pretransfusional Hb levels at about 10 g %. All were chronically 
treated with desferrioxamine, 40 mg/kg. Nineteen female patients were in 
puberty stage 1, six in stage 2, three in stage 3, and three in stage 4-5. 
Thirteen males were in stage 1, none in stage 2, and six in stage 3-4. 
Blood was drawn in the morning through an intravenous cannula kept patent 
by a slow infusion of saline. After 30 minutes, blood was taken for TSH, 
T3, and T4 determinations; TRH, 200 ~g IV, was then given intravenously 
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and blood was collected for TSH after 30 and 60 minutes. Sera were stored 
at -20" until tested. TSH was measured by a double antibody RIA purchased 
from Biodata, Milan (inter- and intraassay variation coefficients: 7% and 
3%, respectively). T3 and T4 were measured by a RIA from Biodata. All 
tests were performed at least two weeks after the last transfusion. The 
same measurements were carried out in a group of 22 age and sex matched 
healthy control subjects. Informed consent was obtained from the patients 
or their parents. Student's paired and unpaired t test and analysis of 
variance were performed to evaluate the data. 

RESULTS 

Mean baseline serum concentrations of TSH and its peak values after 
TRH administration are reported in Table 1. They were significantly higher 
in patients than in the group of sex and age matched control subjects. TSH 
peaked at 30 minutes in 44 patients and at 60 minutes in 6. The increase 
after TRH was blunted in only one patient. Basal and peak TSH levels were 
not different in male and female patients, whereas there was a significant 
difference between males and females in the normal subjects (p<O.Ol). TSH, 
both basal and TRH stimulated, did not differ when patients in different 
stages of puberty were compared (Table 2). Considering both basal and peak 
TSH values in different age groups separately, they were not different in 
males aged 14-16, 16-18, 18-23, and in females aged 14-16 and 16-18; a dif
ference was found only between the youngest female group of 12-14 (basal 
TSH: 2.8 + 1.7; peak TSH: 22.0 + 11.2) and the oldest group of 18-21 years 
(6.3.+ 2.T and 39.0 + 10.8; p<0~02). No signifiant correlation could be 
found-between TSH values, basal and stimulated, and the LH response to LHRH, 
total number of blood units transfused, or ferritin levels. 

Serum levels of T3 in the patients (1.5 ~ 0.2 ng/ml, range 0.8-2.1) 
were not higher than in control subjects (1.4 ~ 0.2, range 1.1-1.9); T4 
levels were within normal limits in all patients but the mean level was 
slightly lower (8.0 + 1.5 ~g/dl; range 4.3-10.0) than in the contrcls (9.5 
~ 2.0, range 6.2-12.5, p<0.05). 

DISCUSSION 

These data indicate that in thalassemic patients TSH secretion is not 
affected by pituitary hemosiderosis. On the contrary, TSH secretion was 
increased in a high percentage of patients. Though serum levels of thyroid 
hormones were within the normal range in all patients, the mean value of 
serum T4 was slightly, but significantly lower than in control subjects. 
Therefore, thalassemic patients frequently present a condition of "compen
sated" primary hypothyroidism. In a previous study carried out in pre
pubertal patients (3), we found that thyroid function indices were more 
severely impaired than in the present group. This difference may possibly 
be attributed to the severer condition of chronic anemic hypoxia in the 
former group of patients in whom the Hb levels were significantly lower, 
since they were transfused less frequently. It has been shown that hyp
oxia may potentiate the toxic action exerted by iron depositions in thy
roid tissue on enzyme systems (8,9). 

The lack of any difference between TSH levels in male and female pa
tients which is present in normal subjects may be attributed to the impair
ment of gonadal function. 

Longitudinal studies will be required to demonstrate whether TSH se
cretion tends to decrease with time and progressive iron overload. 
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THYROID FUNCTION AND PROLACTIN SECRETION IN WOMEN WITH MENSTRUAL DISORDERS 

AND/OR INFERTILITY 

SUMMARY 

Heinz G. Bohnet, Keiichi Kato, and Detlef Niemann 

Institute for Hormone and Fertility Disorders 
Hamburg, West Germany 

Secretion patterns of TSH and prolactin (PRL) after stimulation tests 
with TRH and metoclopramide (MCP), respectively, were investigated in 313 
women with infertility and/or menstrual disorders. Stimulated TSH and PRL 
serum levels, but not their basal levels, revealed a statistically signifi
cant correlation (p<0.05), also indicating an interdependence between hyper
prolactinemia and hypothyroidism (p<0.05). A PRL stimulation test with MCP 
appears to reflect patho- and physiological conditions of these patients 
more accurately than does that with TRH. 

INTRODUCTION 

It is well established that the secretion of TSH and PRL from the an
terior pituitary is controlled by hypothalamic factors. Since TRH has been 
shown to stimulate both TSH and PRL secretion, a PRL stimulation test with 
TRH has been employed for a number of studies (1,2). 

However, the control mechanisms of TRH and PRL secretion are not iden
tical, and a dissociation of secretion patterns of these hormones can be 
easily elicited by administration of particular drugs (3). 

In this study, we performed both TSH and PRL stimulation tests with 
TRH and MCP, respectively, on patients with infertility and/or menstrual 
disorders, and their responses to each stimulation test were analyzed. 

PATIENTS AND METHODS 

In 313 women, aged 16 to 40 years (average 29.7), TSH stimulation tests 
using 400 ~ TRH (Henning, W. Germany) and PRL stimulation tests using 10 mg 
MCP (Kali-Chemie, W. Germany) were performed during the early follicular 
phase (4,5). Blood samples were taken before and 25 minutes after the TRH 
and MCP bolus injection. Serum TSH, T4, and PRL were measured by radioim
munoassay (5). 

Patients were classified according to the TSH secretion patterns and 
the T4 levels as "normal", "latent hypo"-, or "hypo"-thyroid. Classifica
tion was based on observations made in conception cycles (6). 
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"Normal": basal TSH ~ 3 l!U/ml and peak TSH ~ 18 liU/ml (n=238, 76%). 

"Latent hypo": basal TSH < 3 W/ml and peak TSH > 18 l!U/ml (n=71, 22.6%). 
All patients of this group had normal T4 levels(> 50 ng/ml). 

"Hypo": basal TSH > 3 pU/ml and the difference between basal TSH and peak 
TSH > 15 pU/ml. These patients had subnormal T4 levels (n=4, 1.2%). 

Patients were also classified in a similar way according to the PRL concen
trations (1,6); normal upper limits of PRL of 15 ng/ml (basal) and 200 ng/ 
ml (after MCP) were used for this classification. 

All results were expressed as mean + SEM. Linear regression analysis, 
the Pearson product moment coefficient of co~relation, and the Chi square 
test were used for statistical analysis. 

RESULTS 

The mean basal and stimulated TSH levels in the patients studied were 
1.6 + 0.4 and 14.2 ~ 0.5 l!U/ml, respectively; a significant correlation be
tween the two was observed (r=0.2987, p<0.001). A similar correlation (r= 
0.3109, p<O.OOl) was observed between basal and MCP-stimulated PRL levels 
(14.6 + 0.8 and 214.9 + 6.2 ng/ml, respectively). Stimulated TSH and PRL 
levels~ but not their basal levels, were positively correlated (p<O.OS) 
(Fig. 1). 

Abnormal TSH secretion was seen in a total of 75 patients (23.9%). 
Most of them suffered from latent hypothyroidism (71 patients) and only 4 
women (1.2%) had hypothyroidism. None of the patients was hyperthyroid. 
Hyperprolactinemia was observed in 183 women (58.4%); 103 patients (32.9%) 
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Fig. 1. Correlation between TSH concentrations after 
stimulation with TRH and PRL concentrations 
after stimulation with metoclopramide. The 
vertical and horizontal lines indicate the 
upper limit of normal levels of each hormone. 



Table 1. Thyroid Function and PRL Secretion of the Subjects* 

Prolactin secretion 
Thyroid 
function Normal Latent hyper Hyper Total 

Normal 110* 74 54 238 

Latent hypo 19 28 24 71 

Hypo 1 2 4 

Total 130 103 80 313 

x2 = 10.081; p < 0.05. *Criteria of the classification of 
thyroid function and PRL status are mentioned in the text. 
**Number of patients. 

had only an excessive PRL response after stimulation (latent hyperprolac
tinemia), and basal hyperprolactinemia was found in 80 women (25.5%). Thy
roid function and PRL secretion showed a significant interdependence (Table 
1). 

In 41 galactorrheic patients, 14 (34.1%) showed an increased TSH se
cretion. The incidence of galactorrhea was somewhat higher in women with 
abnormal TSH levels than in euthyroid women; 11.3% (27/238) euthyroid pa
tients, 18.3% (13/71) of the patients with latent hypothyroidism, and 1 of 
4 patients with hypothyroidism had galactorrhea, although this was not sta
tistically significant. 

DISCUSSION 

The present study demonstrates a close relationship between TSH and PRL 
in women with infertility and/or menstrual disturbances. The secretion of 
these hormones from the anterior pituitary is governed by a variety of neu
rotransmitters, some of which are common for regulation of both hormones. 
Indeed, replacement of thyroid hormones in primary hypothyroidism resulted 
in a decrease in PRL response to TRH (7). However, TRH is not a physiologi
cal regulator of PRL secretion. For instance, TRH-stimulated PRL levels 
showed no correlation with elevated PRL levels during suckling in puerperal 
women (8), as did MCP-stimulated PRL levels (9). 

Besides hyperprolactinemia, primary hypothyroidism has been shown to be 
a major factor in galactorrhea for 2-6% of cases (10). This is underlined 
by this study, in which 34.1% of the galactorrheic patients had latent hypo
or hypothyroidism. The high incidence of galactorrhea in the women with 
latent hypo- and hypothyroidism indicates that the evaluation of thyroid 
function by means of the TRH test is mandatory in women with galactorrhea. 
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a-ADRENERGIC CONTROL OF TSH SECRETION IN MAN 

Natale R. Musso, Aldo Pende, Maria L. Montaldi, Anna Morgano, 
Mauro Arzese, and Luisa Devilla 

INTRODUCTION 

I.S.M.I., Cattedra di Semeiotica Medica R 
Universita di Genova 
Genova, Italy 

It is well known that TSH secretion is under the control of different 
factors (1). On thyrotrophs, there is a direct negative control exerted by 
thyroid hormones and dopamine, while TRH released by hypothalamic neurons 
has a stimulatory effect on TSH secretion. These neurons are probably under 
the positive control of the noradrenergic system (1,2). 

In man, data about a-adrenergic control are scanty (3-5). Therefore, 
we decided to study the effect of clonidine, an a-adrenergic agonist, on 
serum TSH and PRL levels in three different groups of subjects: hypothyroid 
patients, healthy volunteers, and euthyroid patients who received iopanoic 
acid for oral cholecystography. This last compound is known to inhibit T4 
to T3 peripheral and pituitary conversion, and to increase TSH levels and 
its response to TRH (6). We studied the third group because we expected 
higher TSH responsiveness than in untreated subjects. 

MATERIALS AND METHODS 

Six normal volunteers (4 men and 2 women) aged 20-28 years, and 6 eu
thyroid patients (3 men and 3 women) aged 25-52 years, who were administered 
with iopanoic acid for oral cholecystography 3-5 days before tests, were 
studied. In addition, 4 patients affected by primary hypothyroidism took 
part in this study. Thyroid status was assessed both clinically and bio
chemically (7). The duration of hypothyroidism, as assessed by clinical 
history, ranged between 10-24 months. The primary hypothyroidism was sub
sequent to idiopathic thyroid failure in 3 patients and to subtotal thyroid
ectomy for thyroid carcinoma in the last one. Each subject gave informed 
consent to the study. 

At 8:30a.m., with subjects recumbent after an overnight fast, a venous 
catheter was inserted in a forearm vein and patency was maintained by a slow 
infusion of normal saline. After a rest period of 30 min, 2 baseline sam
ples were collected (-30 and 0 min). In all subjects, samples were then 
taken every 30 min for 4 hours after drug administration. Each patient was 
tested twice in random order: once with placebo (normal saline, 2 ml im) and 
once with clonidine (0.3 mg im). 
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Serum T3, T4, TSH, and PRL were measured by RIA, using commercial 
kits furnished by Biodata (Italy). Assay sensitivities were 0.125 ng/ml, 
6.2 ng/ml, 0.5 ~U/ml, and 1.5 ng/ml, respectively. All intra- and inter
assay CV were less than 8%. 

All specimens from any individual were measured in duplicate in the 
same assay. Sera of hypothyroid patients were conveniently diluted before 
TSH assay with TSH-free human serum, so as to obtain a final concentration 
between 5-10 ~U/ml. 

Statistical analysis was carried out using Student's t test for paired 
data. 

RESULTS 

In normal subjects (Fig. la), clonidine administration induced an in
crease in serum TSH levels, statistically significant at +60 (p<0.05), +90 
(p(0.02), and +120 (p<0.05). A comparison between placebo and clonidine 
secretory areas also demonstrated a significant difference (p(0.02). 

In patients who received iopanoic acid (Fig. lb), clonidine determined 
a marked rise of serum TSH levels (more evident with respect to normal vol
unteers). 

1' 

TSH 

uUIML 

TSH 

uUIML 
3 

60 c~ 
4 ~ t * i ; TSH 

uUIML 
30 o---o SAL! NE 2 ML IM 

~ CLONIDI NE 0, 3 MG IM 

-30 30 60 
MIN 

90 120 150 180 210 

Fig. 1. Serum TSH (mean~ SE) following clonidine and placebo (saline) 
administration. A: six normal volunteers. B: six euthyroid 
patients administered with 3 g of iopanoic acid 3-5 days before 
tests. C: four hypothyroid patients. Statistics: *p<0.05; **p< 
0.02; ***p<O.Ol vs the corresponding control (saline). 
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In hypothyroid patients, no significant variation in TSH levels was 
seen after drug administration with respect to placebo (Fig. 1c). 

No changes in serum PRL, T3, and T4 were demonstrated (data not shown). 

DISCUSSION 

Our data show that clonidine administration induces an increase in 
serum TSH levels in normal volunteers. In the euthyroid subjects who took 
iopanoic acid (well-known inhibitor of the conversion of T4 to T3), we noted 
a more evident increase in TSH levels with respect to normal volunteers, the 
same as we would expect to occur in hypothyroid patients after clonidine 
administration. On the contrary, we observed no significant change in TSH 
levels. We must consider two distinct problems: the first is the differ
ent responsiveness of TSH to clonidine in normal volunteers and hypothyroid 
patients; the second is the apparent contrast in TSH response between hypo
thyroid and iopanoic acid-treated euthyroid patients. 

For the first question, we must keep in mind that clonidine may act at 
a hypothalamic level, probably on TRH-producing neurons (8). In hypothyroid 
patients, the lack of effect of the drugs on TSH levels does not seem in 
agreement with this hypothesis. The absent response of TSH to clonidine in 
these subjects may be explained by a reduced responsiveness of TRH neurons 
to a-adrenergic stimuli, or by reduced secretion of TRH (this problem is 
today unresolved, 9). The drug may act, as a-adrenergic agonist, directly 
on thyrotrophs (10), but this effect would be mild, because of the overflow 
of TSH secretion. 

The hypothesis of the reduced secretion and/or responsiveness of TRH 
in hypothyroid patients could also explain the difference between these sub
jects and iopanoic acid-treated patients. The responsiveness of TRH neurons 
of the latter group may be similar to the normal, because the reduction of 
thyroid hormones is of recent establishment and of lesser intensity. More
over, reduced serum T3 levels in iopanoic acid-treated subjects determines 
higher responsiveness of TSH with respect to normal subjects. 

Another question is that clonidine, in spite of likely stimulation on 
TRH secretion, has no effects on PRL levels. This may be due to a direct 
inhibitory action on lactotrophs, as demonstrated by in vitro studies using 
a-adrenergic stimuli (11). The absent response of PR~to clonidine may also 
be explained by a higher threshold of pituitary lactotrophs to TRH with re
spect to thyrotrophs. 

On the basis of our data, we cannot exclude other possible mechanisms 
of clonidine action, such as an interaction with opioid or serotoninergic 
system. 
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TSH AND THYROIDAL RESPONSES TO CONTINUOUS AND INTERMITTENT TRH 

ADMINISTRATION 

INTRODUCTION 

Barry L. Shulkin, Ronald E. Pruitt, and Robert D. Utiger 

Division of Endocrinology, Department of Medicine 
University of North Carolina School of Medicine 
Chapel Hill, NC, USA 

Several hypothalamic-releasing hormones have been isolated, and the re
sponses to them characterized. Single doses cause transient dose-dependent 
increases in the serum levels of the respective pituitary hormones. The re
sponses to prolonged administration vary, depending on the method and fre
quency of administration, and are determined by factors such as inhibition 
by target gland hormones, depletion of hormone stores, and down-regulation 
of pituitary receptors. With regard to TRH, short-term infusions raise 
serum TSH for the duration of the infusion, and prolonged intrathecal TRH 
administration causes sustained increases in serum TSH, T4, and T3 (1-5). 
However, repeated individual intravenous or oral doses of TRH result in re
duced TSH responses after several days (6-9). This study was undertaken to 
compare the TSH and thyroidal responses to the same total TRH dose given 
intermittently and continuously in the same subjects. 

MATERIALS AND METHODS 

Study Protocol 

Six normal men, aged 20-28, were studied. The study was approved by 
the local Human Rights Committee and informed consent given by each sub
ject. None had taken any medications within four weeks of the study. The 
men were studied in hospital and were fed an ad lib diet. Each initially 
had a baseline TRH test, in which an intraven~s dose of 400 ~g TRH was 
given and blood samples were collected for 120 min. Two or more weeks 
later, the men received, in random order at least 4 weeks apart, starting 
at 0800-0900 hr: 1) repetitive bolus doses of 200 ~g TRH every 4 hr for 48 
hours, during which blood samples were collected before and 30, 60, and 120 
min after each dose of TRH; 2) continuous infusion of 0.83 ~g TRH/min for 
48 hr, during which samples were collected every 2 hr. At 48 hr in each 
study a final 400 ~g bolus dose was given and multiple samples collected 
for 120 min. 

Hormone Analyses 

Blood was allowed to clot at room temperature, and serum stored at 
-s·c. All samples from an individual subject were analyzed concurrently 
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Fig. 1. Mean serum TSH con
centrations in 6 
normal men during 
intermittent (200 
~g every 4 hr) and 
continuous (0.83 ~g/ 
min) TRH administra
tion for 48 hr. 

in duplicate in each assay. Serum T4, T3, and TSH were measured by RIA 
(10). The intra- and interassay coefficients of variation were, respec
tively, 11% and 13.3% for T4, 6.9% and 14.6% for T3, and 10.4% and 11.8% 
for TSH. TSH secretion was calculated by the trapezoidal rule. 

RESULTS 

Figure 1 shows the mean TSH concentrations during the two 48 hr peri
ods of TRH administration. Serum TSH increased in response to each four 
hourly bolus dose of TRH. The mean peak post-TRH serum TSH concentration 
was highest, 14.0 + 4.1 (SE) ~U/ml, at 16 1/2 hr. The peak serum TSH in
crease after each dose of TRH then declined progressively to 6.3 ~U/ml at 
28 1/2 hr and it was 4.1 + 1.5 ~U/ml after the final 200 ~g TRH dose given 
at 44 hr. The mean TSH b~fore each dose did not change; for example, it 
was 1.5 ~U/ml before the first TRH dose and 1.3 ~U/ml before the final dose. 

Mean serum TSH concentrations increased promptly after initiation of 
the continuous infusion, reaching 17.0 + 4.3 ~U/ml in 4 hr, and the peak 
was 17.6 + 6.5 ~U/ml at 14 hr. Serum TSH declined rather abruptly between 
18 and 20-hr, from 16.9 to 9.3 ~U/ml, and thereafter gradually declined to 
5.1 + 1.5 ~U/ml at 48 hr. 
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Fig. 2. Mean serum TSH re
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bolus TRH dose 
before and at the 
end of the two pro
longed TRH adminis
tration studies. 
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Net TSH secretion, determined by calculation of the area under the TSH 
response curves from 0 to 48 hr, was 218 + 64 llU/ml·hr during repetitive 
TRH administration and 498 + 143 \lU/ml·hr-during continuous TRH adminis
tration (p<0.001). 

Figure 2 shows the mean responses to the 400 \lg TRH doses given before 
and at the end of the two 48 hr TRH study periods. The mean increments in 
serum TSH at these times were 10.7 + 2.6 \lU/ml (baseline), 3.2 + 1.9 llU/ml 
after repetitive TRH administration~ and 3.1 + 1.8 \lU/ml after continuous 
TRH administration. Net TSH secretion in the-120 min periods after these 
400 \lg TRH doses was 17.6 + 4.2 \lU/ml·hr (baseline, 6.3 + 1.0 llU/ml·hr 
after intermittent TRH administration, and 10.6 + 3.1 \lUfml·hr after con
tinuous TRH administration (both p<O.Ol vs baseline). 

The serum T4 and T3 responses are shown in Fig. 3 and Table 1. The 
increments and patterns of increase in mean serum T4 and T3 in the 2 stud
ies were similar. Mean serum T4 increased significantly after 4 hr in both 
studies and further increased by 1 to 2 \lg/dl thereafter. Mean serum T3 
increased earlier and somewhat more than did those of T4, and the mean in
creases thereafter were small, approximately 10 ng/dl. 

DISCUSSION 

Three major findings emerged from this study. One, serum TSH concen
trations were considerably higher during continuous than during repetitive 
administration of the same total TRH dose. Two, serum TSH declined rather 

287 



"' CX
) 

CX
) 

T
ab

le
 

1
. 

S
er

um
 T

4 
an

d 
T

3 
C

o
n

ce
n

tr
at

io
n

s 
D

u
ri

n
g

 P
ro

lo
n

g
ed

 T
RH

 
A

d
m

in
is

tr
a
ti

o
n

 

0 
4 

h
r 

8 
h

r 
24

 h
r 

48
 
h

r 

In
te

rm
it

te
n

t 
TR

H
 

S
er

um
 T

4 
(J

l 
g

/d
1

) 
7

.9
 

+
 
0

.7
a
 

9
.1

 
+

 
0

.7
b

 
8

.6
 

+
 

0
.6

b
 

9
.9

 
+

 
o

.8
b

 
1

0
.3

 
+

 
1

.2
b

 

S
er

um
 T

3 
(n

g
/d

1
) 

13
1 

+
 

13
 

18
4 

+
 

26
b 

19
1 

+
 

24
b 

20
5 

+
 

24
b 

19
7 

+
 

25
b 

C
o

n
ti

n
u

o
u

s 
TR

H
 

S
er

um
 T

4 
(J

l 
g

/d
l)

 
6

.9
 

+
 

0
.6

 
8

.3
 

+
 

o
.8

b
 

9
.6

 
+

 
0

.7
b

 
9

.8
 

+
 

0
.7

b
 

1
0

.4
 +

 
1

.2
b

 

S
er

um
 T

3 
(n

g
/d

l)
 

13
1 

+
 

11
 

20
0 

+
 

23
b 

22
2 

+
 

25
b 

23
1 

+
 

23
b 

20
7 

+
 

24
b 

-
-

aM
ea

n 
~
 S

E
; 

bp
<

O
.O

S
. 



abruptly after 20 to 24 hr of TRH administration. Three, the thyroidal 
responses were similar, despite the disparity in the serum TSH concentra
tions during the two studies. 

The patterns of serum TSH responses to repetitive and continuous TRH 
administration were, not surprisingly, different. TRH given repetitively 
produced an increase in serum TSH after each dose, whereas TRH given con
tinuously resulted in a sustained increase in serum TSH. In both instances, 
the peak response was reached within 20 hr, and thereafter both peak serum 
TSH responses after TRH given repetitively and serum TSH concentrations 
during continuous TRH administration were about 50% of those during the 
first 4 to 20 hr. Despite the fact that the total TRH dose was the same 
during the two 48 hr studies, the total serum TSH response was twofold 
higher when TRH was given intravenously. 

The finding that continuous TRH administration resulted in secretion 
of more TSH is most simply explained by sustained stimulation of the thy
rotrophs due to sustained increase in serum TRH concentrations. Therefore, 
sustained occupancy of thyrotroph TRH receptors did not lead to greater 
down-regulation of them than did intermittent TRH administration, if indeed 
any down-regulation occurred. The greater TSH response during continuous 
TRH administration also suggests that acute depletion of TSH stores did not 
occur. If it had, a greater response to intermittent TRH would have been 
expected. 

There was a rather abrupt decline in serum TSH from 18 to 24 hr during 
continuous TRH administration and a similar decline in the peak serum TSH 
responses after intermittent TRH administration from 16 to 24 hr. There
after, the serum TSH responses changed little. These reduced serum TSH 
responses to TRH most likely were due to the increases in serum T4 and T3 
which occurred within 4 hr after the start of the study, in accord with 
previous studies indicating that small increments in serum T4 and T3 in
hibit TSH responses to TRH within 24 hours (6). Why the TSH responses did 
not decline progressively during the period from 24 to 48 hr is unknown, 
unless it was because further increases in serum T4 and T3 after the first 
4 hr were small. 

Two aspects of the thyroidal responses deserve comment. First, why 
did most of the increase in serum T4 and T3 occur in the first 4 hr, even 
though TSH secretion remained high for 16 to 18 hr? It is possible there 
is only a small readily releasable thyroidal T4 and T3 pool, and/or some 
down-regulation of thyroidal TSH receptors occurs. Second, the pattern and 
magnitude of the increase in serum T4 and T3 in the two studies were quite 
similar, althogh serum TSH concentrations and the calculated overall TSH 
responses were considerably higher during continuous TRH administration. 
Thus, episodic TSH secretion was clearly more effective in stimulating T4 
and T3 secretion than was continuous TRH administration. 
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MEASUREMENTS OF THYROTROPIN-RELEASING HORMONE (TRH)-LIKE IMMUNOREACTIVITY 

IN HUMAN BLOOD IN THYROID DISEASES 

SUMMARY 

Leonidas Duntas, Dominique Grouselle,l Fritz S. Keck, Ulrich 
Loos, and Ernst F. Pfeiffer 

Department of Internal Medicine I, University of Ulm, Ulm 
Germany and lGroupe de Neuroendocrinologie Cellul., College 
de France, Paris, France 

Human blood TRH-like immunoreactivity levels were estimated by a new, 
highly specific and sensitive RIA in various abnormal thyroid states. Blood 
samples were extracted by cold methanol. All results were expressed in 
fmoles/ml (mean~ SO). 

The TRH-like immunoreactLVLty levels were 44.5 + 5.2 in 9 normal adult 
subjects and 50.4 + 4.1 in 6 euthyroid subjects with-simple goiter. Blood 
TRH-like immunoreactivity was found significantly increased in 19 patients 
with M. Basedow or with autonomy (132 + 33; p<O.Ol), and significantly de
creased in 12 hypothyroid patients (21-+ 3; p<0.01). These findings suggest 
that peripheral thyroid hormones may be-involved in the T4-TRH regulation 
mechanism and the hypothesis of a possible positive feedback of T4 at hypo
thalamic level can, thus, be confirmed. 

INTRODUCTION 

Despite a decade of research, the physiology and the precise role of 
TRH in thyroid diseases remains controversial (1-3). 

We studied the TRH-like immunoreact1v1ty levels in various abnormal 
thyroid function states by a new, highly specific and sensitive RIA. 

MATERIAL AND METHODS 

Fasting blood samples were collected at about 8:00 a.m. and extracted 
for TRH in cold methanol. TRH-like immunoreactivity levels were measured 
in 15 euthyroid adult subjects (6 of these patients with simple goiter), 
12 patients with M. Basedow or autonomy, and 12 patients with primary hypo
thyroidism. All patients were studied prior to the institution of any 
therapy. 

The RIA for TRH was generated using antiserum produced against a con
jugate of TRH coupled with diazotized benzidine to a carrier protein, a seed 
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globulin of the sunflower. The performance of the assay (specificity, sen

sitivity, recovery parallelism) was previously reported (4,5). 

RESULTS 

All results are expressed in fmol/ml. Blood TRH-like immunoreactivity 

levels were 44.5 + 5.2 (mean + SD) in the group of normal subjects and 5.4 

~ 4.1 (mean~ SD)-in the subjects with simple goiter (Fig. 1). No differ
ence was observed between males and females. 

Blood TRH-like immunoreactivity levels in hyperthyroid patients were 

found significantly elevated (132 + 33, p<O.Ol). In contrast, hypothyroid 

patients had significantly lower levels of TRH-like immunoreactivity (21 + 

3, p<O.Ol, Fig. 2). 

DISCUSSION 

We have determined the blood levels of TRH-like immunoreactivity in 
normal subjects, as well as in patients with hyperthyroidism. Despite the 

fact that we have not yet arrived at a satisfactory answer to the question 

of the origin of TRH-like immunoreactivity in human blood, we were able to. 

document (in comparison to normal subjects) the occurrence of significantly 

elevated values of TRH-like immunoreactivity in hyperthyroid patients and 

significantly reduced levels in the hypothyroid group. The peripheral blood 

TRH-like immunoreactivity ranges in various thyroid function states parallel 

to those occurring in thyroid hormones. These findings agree with the T4-
TRH regulation mechanism proposed by Reichlin (6) which predicted a positive 

feedback between these hormones. 

Considering the biological significance of our results, we plan to uti

lize this very sensitive TRH-RIA for further studies of TRH secretory phys

iology in humans. 
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IMMUNOREACTIVE TRH AND TRH-OH IN RAT HYPOPHYSIAL PORTAL BLOOD 

INTRODUCTION 

Viviane Guillaume, L'Houcine Ouakif, Anne Dutour, Elias 
Castanas, and Charles Oliver 

Laboratoire de Neuroendocrinologie Experimentale 
CNRS UA 560, Faculte de Medecine Nord 
Marseille, France 

The release of the hypothalamic thyrotropin-releasing hormone (TRH) 
can be studied in the rat directly by radioimmunoassay in blood collected 
from the hypophysial portal vessels. Since TRH is rapidly inactivated in 
blood, it is necessary to collect hypophysial portal blood (HPB) in a way 
that minimizes TRH inactivation. In the present study, we have tested the 
validity of two different methods of collection of HPB for studying TRH 
secretion. Thereafter, we have measured TRH and its putative metabolite 
TRH-OH (Pyroglu-His-Pro-OH or Deamido-TRH) in HPB under various physiolog
ical and pharmacological conditions. 

MATERIALS AND METHODS 

Adult male rats of the Sprague-Dawley strain (250-300 g/b.w.) were 
anesthetized with sodium pentobarbital (4 mg/100 g/b.w.). The ventral di
encephalon and pituitary stalk was sectioned. After removal of the entire 
pituitary gland, blood was collected from the stalk according to two dif
ferent methods: 

Method I (1): after cannulation of the stalk with a polyethylene can
nula, blood was withdrawn with a Harvard Syringe pump at the rate of 7 ~1/ 
min. Portal blood in the cannula remained at room temperature during the 
first four minutes of the collection. The collecting tubing was then im
mersed in an ice bath throughout the experiment. At the end of the collec
tion, blood was centrifuged. Plasma was separated and mixed with three 
volumes acidified methanol (methanol 90 : acetic acid 1 : distilled water 
9). After centrifugation, the supernatant was evaporated to dryness with 
a Speed Vac (Savant Instruments). 

Method II (modified from 2 and 3): blood from the pituitary stalk was 
taken off by fine pipette every 15 seconds and dropped immediately into a 
tube containing 0.7 ml acidified methanol. This method allows the collec
tion of 151 + 5.4 ~1 blood per 20 minutes (mean+ SEM; n=255). The tube 
was mixed in-a vortex, centrifuged, and the supernatant was evaporated as 
described above. 
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TRH levels in HPB of intact rats, as well as TRH recovery during the 
first hour after injection of 10 pg synthetic TRH into the lateral ventri
cle, were measured using both methods of collection. It has been shown pre
viously that TRH is transported rapidly from the cerebrospinal fluid into 
the hypophysial portal vessels (4). 

Thereafter, Method N°2 was used for collecting HPB in the following 
experimental groups of rats: control, 3- and 30-day thyroidectomized, L
thyroxine treated (5 pg/100 g i/p. for 3 days), and after acute hypothermia 
(body temperature lowered to l8-20•c with a refrigerated blanket). HPB sam
ples were collected every 20 minutes for one hour. At the end of the col
lection, a blood sample was obtained from the femoral artery. 

TRH and TRH-OH were measured by two different and specific radioimmu
noassay methods in dried blood extracts as previously described (5,6). 

RESULTS AND DISCUSSION 

High TRH levels are detected in HPB of intact rats when blood has been 
collected rapidly and dropped immediately into an acidified methanol solu
tion that blocks the enzymatic inactivation of this peptide. As shown in 
Table 1, method II allows high recovery of TRH and HPB and is more appro
priate than method I for studying secretion of this peptide. TRH levels in 
HPB are lower in our study (402 - 1177 pg/ml or 111 - 210 pg/hour) than in 
other reports: 5300 pg/ml (7), 4500 pg/hour (8), and 1041-2034 pg/ml (9). 
Differences in the specificity of the assay may account for these varia
tions. Unlike Sheward et al. (8), we have observed that immunoreactive TRH 
in dried extracts of portal blood is recovered after high performance liquid 
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Table 1. Comparison Between Method I and II of HPB 
Collection for Studying TRH Secretion 

Assay of endogenous TRH (intact rats) 

Method I (n=7): <2.5 pg/20 min or <35 pg/ml 

Method II: 0-20 min 73 + 24 pg/20 min 

or 1177 + 377 pg/ml 

20-40 min : 47 ~ 5 pg/20 min 

or 504 + 54 pg/ml 

40-60 min : 37 + 10 pg/20 min 

or 402 + 157 pg/ml 

Recovery of TRH during 1 hr after injection of 10 pg 
synthetic TRH into the lateral ventricle 

Method I (n=8): 112.38 + 24.35 ng 

Method II (n=9): 267.84 + 34.34 ng 

Results are given as pg TRH/20 min collection or ml 
plasma. 



Table 2. TRH Levels in Hypophysial Portal Blood (HPB) and TRH-OH Levels 
in HPB and Systemic Blood 

TRH-OH TRH-OH in 
Group TRH in HPB in HPB systemic blood 

First experiment: 

Control 0 - 20 min 857 + 377 833 + 155 321 + 58.4 

20 - 40 min 814 + 154 513 + 148 315 + 16.3 

40 60 min 500 + 157 352 + 57 282 + 16.6 

3 days thyroidectomized 

0 - 20 min 752 + 309 

20 - 40 min 557 + 149 

40 60 min 185 + 135 

30 days thyroidectomized 

0 - 20 min 684.8 + 172 1102 + 220 131.5 + 54 

20 - 40 min 661 + 319 1045 + 136 305.7 + 28 

40 - 60 min 426 + 136 840 + 97 240 + 36 

Acute hypothermia 

0 - 20 min 598.8 + 307 1114 + 99 340 + 43 

20 - 40 min 386 + 124 855 + 137 475 + 37 

40 60 min 523 + 75 1429 + 500 435 + 36 

Second experiment: 

Control 0 - 20 min 191.4 + 44 

20 - 40 min 167.14 + 37.6 

40 - 60 min 255.7 + 41 

L-T4 treatment 

0 - 20 min 172 + 12.4 

20 - 40 min 84.3 + 10.3 

40 - 60 min 110.7+11.5 

Results are given as pg/ml plasma; mean + SEM; 6-8 rats per group. TRH 
levels in systemic blood range between S-and 10 pg/ml without any signif
icant variations between all the groups. 

chromatography in one single peak which coelutes with synthetic TRH (unpub
lished results). Nevertheless, the percentage of hypothalamic TRH released/ 
hour in HPB (5%) is similar to that of 41-CRF (4%) (results from our labora
tory) and higher than that of LH-RH (0.1 - 0.3%) and Somatostatin (0.2%) 
(10). TRH in systemic blood is barely detectable (5-10 pg/ml). TRH levels 
in HPB do not vary after thyroidectomy and the administration of thyroxine 
(Table 2), a finding which supports the hypothesis that the feedback of thy
roid hormones occurs mainly at the level of the pituitary gland. The lack 
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of increase of TRH in HPB after acute hypothermia may be due to the experi
mental procedure, since stress can block TSH increase during cold exposure 
(11). Unlike TRH, TRH-OH is detectable both in portal and systemic blood, 
its level in HPB being only two to threefold higher than in systemic blood 
(Table 2). The source(s) and meaning of TRH-OH in portal and systemic blood 
remain to be established. 

SUMMARY 

Immunoreactive TRH can be measured in HPB collected in the rat under 
conditions that minimize its degradation. TRH levels in HPB do not vary 
after thyroidectomy or treatment with L-thyroxine, which suggests that thy
roid hormone feedback occurs mainly at the level of thyrotrophs. 
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It is known that thyrotropin-releasing hormone (TRH) is present in 
hypothalami, as well as in other cerebral areas and in other tissues in
cluding the gastrointestinal tract and, particularly, the pancreas (1-7). 
In rats, the islets of Langerhans are the main source of pancreatic TRH 
(6) and it has been shown immunohistochemically that TRH is localized es
pecially in marginal islet cells (8,9). The role of pancreatic TRH is not 
well established (10), but it has been shown to enhance arginine-induced 
glucagon release in the adult dog (11). Ontogenetic studies in rats have 
demonstrated that pancreatic TRH content is higher in the neonatal period 
and progressively declines after the first weeks of life (5,12-14). No 
data are available on the ontogeny of pancreatic TRH in humans and this 
represents the aim of the present study. 

MATERIALS AND METHODS 

Pancreases were taken within 2-8 hours after death from two infants 
who died at one year from respiratory infection, and from 11 fetuses of 15-
36 weeks of gestation after pregnancy interruption for medical or acciden
tal events. No history of diabetes mellitus was present in the mothers. 
The whole pancreas was immediately frozen and TRH extracted using a 90% 
methanol solution, as previously described (6). The dried extracts were 
diluted in phosphate buffered saline 0.01 M, pH 7.6; TRH was measured by a 
specific and sensitive (2 pg/tube) radioimmunoassay (15) and insulin by a 
commercial radioimmunoassay kit (Corning Immunophase, Milan, Italy). All 
samples were analyzed in duplicate and at three different dilutions in a 
single run in order to avoid interassay variation. The results were ex
pressed as pg/organ and mU/organ for TRH and insulin, respectively. The 
degradation of synthetic and pancreatic TRH to proteolytic enzymes was 
analyzed by measuring the immunoassayable TRH before and after incubation 
with fresh human serum at 37oC for two hours. Pancreatic TRH was further 
submitted to Sephadex G-10 or BioGel P2 column chromatography and TRH was 
measured by radioimmunoassay in eluted fractions. The elution pattern was 
compared with that of synthetic TRH. 
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Table 1. TRH and Insulin Content in the Pancreas 
of Human Fetuses at Various Weeks of 
Gestation and in One Year Old Infants 

Sample TRH Insulin 
N. Age pg/organ mU/organ 

Fetuses (weeks) 

15 109 24.1 

2 17 171 23.2 

3 18 151 39.1 

4 21 136 76.1 

5 22 191 108.2 

6 23 294 136.7 

7 26 1,755 459.1 

8 34 11,636 550.1 

9 36 5,464 609.5 

10 36 4,756 452.5 

11 36 4,091 700.0 

Infants (year) 

12 3,208 2,090 

13 1 3,300 2,180 

RESULTS 

The data are reported in Table 1. TRH was present in all pancreases 
examined. TRH extracted from the pancreas of fetuses at various weeks of 
gestation and of infants showed immunological, chromatographic, and serum 
inactivation properties similar to those of synthetic TRH. TRH was de
tected in the pancreas as early as 15 weeks in the fetus with a value of 
109 pg/organ, increased progressively, reaching a maximal value of 11,636 
pg/organ in the 34 week fetus, and then decreased to the mean value of 
3,250 pg/organ in the two 1 year old infants. Insulin was present in pan
creatic tissue of the 15 week fetus with a value of 24 mU/organ, and a con
tinuous and progressive increase was observed during the entire period of 
gestation and in one year old infants. 

DISCUSSION 

The results of the present study demonstrate that human fetal pancre
atic TRH has immunological, chromatographic, and serum inactivation prop
erties similar to those of synthetic TRH. These findings confirm previous 
observations (3,4,6-8,12,13,16) that pancreatic TRH in rats is identical 
to synthetic TRH, although no similarity between extrahypothalamic and syn
thetic TRH has been reported by Youngblood et al. (17). Furthermore, our 
study demonstrates that TRH is present in the fetal pancreas at 15 weeks 
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of gestation, reaching the maximal value during the late period of preg
nancy, and decreasing during the perinatal period and in the first year of 
life. A similar ontogenetic pattern of pancreatic TRH after birth was ob
served in rats by us (13) and others (5,12,14), who reported that pancre
atic TRH content is higher during the early neonatal period and progres
sively declines, reaching adult value at 30-45 days of age. At present, 
there is no explanation for the ontogenetic development of pancreatic TRH 
in humans, although a possible maturation of TRH inactivating enzymes 
should be taken into account. 

In the present study, the insulin content of fetal pancreas increases 
during gestation and, in contrast to TRH, remains elevated in the pancreas 
of fetuses during the last weeks of pregnancy and in one year old infants. 
These findings indicate that these two hormones have different ontogenetic 
patterns in humans. 
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DOPAMINE AND L-DOPA, PRECURSORS OF NOREPINEPHRINE: EFFECTS ON THYROXINE 

RELEASE 

M.L. Maayan, E.M. Volpert, and R.V. Sellitto 

Veterans Administration Medical Center and SUNY 
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Norepinephrine (NE), epinephrine, and their precorsors have been shown 
to enhance iodide organification in calf thyroid tissue through alpha-adre
nergic receptors (1). In an in vitro mouse thyroid preparation, NE con
comitantly stimulated iodide ~ganification and inhibited thyrotropin (TSH)
stimulated thyroxine (T4) release (2,3). Recently such inhibition of TSH
stimulated T4 release was confirmed in vivo (4). In the present study, 
dopamine (DA) and L-DOPA also inhibited TSH-stimulated T4 release through 
alpha-adrenergic and dopaminergic receptors; cAMP appeared to be an unlike
ly mediator. 

TSH stimulated T4 release by mouse thyroid in vitro (2,3). DA when 
added to TSH inhibited T4 release. The alpha-adrenergic antagonists, phen
tolamine (PHENT), Prazosin (PZ), and yohimbine (YOH), all reversed DA inhibi
tion. The beta-antagonist, L-Propranolol (PROP), was ineffective. DA alone 
did not change T4 release above control levels. Therefore, DA inhibition 
of T4 release involved alpha-adrenergic but not beta-adrenergic receptors 
(Table 1, expt. 1). PHENT, PZ, YOH, and PROP, alone or with DA, did not 
stimulate T4 release. 

Apomorphine (APO), a dopaminergic agonist, but unlike DA not anNE pre
cursor, also blocked TSH-stimulated T4 release. Like DA inhibition, APO in
hibition was reversed by PHENT, PZ, and SULP, again indicating involvement 
of alpha and dopaminergic receptors (Table 1, expts. 3 and 4). 

The dopamine beta-hydroxylase inhibitors, diethyldithiocarbamate and 
DU-18288 (5), did not prevent DA inhibition of TSH-stimulated T4 release. 
Conversion of DA to NE would, therefore, not be a prerequisite for inhibi
tory activity. 

L-DOPA inhibited TSH-stimulated T4 release. PHENT reversed this in
hibition, indicating, like for DA, involvement of alpha-receptors. The 
aromatic L-amina acid decarboxylase inhibitor, carbidopa (CARB), reversed 
this inhibition, indicating prior conversion to DA was required for inhi
bition (Table 2). 

Like TSH, (Bu)2cAMP stimulates T4 release by mouse thyroids in vitro 
(3). DA and L-DOPA inhibited this stimulation. PHENT reversed DA inhibi
tion of (Bu)2cAMP action. Results suggest that DA and L-DOPA inhibition, 
and PHENT reversal, all occurred at a locus beyond cAMP generation (Fig. 1). 
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Table 1. Inhibition of TSH-stimulated T4 Release by Dopamine 
and Apomorphine, and Reversal by Adrenergic and 
Dopaminergic Antagonists 

Ex2t. 1 ExEt. 2 

Additions T4 ng/thyroid T4 ng/thyroid 

Control (7) 5.8 + 0.9 (6) 4.8 + 1.4 

TSH (8) 17.4 + 1.0* (6) 18.8 + 2.1* 

TSH + DA (7) 5.5 + 0.5** (6) 4.2 + 0.4** 

TSH + DA + PHENT (7) 13.9 + 1.1*** 

TSH + DA + PRAZ (6) 19.7 + 1.7*** 

TSH + DA + YOH (6) 12.5 + 1.4*** 

TSH + DA + PROP (5) 7.4 + 0.8 

TSH + DA + SULP 10.7 + 1.7*** 

Ex2t. 3 ExEt· 4 

Control (7) 3.4 + 0.6 (6) 0.5 + 0.2 

TSH (7) 21.7 + 2.5* (8) 14.5 + 0.7* 

TSH + APO (6) 2.5 + 0.4** (9) 1.8 + 0.2** 

TSH + APO + PHENT (5) 10.6 + 1.8*** 

TSH + APO + PRAZ (4) 7.4 + 0.5*** 

TSH + APO + SULP (10) 3.6 + 0.5*** 

3 hr incubation of excised mouse thyroids with 1arlnx and 
trachea in medium described (2) but containing 10- M Nai. 
No. vessels in parenthesis. TSH 1 mU/m1 DA, APO and SULP 5 x 
10-4 M, PHENT 5 x 10-5 M, PRAZ 10-5 M, YOH 10-4 M. T4 
determined by Mal1inckrodt RIA SPAC T4 kit. Mean~ SE. 
*p<.001 vs control, **p<.001 vs TSH, ***p<.01 vs TSH with DA 
or APO. 

Table 2. Inhibition of TSH-stimulated T4 Release 
by L-DOPA, and Reversal by Phentolamine 
and Carbidopa 

Control 

TSH 

Additions 

TSH with DOPA 

TSH with DOPA and PHENT 

TSH with DOPA and CARB 

(6) 

(5) 

(6) 

(6) 

(6) 

T4 ng/thyroid 

2.4 + 0.5 

15.0 + 0.8* 

7.4 + 0.8** 

14.5 + 1.3*** 

12.5 + 1.3*** 

Conditions as in Table 1. TSH 1 mU/ml, L-DOPA 
and CARB, 5 x 10-4M, PHENT 5 x 10-5 M. Mean + 

SE. *p<.001 vs control, **p<.001 vs TSH, 
***p<.01 vs TSH with DOPA. 
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Inhibition (Bu)2cAMP (DBC) stimulated T4 
release by DA and L- DOPA, reversal by 
PHENT. Conditions as in Table 1. DBC 
10-3 H. OA and L-DOPA 5 x 10-4 M. PHENT 
5 x lo-S H. Mean + SE of 4-8 vessels (X) 
p< .OOl vs DBC, (XX) < .001 vs DBC with DA. 

TSH 1 mU/ml increased cAMP in excised mouse thyroid lobes after 30 min 
incubation (3). DA inhibited this stimulation. Unlike data on T4 release, 
however, PHENT and SULP were unable to reverse this inhibition. DA alone 
did not increase cAMP above control values (Fig. 2). 

The current study demonstrated that not only alpha receptors (as for 
NE) but also dopaminergic receptors were involved in DA effects. This 
action may have been direct and not through conversion to NE, since it per
sisted in the presence of blockers of dopamine beta-hydroxylase. 

Dopaminergic action on adrenergic receptors was further confirmed when 
APO blocked TSH-stimulated T4 release via alpha-receptors even though APO 
is not a precursor of NE. 

1-DOPA, like DA, inhibited TSH-stimulated T4 release via alpha-adre
nergic receptors. CARB, an inhibitor of aromatic L- amino acid decarboxyl
ase, reversed this inhibition. Absence of biological activity of L-DOPA 
would, therefore, indicate that prior conversion to DA was required. 

Two sets of data would seem to exclude cAMP as an intermediary in DA 
inhibition of T4 release : a) DA and APO inhibited the (Bu)2cAMP-induced 
T4 releas~ in the presence of excess amounts of cAMP ester, and b) the NE 
and DA inhibition of the TSH-induced rise in cAMP was not reversed by alpha
blockers. 

Dissociation between physiological effects 
generation have been reported in other systems. 
may not necessarily be the mediator for all TSH 
metabolism (3). 

of DA and effects on cAMP 
Furthermore, thyroid cAMP 

actions on thyroidal iodine 
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CONCLUSIONS 
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Fig. 2. Inhibition of TSH-stimulated thyroidal 

cAMP content by DA, and absence of rever
sal by PHENT or SULP. 30 min incubation 
of single thyroid lobes in medium con
taining lo-2 M theophylline (3). TSH 1 
mU/ml, PHENT 5 x 10-5 M, SULP 5 x 10-4 M. 
Mean + SE of 4-B vessels. (X) p< .OOl vs 
TSH. 

Dopamine acts on the thyroid through alpha-adrenergic and dopaminergic 
receptors. L-DOPA has to be converted to dopamine to exert its thyroidal 
effect. cAMP is unlikely to be an intermediate in dopamine ac tion. 
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SHORT-TERM IN VITRO STIMULATORY EFFECT OF GLUCAGON ON T4 SECRETION IN 

RAT AND HUMAN THYROID 

Jean-Raymond Attali, Paul Valensi, Dorian Darnis, Claude 
Weisselberg, and Jacques Sebaoun 
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Hopital Avicenne, U.E.R. Paris Nord 
Bobigny, France 

Although hyperthyroidism is rarely associated with diabetes mellitus 
(1), it is often complicated by impairment of glucose tolerance (2). High 
concentrations of plasma glucagon are often found in hyperthyroidism (3). 
In poorly controlled diabetes mellitus, as in other acute episodes of severe 
diseases, the plasma T3 level is reduced, whereas the plasma reverse T3 
level is elevated (1). Hyperglucagonemia, often found in such catabolic 
states (4,5), does not seem to be involved in this reduction of the plasma 
T3 level (6). Furthermore, glucagon reduces the number of T3 nuclear re
ceptors in rat hepatocytes (7), and the thyroid hormones modify the plasma 
cyclic AMP response to glucagon (8). 

Catecholamines have been shown to stimulate organification of iodine 
and synthesis of thyroid hormones in vitro (9), as well as their secretion 
in vivo (10). In stress situation;: there is marked increase in glucagon 
~cretion as in catecholamine secretion. However, the direct effect of 
glucagon on thyroid secretion has never been reported. In our study, we 
demonstrate in vitro, using perifused rat and human thyroid fragments, that 
glucagon directly stimulates thyroxine secretion. 

MATERIALS AND METHODS 

We used the technique of perifused thyroid fragments, described in 
detail elsewhere (11). Briefly, the system consisted of four 950 ~1 peri
fusion chambers at a constant temperature of 37°C. Krebs-Ringer bicarbon
ate glucose solution (KRBG) with human albumin (final pH- 7.45), gassed 
with 93% 02 and 7% C02, was used and sent through silicone tubes to a peri
staltic pump at a constant flow rate of 600 ~1/min. Silicone tubes also 
connected the pump to the bottom of the chambers and received (through a 
connecting branch) the substances tested, i.e., in the present case, dif
ferent concentrations of glucagon at a constant flow rate of 275 ~1/min. 

Rat and Human Thyroid Tissue 

Thyroid lobes, taken from male Wistar rats (240-300 g) anesthetized 
i.p. with phenobarbital, were immediately immersed in the KRBG solution. 
For each experiment, three chopped thyroid lobes weighing in all 40 + 2 mg 
were placed in each of the 4 perifusion chambers. Less than 10 minutes 
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elapsed between the end of the thyroidectomy and the beginning of the peri
fusion. 

Experiments were carried out with human thyroid tissue removed surgi
cally from patients undergoing laryngectomies for cancer. Normality of the 
piece removed was verified by light microscope examination. It was then 
immediately chopped into fragments. The same amount of tissue was used as 
that for the experiments with rats (40 mg). Less than 20 minutes elapsed 
between removal of the thyroid piece and perifusion. 

Experimental Protocol and Timing 

In 3 of the perifusion chambers, thyroid fragments were 
with KRBG alone for 30 min (washing period), then stimulated 
(Novo, Paris) for 20 min, and again washed with KRBG alone. 
chamber received only KRBG and served as a control. Samples 
every 2-6 min and were frozen at -20°C until assay. 

first perifused 
with glucagon 
The fourth 
were collected 

T4 was assayed by RIA (RIA gnost T4, Behring Institute, Marburg, West 
Germany). 

Expression of Results 

The response was analyzed by comparing T4 release during the stimu
lation period and basal release of T4. As T4 release with KRBG alone de
creased slowly, the basal rate of release (B) (expressed in ng/min) was 
considered to be the mean value for the last sample of the washing period 
(Bi) and the first sample taken 10 min after the stimulation period. The 
mean rate of release of T4 (R) was defined as the ratio of the mean amount 
of T4 released per minute during the 20 min stimulation period over the B 
value for the same perifusion chamber. The kinetic pattern of the response 
was analyzed by index I, defined as the ratio of the T4 released per minute 
in a given sample over the Bi value for the same chamber. !max and lo--76 
represented, respectively, the peak and the mean response during the first 
six minutes. 

Results were expressed as means + S.E.M. Comparisons were made using 
the unpaired Student's t test. 

RESULTS 

Rat Thyroid Fragments 

With KRBG alone, the mean rate of release (R) was always less than 1. 
The mean R value for 15 experiments was 0.82 + 0.05. The I value decreased 
exponentially during the stimulation period. -Glucagon was tested at four 
different concentrations. A dose-response correlation was found between R 
and the glucagon concentration (Fig. 1). A glucagon concentration as low 
as 0.07 ng/ml induced a significant response : R = 1.28 + 0.07, n = 12 
(p<O.OOl vs KRBG). The highest response was obtained with 7 ng/ml gluca
gon : R = 1.61 ~ 0.13, n = 16. 

The peak !max was reached early, generally within the first six min
utes (Fig. 2). Like Io~6• it increased as the glucagon concentration 
was raised and was maximal for 7 ng/ml (Fig. 1). After the sixth minute 
of the stimulation period, the response was almost the same for all the 
glucagon concentrations (gradual decline) (Fig. 2). 
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Fig. 1. Perifusion of rat thyroid fragments. Mean 
rate (R) and peak (!max) of T4 release, and 
mean response of T4 during the first 6 min
utes (Io~6), with increasing concentra
tions of glucagon. Comparison with KRBG 
P value *(0.025; **(0.005; ***(0.001. 

lo-3 mol/1 theophylline (n = 7) induced a significant response vs 
KRBG : R = 1.04 + 0.10 (p(0.05), !max= 1.44 + 0.17 (p(O.OOl). The peak 
was reached early and the response was brief (Fig. 2). 

lo-3 mol/1 theophylline perifused simultaneously with glucagon enhanced 
the response induced by 0.07 ng/ml and 0.7 ng/ml glucagon but not there
sponse with 7 ng/ml (Fig. 2). The difference was significant for 0.7 ng/ml 
glucagon. 

Human Thyroid Fragments 

As with rat thyroid fragments, the T4 response to KRBG alone gradually 
decreased. The mean R value for eight experiments was 0.77 + 0.08. 

Two different glucagon concentrations were tested. A stimulatory effect 
was found with 3 ng/ml glucagon (R = 1.11 + 0.39, n = 3) and with 7 ng/ml (R 
= 2.02 + 0.30, n = 6, p(O.OOl vs KRBG). A~ with the rat fragments, the re
sponse decreased as soon as the stimulation ceased. 
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Fig. 2. Perifusion of rat thyroid fragments. Kinetic pattern 
of T4 response to different theophylline (THEO) and 
glucagon (Glu) concentrations and to a simultaneous 
perfusion of Glu + THEO. Each stimulation period 
lasted 20 min. Comparison with 0.7 ng/ml Glu: *p<0.05; 
**p<0.025. 

DISCUSSION 

The present study shows evidence of the direct stimulatory effect of 
glucagon on T4 secretion, for both rat and normal human thyroid fragments. 
The T4 response rapidly rises, and ceases at the end of the stimulation 
period. the kinetic pattern is similar to that for theophylline and bovine 
TSH which we have reported in a previous study (11). Moreover, the response 
is enhanced by simultaneous stimulation of theophylline and glucagon, but 
only for the lower concentrations of glucagon. The results of the kinetic 
pattern for glucagon alone and the potentiation of the glucagon effect by 
theophylline argue in favor of activation of the adenylcyclase system by 
glucagon in thyroid cells as well as in hepatocytes (12). It has been shown 
that glucagon does not interfere with TSH binding on thyroid cell membrane 
receptors (13). However, the exact mechanism involved in the action of glu
cagon on thyroid secretion remains to be clarified. 

The fact that glucagon stimulates T4 release in vitro at concentrations 
close to physiological plasma concentrations argues in favor of the possi
bility of a similar effect in vivo. Such an effect could be compared with 
the effect induced by catecholamines and other stress hormones. 

In stress situations there is a marked increase in glucagon secretion 
as in catecholamine secretion. Hyperglucagonemia might thus cause transient 
hyperthyroxinemia. These findings have potentially ,important implications 
with regard to the role played by glucagon, as well as catecholamines, in 
triggering thyrotoxicosis and certain kinds of transient euthyroid hyperthy
roxinemia (14). 
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EFFECTS OF PHORBOL ESTERS ON PROTEIN PHOSPHORYLATION AND FREE T3 RELEASE 

BY MOUSE THYROID LOBES 

Kazutaka Haraguchi, Toyoshi Endo, and Toshimsa Onaya 

The Third Department of Internal Medicine 
University of Yamanashi Medical School 
Tamaho, Yamanashi-ken, Japan 

Phospholipid-dependent calcium-activated protein kinase, previously 
identified and termed protein kinase C (1), is known to be widely distrib
uted among various tissues. Although many proteins can be substrates of 
protein kinase C, little is known about its physiological role. Diacylglyc
erol, a major degradative product of phosphatidylinositol (PI) turnover, was 
reported to stimulate protein kinase C in vitro (2). Previously, Igarashi 
and Kondo (3) have clearly shown that a~ransient increase of diacylglcerol 
is elicited by TSH in hog thyroid follicles. We, therefore, wished to know 
whether thyroid protein kinase C has a role in thyroid physiology. In the 
present paper, we report some aspects of protein kinase C in mouse thyroid 
lobes. 

MATERIALS AND METHODS 

Chemicals 

12-Q-Tetradecanoyl-phorbol-13-acetate (TPA), 4S-phorbol-13-acetate, 
phorbol-12-13-didecanoate, and phorbol were purchased from Sigma Chemical 
Co. 32p-(po4) was obtained from New England Nuclear. 

32p-(po4) Labeling of Thyroid Glands 

Mouse thyroid lobes were resected. Labeling of lobes was performed by 
incubating them for 1 hat 37"C with 1.0 mCi/ml of carrier-free 32p-(po4) 
in fresh phosphorylation buffer (0.14 M NaCl, 15 mM Tris-HCl (pH 7.5), and 
5.5 mM glucose) as described by Lyon et al. (4). Next, the lobes were im
mersed in the phosphorylation buffer without 32p-(po4), and then the incu
bation was carried out at 37"C for 30 min with or without the stimulators. 
The incubation was terminated by transferring the lobes into 200 ~1 of stop 
solution, which contained 5% sodium dodecyl sulfate and 10% 2-mercaptoetha
nol, after which the lobes were immediately homogenized with glass-glass 
homogenizers. The samples were heated to lOO"C for 3 min, and then subjec
ted to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
by the method of Laemmli et al. (5). The gels were stained with Coomassie 
brilliant blue. For autoradiography, destained gels were dried and exposed 
to Kodak AR films. 
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1 2 3 

Free T3 Release 

4 5 
Fig. 1. Effects of phorbols on phos

phorylation of proteins from 
mouse thyroid lobes. After 
labeling the lobes, TPA and 
other phorbol derivatives at 
the concentration of 100 ng/ml 
were added to the incubation 
medium. Thyroid homogenates 
were subjected to SDS-PAGE and 
then to autoradiography. The 
separating gel was 15% acryla
mide containing 0.1% SDS. 
Lane 1, phorbol; Lane 2, 
phorbol-13-acetate; Lane 3, 
phorbol-12-13-didecanoate; 
Lane 4, TPA; Lane 5, control. 

Thyroid lobes (one thyrotracheal unit/tube) were placed in 5 ml tubes 
containing 0.5 ml Krebs-Ringer bicarbonate buffer (pH 7.4) and 50 mg/100 
ml glucose. The tubes were gassed with 95% 02-S% C02, capped, and incuba
ted at 37•c for 4 h. Free T3 released into the medium was measured by 
commercially available radioimmunoassay kits from Amersham. Statistical 
analysis of the significance of difference between groups was done by means 
of Student's t test. 

RESULTS 

Fig. 1 shows that 34 K and 23 K proteins were phosphorylated by adding 
TPA at a concentration of 100 ng/ml. The phosphorylation of these proteins 
was stimulated by TPA, followed by phorbol-12-13-didecanoate, 48-phorbol-13-
acetate, phorbol, and control. Fig. 2 shows the stimulating effect of TPA 
on free T3 release by mouse thyroid lobes. The lowest concentration which 
significantly stimulated free T3 release was 50.0 ng/ml. TPA at concentra
tions up to 200 ng/ml also enhanced the free T3 release. In contrast, a 
higher concentration of TPA at 500 ng/ml had little effect. 
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Fig. 2. Effects of varying con
centrations of TPA on 
free T3 release by mouse 
thyroid lobes. Bars and 
vertical brackets indi
cate mean + SEM. The 
numbers of-determinations 
made for each group are 
indicated in parentheses. 
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Fig. 3. Failure of TPA to affect TSH
stimulated free T3 release by 
mouse thyroid lobes. The concen
trations of TSH and TPA are indi
cated in the figure. 

Fig. 3 shows the effect of TPA on TSH-induced free T3 release by mouse 
thyroid lobes. TSH at a concentration of 5 mU/ml caused 5-fold increase in 
free T3 release. On the other hand, TPA was not so potent as TSH in stimu
lating free T3 release. TPA did not potentiate TSH-stimulated free T3 re
lease. 

Fig. 4 shows the effect of TPA on DBC-stimulated free T3 release. TPA 
at a concentration of 50 ng/ml was as potent as DBC at a concentration of 
200 pg/ml in stimulating the free T3 release. TPA had no effect on DBC
stimulated free T3 release, either. 

Fig. 5 shows the autoradiographic comparison of TPA and A23187-stimu
lated phosphorylation. A23187 (5 ~/ml with 20 mM calcium) did not signif
icantly stimulate free T3 release (control, 100 ~ 21% vs A23187, 123 ~ 10%) 
(unpublished data). On the other hand, the same concentration of A23187 
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Fig. 4. Failure of TPA to affect DBC-stimu
lated free T3 release by mouse thy
roid lobes. The concentrations of 
DBC and TPA are indicated in the 
figure. 
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34K 

23K _..,.. 

3 4 

Fig. 5. Effect of A23187 on the phos
phorylation of proteins from 
mouse thyroid lobes . A23187 
(5 pg/ml) and calcium (20 mM) 
were added to the incubation 
medium. Lane 1, control; Lane 
2, A23187 with 20 mM calcium; 
Lane 3, TPA; Lane 4, A23187 
with TPA + 20 mM calcium. The 
separating gel was 15% acryl
amide gel. 

and calcium significantly stimulated protein phosphorylation in mouse thy
roid lobes . It was also observed that the autoradiographic pattern in the 
presence of A23187 was similar to that of TPA. 

DISCUSSION 

It has been r epo rted that tissue distribution of phorbol diester re
ceptors is the same as that of protein kinase C activities (6). Therefore, 
TPA was thought to bind protein kinase C directly and to activate it. Bio
logical responses reportedly induced by TPA include the stimulation of ag
gregation and serotonin release by platelets (7) and increased secretion of 
prolactin. In the present study, 34 K and 23 K proteins we re specifically 
phosphorylated by ac tive phorbols. The stimulating activity of phorbol on 
34 K phosphorylation was proportional to the stimulatory activity and to the 
affinity of solubilized protein kinase C (8). Thus, TPA appears to stimu
late free T3 release by activating protein kinase C and phosphorylating its 
endogenous substrates. TPA did not potentiate DBC- or TSH-stimulated free 
T3 release. Hence, TPA appears to occupy the same pathway as TSH and DBC 
in stimulating the hormone secretion. 

Although the autoradiograph of A23187-induced prote in phosphorylation 
was similar to that o f TPA, A23187 itse lf was not effec tive in stimulating 
free T3 release . The data suggest that this phosphoryl a tion process alone 
is not enough to cause hormone secretion. 

SUMMARY 

The e ffects of phorbols on the degrees of phosphorylation of 34 K and 
23 K proteins i n our experiments were proportional to t hose previously re
ported for the pr ote in kinase C activa t ors. Among t he phorbols tes ted, TPA 
was the strongest stimulat or o f prot ein phosphorylation . In addition, TPA 
stimulated free T3 release from mouse thyroid lobes. These results sug
gest that prot e in kinase C may play a stimulat ory role in thyroid hormone 
secretion by phosphorylating endogenous substrates. 
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ACUTE IN VITRO STIMULATORY EFFECT OF THYROTROPIN RELEASING HORMONE (TRH) 

ON T4 SECRETION IN RAT AND HUMAN THYROID 

Paul Valensi, Jean-Raymond Attali, Dorian Darnis, and 
Jacques Sebaoun 

Laboratoire d'Endocrinologie Clinique et Metabolique 
Hopital Avicenne, U.E.R. Paris Nord 
Bobigny, France 

TRH distribution is ubiquitous. In addition to the hypothalamus, TRH 
has been found in different parts of the brain, the islets of Langerhans, 
the testis, the placenta, and amniotic fluid (1). Evidence of TRH immuno
reactivity has also been found in the porcine and human thyroid gland (2). 
Rat thyroid concentrates the injected labeled TRH (3). These findings sug
gest that TRH may have a direct effect on the thyroid gland. Prolonged 
intermittent or continuous infusion of TRH in rhesus monkeys at first in
duced a rise in TSH and T4, but while TSH went down to its basal value by 
the third day, T4 increased up to the ninth day (4). Similar results were 
reported in fasting humans (5). The late TSH decrease could result from 
the negative feedback of T4, but the fact that T4 continued to rise while 
TSH decreased suggests a stimulatory effect of TRH on T4 secretion. 

The aim of this work was to test the hypothesis that there is a direct 
stimulatory effect of TRH on rat and human thyroid. The system we used was 
thyroid fragment perifusion. One of the advantages of this system is that 
it permits detailed kinetic studies during short-term stimulations. 

MATERIALS AND METHODS 

The technique of perifusion of thyroid fragments has been described 
in detail elsewhere (6). Briefly, the system consisted of four 950 pl per
fusion chambers at a constant temperature of 37°C, Krebs-Ringer bicarbon
ate glucose solution (KRBG) with albumin (final pH= 7.45), gassed with 93% 
02 and 7% C02, was used. It was sent through silicone tubes to a peristal
tic pump at a constant flow rate of 600 pl/min. Silicone tubes connected 
the pump to the chambers and also received TRH at different concentrations, 
at a constant flow rate of 275 pl/min. 

Rat and Human Thyroid Tissue 

Thyroid lobes were taken from anesthetized male Wistar rats. For each 
experiment, 3 chopped thyroid lobes weighing in all 40 + 2 mg were placed 
in each of the perifusion chambers. Less than 10 minut;s elapsed between 
the end of the thyroidectomy and the beginning of the perifusion. 
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Human thyroid tissue was removed surgically from patients undergoing 
laryngectomies for cancer. Normality of the piece removed was verified by 
light microscope examination. It was then chopped into fragments. The same 
amount of tissue was used as that for the experiments with rats. Less than 
20 minutes elapsed between removal of the thyroid piece and perifusion. 

Experimental Protocol and Timing 

In three of the perifusion chambers, thyroid fragments were first peri
fused with KRBG alone for 30 min (washing period), then stimulated with TRH 
(Protireline, Roche, France) for 20 min and again washed with KRBG alone. 
In some instances, after a 60 min washing period, a second similar stimula
tion was carried out. The fourth chamber received only KRBG and served as 
a control. Samples were collected every 2-6 min and frozen at -20"C until 
assay. T4 was assayed by RIA (RIA gnost T4, Behring Institute, Marburg, 
West Germany). 

Expression of Results 

The response was analyzed by comparing T4 release during the stimula
tion period and basal release of T4. The mean rate of release of T4 (R) 
was defined as the ratio of the mean T4 released per minute during the 20 
min stimulation period (Pm) over the T4 released per minute in the last 
sample of the preceding washing period (B) : R = Pm/B. the kinetic pattern 
of the response was analyzed by index I, defined as the ratio of the T4 re
leased per minute in a given sample over the B value for the same chamber. 
!max represented the peak value. 

Results were expressed as mean + S.E.M. Comparisons were made using 
unpaired and paired Student's t tests. 

RESULTS 

Perifusion of Rat Thyroid Fragments 

With KRBG, T4 secretion decreased progressively. The mean R value 
for 15 experiments was 0.82 + 0.05. 

For a TRH concentration as low as 1.7 x lo-ll M, T4 response was sig
nificant: R = 1.41 + 0.34 (n = 5, p<0.005 vs KRBG). The response was re
lated to the TRH concentration. The highest R value was obtained with an 
8.5 x lo-9 M concentration. The R value for 1.7 x lo-8 M was significantly 
lower than R for 8.5 x lo-9 M (p<0.02), and only slightly above the value 
obtained with KRBG. Thus, the dose-response curve was bell-shaped. 

The kinetic study of the response showed that T4 secretion rose from 
the beginning of the TRH stimulation. An early peak was reached in the 
first six minutes and was followed by one or more peaks. For nearly all 
the TRH concentrations tested, T4 release was maintained throughout the 
stimulation and even 15 minutes after the end of the stimulation. Like R, 
the highest mean !max value (Fig. 1) and the highest late T4 release were 
obtained with an 8.5 x lo-9 M concentration. 

Perifusion of Human Thyroid Fragments 

With KRBG, T4 release also decreased progressively. The mean R value 
for eight experiments was 0.77 + 0.08. Two different TRH concentrations 
were tested. With 1.7 x lo-9 M-TRH, the T4 response was significantly 
higher than with KRBG : R = 1.19 + 0.17 (n = 11, p<0.05). A second stimu
lation with the same TRH concentration after a 60 minute washing period 
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with KRBG induced a response which was not significantly different from 
that with the first one: in 4 experiments, first stimulation : R = 1.01 + 
0.12, second stimulation : 1.12 ~ 0.14. 

With 1.7 x lo-7 M TRH, the T4 response 
M: R = 1.32 + 0.20 (n = 8, p<0.02 vs KRBG). 
TRH concentr~tion induced a lower response: 

was higher than with 1.7 x 
A second stimulation with 

R = 0.94 ~ 0.08 (p<0.05). 

Io-9 
the 

The kinetic pattern of the response showed an early peak as with rat 
thyroid. With 1.7 x lo-7 M TRH, T4 release was maintained throughout the 
stimulation and even 15 min after the end of it (Fig. 2). 

DISCUSSION 

The present study demonstrates that TRH directly stimulates T4 secre
tion in vitro in both rat and human thyroid. In our perifusion system, 
human thyroid seems less sensitive than rat thyroid. However, we have not 
yet tested concentrations as low as 1.7 x lo-ll M on human thyroid. 
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Fig. 1. Perifusion of rat thyroid fragments. 
Peak value of T4 release (Imax) with 
increasing concentrations of TRH. The 
number of experiments is shown for 
each concentration; comparison with 
8.5 X 10-9: *p<O.Ol. 
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Fig. 2. Perifusion of human thyroid fragments. Kinetic pattern 
of T4 response to a first stimulation with 1.7 x lo-9 M 
TRH (+----+:mean of 11 experiments) and with 1.7 x lo-7 
M TRH <.-----= mean of 8 experiments). The•---• line 
represents the kinetic pattern of T4 secretion with KRBG 
alone, in 8 experiments. Comparison with KRBG: *p<O.OS; 
**p<0.025; ***p<O.OOl. 

The lowest TRH concentration we tested on rat thyroid fragments (1.7 
x lo-llM, i.e., 3.3 pg.ml) is close to rat or normal human plasma concen
trations. This suggests that TRH has a physiologic action on thyroid se
cretion. 

In the rat thyroid experiments, the descending part of the dose-response 
curve could result from the presence of TRH in excess of the number of thy
roid receptors available. 

The kinetic response to TRH differs from the responses to theophylline 
and TSH which we had observed previously using the same perifusion technique 
(6). With the latter agents, the peak came earlier and the response ceased 
immediately after the stimulation or even before the end of it. Like TSH 
of theophylline, TRH might act on the thyroid gland via cyclic AMP. How
ever, the differences in the kinetics of the responses suggests that other 
mechanisms may be involved in direct TRH stimulation of the thyroid, similar 
to those already described in TRH stimulation of pituitary TSH secretion. 
pituitary TSH secretion. In dog thyroid in vitro, TRH inhibited cyclic AMP 
accumulation induced by TSH or cholera toxin, and this effect was suppressed 
in a medium deprived of calcium (7). Activation of the adenylate cyclase 
system by TRH can thus be ruled out. An enhancement of calcium influx could 
be involved in TRH stimulation of T4 release. 

The direct TRH action on the thyroid gland can be compared with the 
direct action of another hypothalamic hormone, LHRH, on testis secretion 
(8,9). Such hypothalamic-releasing hormones which are involved in the 
regulation of their corresponding peripheral glandular secretions could 
be considered to be pituitary and peripheral releasing hormones (P.P.R.H.). 
These findings concerning the double effect of TRH can contribute to a 
better understanding of certain pituitary and thyroid disorders. 
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EFFECT OF CALMODULIN INHIBITORS ON THYROID HORMONE SECRETION 

Akira Nakai, Akio Nagasaka, Hiroyoshi Hidaka,l Toshio 
Tanaka,l Takako Ohyama, Katsumi Iwase,2 Susumu Ohtani,2 
Toshihiro Aono, Rumi Masunaga, Hifumi Nakagawa, and 
Kunitaka Kataoka 

Departments of Internal Medicine and 2surgery, Fujita-Gakuen 
Health University School of Medicine, Toyoake, Aichi, and 
lDepartment of Pharmacology, Mie University School of 
Medicine, Tsu, Mie, Japan 

It is well known that the intracellular free ca2+ plays a role in TSH
induced thyroid hormone secretion (1). Onaya et al. have reported that 
chlorpromazine inhibits TSH-stimulated endocytosis and glucose oxidation 
in canine thyroid slices (2). Chlorpromazine inhibits the action of cal
modulin which is contained in the thyroid and may act on tubulin assembly
disassembly (3). These findings led us to postulate that calmodulin plays 
a role in TSH-induced thyroid hormone secretion. 

In this study, we investigated the effect of calmodulin inhibitors on 
TSH-induced thyroid hormone secretion from the rat thyroid in vivo and in 
vitro and from dibutyl cyclic AMP (DBC)-induced thyroid hormon~cretion 
in vitro. 

MATERIAL AND METHODS 

The jugular vein of 200 g male Wistar rats was cannulated 24 hours 
before treatment with calmodulin inhibitors, trifluoperazine (TFP) and N
(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide (W-7), or N-(6-amino
hexyl)-1-naphthalene sulfonamide (W-5) as the control substance for W-7. 
Thirty min after intraperitoneal injection of calmodulin inhibitors or the 
control substance, 2 IU TSH was administered through the jugular vein. 
Serum triiodothyronine CT3) and thyroxine (T4) were measured by radioim
munoassay kits. 

To rule out any effect of calmodulin inhibitors on the conversion and 
degradation of T4 in peripheral tissue, we studied its in vitro-conversion 
to T3 by rat liver homoyenate in the presence of calmodulin inhibitors, and 
in vivo-degradation of 25I-T4 after injection of calmodulin inhibitors. 
Conversion was studied using a modification of the procedure of Visser et 
al. (4). The degradation of 125I-T4 was determined, using 200 g male rats 
cannulated through the jugular vein. Thirty min after intraperitoneal in
jections of 5 mg W-7, 0.02 mCi 125I-T4 was administered. The serum taken 
at various intervals was precipitated by 10% TCA. The radioactivity in the 
precipitate was then counted. 
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To check the effect of calmodulin inhibitors on DBC-induced thyroid 
hormone secretion, one thyroid lobe removed from male Wistar rat was pre
incubated with 1.5 ml Krebs-Ringer bicarbonate buffer, pH 7.4, in a humid
ified 5% C02 : 95% 02 atmosphere at 37"C for 30 min and then reincubated 
for 5 min with the same buffer containing calmodulin inhibitors. After the 
addition of DBC or TSH in saline into the incubation medium, the medium was 
taken at 4 hours to measure the concentration of free T4 by radioimmunoas
say. 

RESULTS 

Effect of Calmodulin Inhibitors on Thyroid Hormone Secretion 

In rats pretreated with intraperitoneal injection of 5 mg W-7, a sig
nificant inhibition of T4 secretion was observed at 2, 3, and 4 hours and 
so did TFP at 3 and 4 hours after injection of 2 IU TSH, whereas pretreat
ment with saline or 5 mg W-5 did not have this effect (Fig. 1). Pretreat
ment with 5 mg W-7 suppressed T3 secretion at 2, 3, and 4 hours and so did 
TFP at 3 and 4 hours after TSH injection, whereas neither saline nor W-5 
affected T3 secretion (Fig. 2). 

Effect of W-7 on Conversion of T4 to T3 and Degradation of 125I-T4 

In vitro addition of 80 ~ W-7 did not affect conversion of T4 to T3 
as tested in rat liver homogenate (Table 1). This sugfests that W-7 has no 
effect on deiodinase activity in peripheral tissues. 25I-T4 (0.02 mCi). 
was administered intravenously to rats pretreated with 5 mg W-7. W-7 treat
ment had no influence on degradation of 125I-T4 compared to the saline
treated control rats. 

Effect of Calmodulin Inhibitors on DBC-induced Thyroid Hormone Release 

Addition of 1 mg DBC to the incubation medium markedly enhanced release 
of free T4 from rat thyroid as compared to TSH. Preincubation of rat thy
roid with 100 M W-7 completely inhibited release of free T4, enhanced by 
TSH or DBC (Table 2), but preincubation with saline did not. 
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Fig. 1. In vivo effect of cal
modulin inhibitors on 
T4 release from rat 
thyroid. Calmodulin 
inhibitor [W-7 (5 mg, 
e--e) ; TFP ( 5 mg, 
0--0), or W-5 (5 mg, 
a---o)) or saline 
A---A) was injected 
intraperitoneally to 
the rat. Thirty min 
later, 2 IU TSH were 
administered through 
the jugular vein. T4 
values subtracted basal 
T4 value (the value at 
0 time) are expressed 
as ~ T4. Each value 
represents the mean + 
S.E. (n=4). (*p<O.OS 
and **p<O.Ol): statis
tically significant 
(Student's t test). 
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Fig. 2. In vivo effect of cal
modulin inhibitors on 
T3 release from rat 
thyroid. Methods and 
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as Fig. 1. T3 values 
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value (the value at 0 
time) are expressed as 
/',. T3. Each value 
represents the mean + 
S.E. (n=4). (*p<O.OS 
and **p<0.01): statis
tically significant 
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DISCUSSION 

We have shown that calmodulin inhibitors suppress TSH-induced secre
tion of thyroid hormones from rat thyroid in vivo and in vitro. However, 
W-5 which has a similar chemical structure to W-7, but no inhibitory effect 
on calmodulin, did not inhibit TSH-induced thyroid hormone secretion. These 
findings suggest that calmodulin plays a role in thyroid hormone secretion 
from the thyroid as Ollis et al. (5) and Kubota et al. (6) have suggested. 

Table 1. Effect of W-7 on the Conversion of T4 to T3 by Rat 
Liver Homogenate 

T3 concentration (ng/ml) 
T3 production (ng/ml) 

incubated at 
37•c 

W-7 + 1.152 + 0.023 

W-7 - 1.113 + 0.006 

The reaction mixture 
rat liver homogenate 
The reaction mixture 
dissolved in saline. 
(n=4). 

o·c 

0.576 + 0.034 0.576 + 0.057 

0.557 + 0.022 0.556 + 0.028 

(2.0 ml) contained 0.2 ml supernatant of 
and 0.1 ~g T4 in 50 mM Tris-HC1 buffer. 
was incubated with or without W-7 (80 ~) 

Each value represents the mean+ S.E. 
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Calmodulin activates not only adenylate cyclase (7,8) but also myosin 
light chain kinase (9) and related enzymes. Onaya et al. (10) and the au
thors confirmed that W-7 inhibited DBC-induced thyroid hormone secretion, 
suggesting that inhibitory site of W-7 for thyroid hormone secretion is sub
sequent to cyclic AMP formation. It is possible that calmodulin has multi
ple action sites in the process of TSH-induced thyroid hormone secretion. 
Further investigations will, however, be necessary to explain this mecha
nism. 
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THYROTROPIC ACTIVITY OF ACID ISOELECTRIC VARIANTS OF HUMAN CHORIONIC 

GONADOTROPIN FROM TROPHOBLASTIC TUMORS 

Klaus Mann, Norbert Schneider, Bernhard Saller, and Rudolf 
Hoermann 

Department of Internal Medicine II 
Klinikum Grosshadern 
University of Munich, FRG 

The occasional occurrence of hyperthyroidism in patients with tropho
blastic diseases is widely unexplained and there is yet no proof that hCG 
is indeed the relevant thyrotropic factor (1,2). Therefore, we studied 
whether special tumor-derived forms of hCG with enhanced thyrotropic activ
ity may exist. 

MATERIAL AND METHODS 

Thirty serum samples from 13 patients with nonseminomatous testicular 
germ cell tumors, 3 from women with choriocarcinoma, and 5 from patients 
with hydatidiform moles were examined. HCG (+hCG-S) was determined by 
125I-hCG anti-hCG (+hCG-S) RIA (3) and 125I-hCG, anti-hCG RIA (cross reac
tion with hCG-S 2%), hTSH was determined by an ultrasensitive monoclonal 
hTSH IRMA (4), and free thyroid hormone concentrations of patients' sera 
by kits (Fa. Henning Berlin). 

The biological activity of serum samples, isoelectric focused frac
tions, and hormone preparations were evaluated by a modified in vitro bio
assay according to Atkinson and Kendall-Taylor (5), which determined the T3 
release from thyroid slices. Human and porcine slices were used. Pooled 
Graves' sera with high T3-releasing activity, hTSH (3 IU/mg) bTSH (30 IU/ 
mg) in a range from 0.1 to 10 IU/1 and pooled negative sera served as con
trols. A positive response was defined if the T3 release exceeded the 2 SD 
range of the pooled negative controls. The adenylate cyclase activity in 
human slices was determined according to Onaya (6). 

The purity of hormone preparations was assessed by pore gradient SDS
electrophoresis (T = 4-22%; + S-mercaptoethanol) on gels (26 x 12.5 em x 
0.48 mm) according to Gorg (J) and stained with Coomassie R-250 or silver. 
IEF was done on polyacrylamide gels (26 x 12.5 em; T = 7.7%; C = 3%; pH 
gradient 3-7; l0°C; 24 h; 2000 V). Thirty slices (7.5 mm) or 47 slices (5 
mm) were eluted in 1 ml dest. water. For quantitative determination for 
acidic and neural pi variants in serum samples of patients, pi markers were 
visualized by staining. Gelslides pi 3.3-4.0 and 4.0-5.2 were combined, 
eluted each in 1 ml buffer, and determined by hCG-RIA. 
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HCG from patients with testicular cancer were purified from ultrafil
trated urine by DEAE-Trisacryl, SP-Trisacryl-M chromatography, gel filtra
tion on Ultrogel AcA 44, and preparative isoelectric focusing. Purity was 
determined by SDS-electrophoresis (7). 

RESULTS 

In all but one serum from the tumor patients, but in none of 11 sera 
of pregnant women, T3-releasing activity was found in vitro. Two patients 
with testicular cancer and one patient with molar pregnancy experienced 
episodes of frank hyperthyroidism. Isoelectric focusing on polyacrylamide 
gels (PAGIF) of tumor sera (n=15) revealed substantial amounts of acidic 
isoelectric variants, pi 3 . 3 to 3 . 9, which were only bare ly detectable in 
pregnancy sera. The percentage o f acidic hCG variants pi 3.3-4.0 to total 
hCG pi 3.3-5.2 , as determined by hCG (+hCG~) RIA of the eluted frac tions 
of PAGIF, varied from 12-45% in sera of tumor patients and from 0-4% in 
pregnant sera. 

We purified the acidic variants of hCG with pi 3.6-3.8 (hCGav) from the 
urine of cancer patients. The B-subunit of purified hCGav had a slightly 
higher molecular weight (35,750) than that of hCG CR 119 (34,190) on poly
acrylamide electrophoresis. The hCGav showed a dose-dependent stimulation 
of T3 release and of cAMP generation from human thyroid slice s, whereas the 
other hCG fractions of IEF had no thyrotropic effect in similar dose levels. 
The TSH-like activity of hCGav could be roughly estimated as 10 miU TSH/IU 
hCGav. Anti-hCG (+hCG-B) antiserum, but not anti-hTSH ant i serum, neutral
ized the biological activity of hCGav (Fig. 1). 

DISCUSSION 

Our own results underline studies of Carayon (8) that only very high 
doses of hCG have a weak thyrotropic effect. Therefore, our interest was 
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focused on qualitative differences of the hCG molecule in patients with 
trophoblastic diseases and pregnancy. Serum samples of these patients 
always contained significant amounts of acidic hCG variants and it was 
shown that these particulate forms are responsible for the thyrotropic 
effect in vitro. The biological activity of the purified acidic hCG was 
roughly-estimated by dose response curves. The TSH-like activity of 1 IU 
hCGav was comparable to 0.01 IU TSH, whereas 1 IU hCG CR 119 (NIAMDD) had 
a potency of only 0.3 IU TSH. As the hCGav-mediated T3 release and cAMP 
formation was inhibited by anti-hCG (+hCG-8) antibodies, but not by anti
TSH antibodies, we assume hCGav as relevant stimulator. However, the clin
ical significance of these hCG variants remains unclear. In contrast to 
the high incidence of thyroid-stimulating activity in vitro, we observed 
rarely frank hyperthyroidism in patients with trophoblastic diseases. The 
percentage of acidic to total hCG varies extremely under chemotherapy. 
Thus, in vivo hCGav may not stimulate the thyroid gland for a period long 
enough~o initiate thyrotoxicosis. 
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EFFECTS OF NEUROPEPTIDES AND TSH ON THYROID BLOOD FLOW AND HORMONE 

SECRETION 

George A. Hedge, Linda Huffman, and John M. Connors 

Department of Physiology 
West Virginia University Medical Center 
Morgantown, WV, USA 

The thyroid gland of the rat is now known to receive nerve fibers con
taining a variety of neuropeptides (NP's) including vasoactive intestinal 
peptide (VIP) (1), peptide HI (PHI) (2), neuropeptide Y (NPY) (3), and sub
stance P (SP) (4). There is also evidence to indicate that some of these 
NP's can affect thyroid hormone secretion, particularly TSH-induced secre
tion. For example, VIP enhances thyroid colloid droplet formation and 
cyclic AMP production in vitro (1,5,6), and it increases the release of 
radioactive iodine fro;-the thyroid in vivo (1). Using the latter index, 
NPY has been shown to modulate thyroid responsiveness to TSH (3). In con
trast, SP is reported to increase thyroid hormone release in vitro (7), but 
apparently has no effect in vivo (4). Since the nerve fibers containing 
these NP's are distribute~to both follicles and blood vessels (2), we have 
initiated some studies of the effects of NP's on thyroid blood flow and on 
plasma thyroid hormone concentrations in the presence and the absence of 
exogenous TSH. In our preliminary communications (8,9), we have reported 
increases in total thyroidal blood flow in response to some of these NP's. 
However, since flow is a function of both pressure and resistance (either 
of which may vary), we were not able to determine with certainty whether 
the NP's had a direct effect on the vascular smooth muscle of the thyroid 
vessels. We address this issue in the present communication, and we also 
consider the route by which the NP-containing fibers might reach the thy
roid by measuring blood flow and hormone secretion in superior cervical 
ganglionectomized (SCGX) rats. 

MATERIALS AND METHODS 

Female Sprague-Dawley rats, weighing approximately 200-300 g, were 
housed under standardized conditions with access to chow and tap water ad 
libitum. All rats (including SCGX) were purchased from Hilltop, Scotts~ 
dale, PA. 

Blood flows to the thyroid and other selected organs were determined 
from the distribution of 14lce-labeled microspheres after their injection 
directly into the left ventricle of ketamine-pentobarbital anesthetized 
rats, as previously described (8). Blood flows were calculated on the basis 
of a reference sample withdrawn at a known flow rate from the distal aorta 
at the time of microsphere injection. NP, TSH, or vehicle solutions were 
infused into a tail vein over two minutes; the volume infused was equal to 
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the volume withdrawn for the reference sample. Heparinized blood samples 
were collected before and after infusion for the measurement of plasma T3 
by radioimmunoassay. 

Data were analyzed statistically by analysis of variance followed by 
Dunnett's test, with a p<O.OS being accepted as significant. 

RESULTS AND DISCUSSION 

We have recently reported that thyroid blood flow in the rat is in
creased by VIP (8) and by PHI (9), but is not significantly altered by 
equal amounts of NPY or SP (9). However, the systemic administration of 
these NP's may result in changes in arterial pressure which would alter thy
roid blood flow independent of changes in thyroid vessel diameters. For ex
ample, administration of a NP might result in a fall in arterial pressure, 
but no change in thyroid blood flow. In this case, the NP must have dilated 
thyroid vessels, but flow did not increase due to the fall in arterial pres
sure. Since pressure is equal to the product of flow and resistance, it is 
possible to "normalize" flow measurements for changes in pressure by expres
sing such results as vascular resistance. Alternatively, the vascular con
ductance (the reciprocal of resistance) is often used for this purpose since 
it, and its units, are conceptually easier to appreciate. Another advantage 
of conductance is that it is directly related to flow, whereas resistance 
is inversely related to flow. In Fig. lA, we present thyroid vascular con
ductance measurements during the infusion of several NP's at a total dose 
of 0.625 !lg. These are referred to as "relative" conductances since we have 
used the mean left ventricular pressure, rather than the mean arterial pres
sure, in deriving them. The pattern of the results with the first four NP's 
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is similar to our previously reported flow data in that the structural homo
logs, VIP and PHI, increase conductance and SP has no effect (8,9). This 
similarity indicates that under these conditions there were no complicating 
effects on pressure due to the systemic infusions. In the case of NPY, the 
conductance appears to be reduced, but this was not statistically signifi
cant. The additional peptide in Fig. lA, atriopeptin II (APII), had no effect 
on thyroid vascular conductance, nor did it affect thyroid blood flow. 

A dose-response curve for one of these NP's, NIP, is presented in Fig. 
lB. In this case, there is a very clear divergence between these conduc
tance data and the corresponding flow measurements (8). With the highest 
dose of VIP (6.25 ~g), the flow is only approximately 70% of the flow mea
sured at the next lower dose (0.625 ~g). In contrast, vascular conductance 
continues to rise in approximate proportion to the log of the dose over this 
range. This indicates that thyroid vascular smooth muscle is still respond
ing by vasodilation to VIP at the highest dose tested, but this cannot be 
detected experimentally when measuring only flow because pressure falls at 
this highest dose. Thus, the use of conductance (or resistance) instead of 
flow allows one to more closely relate these effects of systemic infusion 
of NP's to normal physiology. These are important considerations in the 
present experiments because the NP's of interest are located in perivascu
lar (and interfollicular) nerve fibers and are, thus, more likely to affect 
flow (or secretion) by local mechanisms than by systemic distribution via 
the blood. 

We have measured plasma T3 and T4 levels in the foregoing experiments 
and have observed no changes in response to any of the NP's tested. This 
was somewhat surprising since there is some evidence in the literature 
(using other indices of thyroid secretion) that several of these substances 
enhance thyroid hormone secretion (see Introduction). We are currently de
termining whether a more prolonged treatment with NP's is necessary to 
increase thyroid hormone concentrations. There is no problem with thyroid 
responsiveness~~· since TSH will greatly increase plasma T3 levels 
under these conditions (see below). 

Much of the available information concerning a role for thyroid nerves 
in modulating secretion suggests that these nerves might affect responsive
ness to TSH rather than exerting much of a direct effect on their own. 
Given this information, and the fact that the experiments above revealed no 
effect of the NP's on plasma thyroid hormone levels, we have begun a series 
of experiments to determine the effects of these NP's in combination with 
TSH on both thyroid blood flow and hormone secretion. Chronic treatment 
with PTU (2 mg i.p./day for one week) induced a sixfold increase in endog
enous TSH levels (secondary to the nondetectable T3 and T4 levels), and in
creased thyroid blood flow fivefold (8). Thus, our method of measurement 
can certainly detect TSH-induced changes in thyroid blood flow - at least 
with this prolonged exposure to high TSH. However, a two minute infusion 
of TSH that causes a significant elevation in T3 levels fails to alter thy
roid blood flow during infusion or two hours afterward. We are now testing 
longer infusions of TSH to find a treatment regimen that will increase both 
secretion and flow to be combined with NP's in subsequent experiments. 

It is already known that certain thyroid nerve fibers, such as the NPY
containing fibers (3), originate in the superior cervical ganglion (SCG). 
In contrast, SP-containing fibers apparently do not derive from this gang
lion, since sympathectomy fails to diminish the density of these fibers in 
the thyroid (4). To determine the potential importance of the SCG in regu
lating thyroid function, we have assessed thyroid blood flow and have mea
sured basal and TSH-stimulated T3 levels 10-15 days after surgical SCGX. 
As shown in Fig. 2A, there is no effect of this procedure on thyroid blood 
flow in the presence or absence of exogenous TSH. T3 concentrations (basal 
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and stimulated) tend to be higher in SCGX rats (Fig. 2B), but this is not 
statistically significant. These flow data suggest that the thyroid nerve 
fibers containing NP's that did affect thyroid blood flow (VIP and PHI) are 
not likely to derive from the SCG. 
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EFFECT OF PROTEIN KINASE C ACTIVATION ON THYROID CELL GROWTH AND FUNCTION* 

Margaret C. Eggo and Laura K. Bachrach 

Department of Medicine and Banting and Best Department of 
Medical Research, University of Toronto, Toronto, Canada 

Activation of protein kinases and alterations in calcium fluxes are 
early events in the transduction of signals leading to cell proliferation 
and/or differentiation by hormones and other agents with cell-surface 
receptors (1). TSH is known to stimulate cAMP production and the cAMP
dependent protein kinase, protein kinase A. TSH stimulation results in 
many differentiated functions, e.g., iodide uptake and organification and 
thyroglobulin synthesis (2,3). In addition, there are reports of stimula
tion of ca2+ efflux (3) and activation of another kinase known as protein 
kinase C (4) in response to TSH. We have previously shown that both the 
tumor-promoting phorbol ester, tetradecanoylphorbol acetate (TPA), a known 
stimulator of protein kinse C and epidermal growth factor (EGF) antagonize 
TSH-mediated differentiated functions, i.e., cAMP accumulation, iodide 
uptake and organification and thyroglobulin synthesis (5,6). This inhibi
tion is not due to toxic effects on the cells, since both factors stimulate 
thyroid cell growth while inhibiting differentiation. The interaction of 
pathways stimulated by protein kinase A, protein kinase C, and ca2+ remain 
unexplored in the thyroid gland. In several other systems, calcium mobili
zation and protein kinase C activation have been shown to act synergisti
cally to produce a biological effect (1,7). In this paper we examine the 
effects of putative stimulators of protein kinase C on thyroid cell growth 
and differentiation. 

METHODS 

Sheep thyroid cells were cultured as previously described (5). FRTL-5 
cells were a generous gift from Dr. L. Kohn (N.I.H.) and were maintained as 
described (8). The soluble analog of diacylglycerol, sn-1, 2-dioctanoyl
glycerol (diC8) was the generous gift of Drs. G. Ganong and R. Bell, Duke 
University. Oleylacetylglycerol (OAG) was obtained from Molecular Probes 
(Junction City, Oregon). Binding studies and iodide uptake and organifi
cation studies were performed as described previously (6,7) using lo-7 M 
Nai and 1 pCi/ml 125I for the latter. 

*Supported by the Medical Research Council of Canada (MA5949) and the 
National Cancer Institute. 
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Table 1. Effect of Protein Kinase C Stimulators on 
l25I-EGF Binding 

Control 

OAG 19-4 M 

DiC8 2.5 X 10-4M 

TPA w-7 M 

cpm 1251-EGF X lo-3 
specifically bound 

15.0 + 0.5 

10.0 + 0.3 

10.3 + 0.1 

3.0 + 0.2 

% control 

100 

68 

69 

20 

Cells were preincubated with the compounds as noted 
for 60 minutes. Binding of 1251-EGF was performed 
as previously described (5). 

RESULTS 

The EGF receptor is thought to be phosphorylated by protein kinase C 
which results in its down-regulation (9). Consequently, inhibition of 
binding of 1251-EGF to thyroid cells is a measure of protein kinase C ac
tivation. The abilities of TPA and the synthetic diacylglycerols to down
regulate the EGF receptor are shown in Table 1. TPA, used at a concentra
tion which stimulates growth in thyroid cells, caused a marked inhibition 
of 125r-EGF binding. The synthetic diacylglycerols, diC8 and OAG, also 
produced significant down-regulation of the EGF receptor. However, they 
were not as effective as TPA in this assay. 

We have previously shown that TPA and EGF dramatically inhibit iodine 
metabolism in sheep thyroid cells (5,6). In Fig. 1 we compare the potency 
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of TPA and other phorbol derivatives and synthetic diacylglycerols on their 
ability to inhibit iodine metabolism. The results are expressed as relative 
inhibition compared to TPA. Although the synthetic diacylglycerols were ef
fective inhibitors of iodine metabolism, their potencies were significantly 
lower than that of TPA. One explanation for this could be that at the rela
tively high concentration of TPA (lo-7 - lo-8 M) used to effect cell growth 
and inhibition of iodine metabolism, TPA could also be altering membrane 
events and even ca2+ mobilization. We, therefore, investigated the inter
action of low concentrations of OAG and a calcium ionophore to determine if 
these compounds act synergistically to inhibit iodide uptake. In other sys
tems, a synergistic reaction between calcium mobilization and protein kinase 
C activation has been shown to occur, e.g., in proliferation of BALB/C 3T3 
cells (10) and macrophage-depleted human peripheral lymphocytes (11), in 
catecholamine release from bovine adrenal medulla, and in insulin release 
from rat pancreatic islet cells (1). 

Although the calcium ionophores inhibited iodide uptake significantly 
at concentrations used in other systems (7), we did not see any synergistic 
effect between OAG and the ionophore, ionomycin, as shown in Fig. 2. Short
term experiments performed in salt solutions + ca2+ showed that absence of 
ca2+ did not prevent either EGF or TPA inhibition of iodide uptake by sheep 
cells. These data argue against a role for calcium mobilization in inhibi
tion of iodide uptake. 

In the FRTL-5 cell line we found that calcium ionophores at 10-7M had 
a small stimulatory effect on growth. However, we did not see a synergis
tic interaction between OAG and the ionophores. Both TPA and, to a lesser 
extent, OAG were mitogenic for these cells, although TSH was considerably 
more effective than either. We found no additivity between the effects of 
TPA and TSH on cell growth in these cells, suggesting (a) that TSH and TPA 
may share a common pathway for growth stimulation and (b) that stimulation 
of cAMP production plays an important role in FRTL-5 cell growth. We exam
ined the substrates phosphorylated by TSH and TPA in sheep cells using 80S
polyacrylamide gel elecctrophoresis. In the cytosol fraction, prepared by 

125 1 cpm x 10-s 

5.--------------------------------------------, 

4 -

3-

2-

control OAG 
10pg/ml 

ionomycin ionomycin 
10-7M + OAG 

TPA 

Fig. 2. Lack of synergism between oleylacetylglycerol (OAG) and 
ionomycin on inhibition of thyroid iodide uptake. Cells 
were preincubated with the com7ounds as noted for 4 h and 
labeled with 1 ~Ci 125I in 10- M Nai for 2 h. 
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Fig. 3. Effect of TPA and TSH on 32P-protein 
isolated from the nuclei of sheep cells. 
Cultures were incubated for 2 h in 
phosphate-free medium containing 20 PCi/ 
ml 32P-orthophosphate. After treatment 
with lo-7 M TPA for 20 minutes, nuclei 
were isolated by solubilizing the cell 
membrane in 0.1% Triton X-100 and pellet
ing the nuclei. Nuclei were precipitated 
with TCA and samples dissolved in SDS
PAGE sample buffer and analyzed on 10% 
polyacrylamide gels. 

solubilizing 32P-labeled cells with 0.1% Triton X-100, we found several 
differences in protein phosphorylation patterns within 2 minutes of TPA 
addition. In the nuclear fraction we saw several significant changes in 
the phosphorylation of low molecular weight polypeptides as shown in Fig. 
3 and marked by arrows. These low molecular weight proteins were found to 
be present in large quantities when the gel was stained with Coomassic blue 
and probably represent histone fractions. These changes were evident 20 
minutes after TPA or TSH addition. These protein phosphorylation patterns 
using synthetic diacylglycerols to stimulate protein kinase C, forskolin 
to stimulate protein kinase A, and calcium ionophores should reveal some 
of the interactions between these three pathways to stimulate growth and/ 
or differentiation. 

DISCUSSION 

Treatment of thyroid cells with TPA, OAG, diCB, or EGF results in thy
roid cell growth and inhibition of iodine metabolism. Although less potent 
than TPA itself, the synthetic diacylglycerols clearly show that activation 
of protein kinase C is responsible in part for these effects. The role of 
calcium mobilization in these processes is more difficult to ascertain. 
Calcium-calmodulin activation mediates the activity of many enzymes, e.g., 
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phosphodiesterase and another protein kinase with substrates different from 
those of protein kinase A or protein kinase C. Both calmodulin and protein 
kinase Care thought to regulate Ca2+ efflux from cells (7). Although our 
studies with ca2+ free media and using OAG with ionophores suggest no role 
for calcium in eithr stimulation of cell growth of inhibition of iodide 
uptake, the intracellular levels of calcium are not known. Further studies 
using the fluorescent reagent, quin 2, to measure intracellular ca2+ levels 
are currently underway to examine this mechanism more precisely. 
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CONTROL OF PROLIFERATION AND DIFFERENTIATION IN PRIMARY CULTURES OF CALF 

THYROID CELLS* 

Catherine M. Gerardt and Pierre P. Roger 

I.R.I.B.H.N. 
University of Brussels 
Brussels, Belgium 

The proliferation of follicular cells and selected gene expression in 
the thyroid gland in vivo, is mainly controlled by hormones, neurotransmit
ters, and growth factors either directly or indirectly by means of second 
messengers (cyclic nucleotides ... ). Several in vitro thyroid models have 
been described (1-9). Studies of the effects-of different substances on 
proliferation and differentiation using thyroid cell lines may have little 
relevance to in vivo situations, whereas data obtained from primary culture 
of thyroid ceTfs~differing origins often give dissimilar or contradic
tory results. In addition, the probes available to study thyroglobulin 
gene expression originate from species different from those used for ex
isting primary cultures. We have, therefore, developed a model consisting 
of calf follicular cells in primary culture which allows the study of im
portant mechanisms such as proliferation and differentiation, and of the 
role played by cAMP or growth factors in both processes in vitro. This 
model gives us the opportunity to use bovine eDNA probes-established in 
our laboratory (10) under conditions of perfect homology with the genetic 
material used. This will allow a functional and structural study at the 
molecular level of the thyroglobulin gene expression and of its control 
promoter in different conditions of stimulation. 

Characteristics of the Culture System 

Follicles were obtained by enzymatic digestion (collagenase 1 mg/ml, 
Dispase 5 mg/ml, DNAse 400 pg/ml) from minced calf thyroid tissue obtained 
from a local slaughterhouse and purified by several low speed centrifuga
tions. They were seeded in Petri dishes and maintained in a medium con
sisting of DMEM +Ham's F12 + MCDB104 (2:1:1) (5) supplemented (1) with 
antibiotics, fungizone, 2 mM glutamine, 5 pg/ml insulin, 1.25 pg transfer
rin/ml, 10 ng glycyl-histidyl-lysyl-acetate/ml, 10 ng somatostatin/ml, 40 
pg ascorbic acid/ml, and 0.1% fetal calf serum. The medium was changed 2 
days after seeding and subsequently every 2 or 3 days. Calf thyroid cells 
were initially well differentiated; just after seeding they transported 
iodide (measured by radioiodide uptake) and expressed thyroglobulin gene 
(reflected by the amount of Tg mRNA). They progressively lost these char
acteristics in the absence of TSH. Many cultivated cells required serum 

*This work was realized within the framework of a grant (Action Concertee) 
of the Ministere de la Politique Scientifique. 

tResearch fellow of the Institut pour !'Encouragement de la Recherche 
Scientifique dans l'Industrie et !'Agriculture (I.R.S.I.A.). 
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to survive and proliferate. Seeded calf thyroid follicles adhered to the 
plastic substrate both in the absence and presence of serum. However, in 
the absence of serum or with 0.1% serum, cells remained quiescent in fol
licle-derived aggregates with few spread out cells. It is not known if 
these cell aggregates still contain functional follicle lumina. 0.1% serum 
allowed a better attachment and maintenance of the cells during the 14-18 
days of the culture. In such poorly spread out aggregates, cells were mor
phologically very sensitive to TSH or agents which increase cAMP (Forskolin, 
cholera toxin). These compounds induced the typical cytoplasmic retraction 
and arborization observed in other thyroid cell systems (3, 5,11,12). When 
treated with agents which increase proliferation, the follicles collapsed 
and the cells spread out and divided. They reached confluency in several 
days and formed a monolayer with only sparse follicle-derived structures. 
Under these conditions, the morphological response to TSH was poor although 
they showed a striking response to Forskolin or cholera toxin . As shown in 
porcine thyroid cell monolayers (13), these observations could be explained 
by the inaccessibility of TSH receptors, as these basal pole receptors would 
be facing the bottom of the culture dish in confluent monolayers of polar
ized thyroid cells. Polarized monolayers remained, however, responsive to 
membrane-soluble hydrophobic compounds such as Forskolin, which activates 
adenylate cyclase without requiring TSH receptors. 

Effects of TSH and Agents Which Increase cAMP Levels 

TSH is the principal stimulator of specialized and differentiated meta
bolic pathways in thyroid cells. Most of its physiological actions are med
iated by an increase in intracellular cAMP levels, and are mimicked by agents 
such as Forskolin and cholera toxin which ac tivate their adenylate cyclase. 
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TSH or Forskokin added the second day and maintained throughout the culture 
period allowed the calf thyroid cells to remain differentiated; they had a 
very high radioiodide concentration and high level of Tg mRNA (Fig. 1). The 
TSH concentration we most frequently used was 100 ~U/ml. However, an almost 
maximal effect on iodide transport was already observed with 10 ~U/ml, demon
strating the high sensitivity of bovine thyroid cells to bovine TSH. The 
cells remained differentiated so long as TSH or Forskolin were added to the 
medium; if they were removed, the cells eventually dedifferentiated. In the 
conditions tested, neither TSH nor Forskolin enhanced the proliferation of 
calf thyroid cells. However, cholera toxin, another high specific permanent 
activator of adenylate cyclase, potently stimulated DNA synthesis and pro
liferation. This effect was observed in the presence but not in the absence 
of 1% serum. Our preliminary data concerning the control of proliferation 
of calf thyroid cells by TSH and its second messenger cAMP remain, therefore, 
unconclusive. The discrepancy could be due to differences in cAMP levels in
duced by the different activators, kinetic differences in cAMP accumulation, 
biphasic failure of monolayer cells to respond to TSH, etc. 

Effect of Serum 

Concentrations ranging from 0.1 to 10% of fetal calf serum have been 
tried. While 0.1% had little effect on proliferation, concentrations as 
low as 0.3% and 1% when present throughout the culture period resulted in 
sustained proliferation (Table 1). The addition of 1% serum to the culture 
medium induced, within a few days, proliferation and the formation of a mono
layer consisting of flattened and dedifferentiated cells. Iodide transport 
was completely inhibited and Tg mRNA levels were very low. 

Cellular differentiation, induced by TSH or Forskolin, could be inhib
ited by increasing medium serum concentration (0.1%- 10%) (0.2% serum in
hibited by 50% iodide trapping). 

Effects of EGF 

EGF had effects similar to those obtained with serum on calf thyroid 
cells. Added either with 0.1% or 1% serum 2 days after seeding and present 
throughout the culture period, it greatly enhanced DNA synthesis (Table 1) 

Table 1. DNA Synthesis of Calf Thyroid 
Cells Induced by EGF of FGF 

% (3H) thimidine-labeled nuclei 
% Serum Cont. EGF FGF 

0.1 8.5 43.5 51 

22 51 65 

Cells were cultured 2 days after seeding 
in different medium: EGF (25 ng/ml) + 0.1% 
serum; EGF + 1% serum; FGF (100 ng/ml) + 
0.1% serum: FGF + 1% serum, for 8 days. 
Tritiated thymidine (10 ~i/ml; 3.1o-5 M) 
was added for the last 24 hours of incuba
tion. The DNA synthesis is estimated by 
counting the percentage of labeled nuclei 
after autoradiography (6). 
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Fig. 2. Tg mRNA levels in cultured calf thyroid cells. Reinduc
tion of Tg gene expression after culture with EGF. Cells 
were treated for 8 days with EGF (25 ng/ml) and then 
washed out for 24 hours before adding TSH (100 ~U/ml) or 
TSH +hydrocortisone (100 ng/ml). 

and cell proliferation. Cells reached confluency several days after EGF 
addition, but were completely dedifferentiated (iodide uptake was abolished 
and Tg mRNA level was unde tectable) (Fig. 2). The effects on proliferation 
of EGF and 1% serum were almost additive. Calf thyroid cell proliferation 
was also stimulated by another growth factor, fibroblast growth factor (FGF) 
(Table 1) and by the tumor promoter, Tetradecanoyl Phorbol Acetate (TPA). 
Cells which are differentiated in the presence of TSH or Forskolin can be 
induced to dedifferentiate by washing-out the Forskolin or TSH and by adding 
EGF (25 ng/ml) for s everal days (Fig. 1). When added together with either 
TSH or Forskolin, EGF decreased the level or differentiation reached with 
the se agents alone. The inhibitory action of EGF on differentiation was 
partially reversible. If EGF was removed from the medium and replaced by 
TSH or Forskolin, a progressive reinduction of iodide uptake and Tg gene 
expression was observed. Hydrocortisone (100 ng/ml) potentiates the TSH 
action on Tg gene expression (Fig. 2). 

DISCUSSION 

A primary cell culture system of calf thyroid cells has been developed. 
Cal f thyroid tissue is readily available and allows experimentation wi t h a 
large amount of cells. In Fig. 3 we have summarized the characteristics of 
this new thyroid cell mode l, comparing it to other thyroid cell culture sys
tems from othe r species which also allow the long term in vitro study of 
proliferation and differentiation. Like dog thyroid cells~ calf thyroid 

348 



COMPARISON WITH OTHER SYSTEMS 

FRTLc; OVNI DOG SlEEP CALF 
IUPHOUlGY ~AVER IIONOI..A YER IIONOI..A YER IIONOI..AYER IDIUYER 

FOLLICLES RARE MICROFOL- FOLLIClES FOLLIQ.ES IEIIVED 
!TSHl LICLES !TSHl !TSHl AG&IEGATES CTSHl 

Ty gene expression • • • . . 
TURN OFF/ON - ? • +? + 

Iodide organ I f1cat10n (PBil - ? -I+ + + 

traPPing + ? + + + 

Effect of TSH Morphology + + + + + 

Pro 11 ferat 1 on /'/' /' /'/' 0 0 
Differentiation 
,-transport I /' ? /' /' / 
mRNA Tg 

?' 
Tg PrOd. /'/ ? l'? 

Effect of cAMP Proliferation /' ? ) 0 ? 

D1 fferentiatlon /' ? /' /' 
Effect of serum Proliferation ./' ? ? /' /' 

Differentiation 0 ? 0 "' 
I ). I 

Effect of EGF Proliferation 0 ? /' /' /' 
Dl fferentlatiOn 0 ? '\. "" '\. 

Effect of TPA Pro II fer at 1 on /' ? /' /' /' 
Differentiation o? ? '\, ....... I ? 

Effect of FGF Pro II feratlon 0 ? ./' 0 /' 
Dl fferentlatlon 0 ? 0 0 ? 

Immortal yes yes no no no 
Insulin reQuired for prollferattor ves ves ye<; yes ? 

Fig. 3. Data summarized in this table are from references 12, 15, 17 
(FRTL-5 rat cell line); 3 (OVNI ovine cell line); 4, 7, 11, 16 
(dog primary cells); and 8, 12, 14, 15, 17 (sheep primary cells). 

cell system shows that differentiation as measured by parameters such as Tg 
gene expression (here the cytoplasmic levels of Tg mRNA) can be either turned 
OFF/ON. High levels of Tg gene expression, as well as other differentiation 
markers such as iodide transport and organification, are strictly dependent 
on the presence of TSH or other agents which increase cAMP. The low but sig
nificant basal levels of these markers are further decreased by EGF which 
partly prevents the action of TSH. These data are in agreement with results 
obtained in dog and sheep thyroid models (4,5,7,8). However, the amplitude 
of these effects is particularly striking in calf cells. As in sheep (8,12), 
dog (4,5) and porcine (9) thyroid cells, EGF is a potent stimulator of the 
proliferation of calf thyroid cells, as shown in dog (5) and sheep cells (8). 
In addition, as observed in sheep thyroid cells (8), it leads to complete 
dedifferentiation. The bovine serum concentrations which are sufficcient to 
produce these effects on bovine thyroid cells are, however, strikingly low, 
suggesting the presence in serum of undefined species-specific factors. As 
bovine thyroglobulin gene promoters have been cloned (10), this new experi
mental system is now being used to study the molecular mechanism involved 
in thyroglobulin gene regulation. 

REFERENCES 

1. Ambesi-Impiombato FS, Parks LAM, and Coon HG. Proc Natl Acad Sci USA 
77: 3455, 1980. 

2. Ambesi-Impiombato FS, Picone R, and Tramontano D. In GH Sato, AB 
Pardee, and DA Sirbasku (eds), Cold Spring Harbor Conferences on Cell 
Proliferation, Vol. 9, Cold Spring Harbor, 1982, p 483. 

349 



3. Fayet G and Hovsepian S. In MC Eggo and GN Burrow (eds), Progress in 
Endocrine Research and Therapy, Vol. 2, Raven Press, New York, 1985, 
p 211. 

4. Roger PP and Dumont JE. FEBS Lett 144: 209, 1982. 
5. Roger PP and Dumont JE. Mol Cell Endocrinol 36: 79, 1984. 
6. Roger PP, Servais P, and Dumont JE. FEBS Lett 157: 323, 1983. 
7. Roger PP, Van Heuverswyn B, Lambert C, et al. Eur J Biochem, 1985 

(in press). 
8. Eggo MC, Bachrach LK, Fayet G, et a1. Mol Cell Endocrinol 38: 141, 

1984. 
9. Westermark K, Karlsson FA, and Westermark B. Endocrinology 112: 1680, 

1983. 
10. Vassart G, Bacolla A, Brocas H, et al. Mol Cell Endocrinol 40: 89, 

1985. 
11. Rapoport B and Jones AL. Endocrinology 102: 175, 1978. 
12. Westermark K and Westermark B. Exp Cell Res 138: 47, 1982. 
13. Chambard M, Verrier B, Gabrion J, et al. J Cell Biol 96: 1172, 1983. 
14. Errick JE, Eggo MC, and Burrow GN. In MC Eggo and GN Burrow, 

Progress in Endocrine Research and Therapy, Vol. 2, Raven Press, New 
York, 1985, p 271. 

15. Eggo MC, Bachrach LK, Errick JE, et al. Ann Endocrinol (Paris) 45: 
78, 1984 (abstract). 

16. Roger PP, ReuseS, Servais P, et al. Cancer Res (in press). 
17. Bachrach K, Eggo MC, Mak WW, et al. Endocrinology 116: 1603, 1985. 

350 



GROWTH FACTOR REQUIREMENT OF ISOLATED THYROID FOLLICLES 

Philip Smith, David Wynford-Thomas, and E. Dillwyn Williams 

INTRODUCTION 

Department of Pathology 
University of Wales College of Medicine 
Cardiff, Wales, U.K. 

Our previous studies in intact animals (1,2) have demonstrated the 
existence of a growth desensitization mechanism which limits the prolif
erative response of the normal rat thyroid follicular cell to its trophic 
hormone, TSH, and which appears to be lost in early follicular cell tumors. 
To study this mechanism further we have established a tissue culture model 
using isolated thyroid follicles grown in suspension. We have now used 
this to define the responsiveness of normal follicular cells to purified 
growth factors in a serum-free medium. 

METHODS 

Primary Culture 

Pooled thyroids from eight rats were digested in collagenase (200 U/ 
ml) and dispase (2 mg/ml) in Hank's balanced salt solution and follicles 
released by periodic agitation. The washed follicle suspension was plated 
in agarose-coated microtiter plates at 5 x 104 cells per well in RPM! 1640 
medium together with growth factors as appropriate. 

Proliferation Assays 

The response to growth factors was assessed (a) by measuring 3H-thy
midine (3H TdR) incorporation over successive 24 hour periods of culture, 
and (b) by autoradiographic determination of the proportion of cells in S 
phase (3H TdR labeling index) at 36 hour intervals. 

RESULTS 

Insulin (8 ~g/ml) in the absence of other growth factors produced a 
~ tenfold stimulation of 3H TdR incorporation, reaching a peak of 4222 + 
367 cpm per 5 x 104 cells 24-48 hours after addition, compared to a basal 
level without growth factors of 486 ~ 18 cpm. In contrast, TSH when added 
alone had no significant effect. 
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Inclusion of insulin, even at a concentration (0.08 ~g/ml) sufficient 
of itself to induce only a minimal response, permitted a marked response 
to TSH. The peak of TSH-induced incorporation occurred 48-72 hours after 
addition and rose approximately 7-fold from 1,089 + 163 cpm in the presence 
of 0.08 ~g/ml insulin alone to 7,548 + 585 cpm with insulin plus 1 mU/ ml 
bovine TSH. -

Epidermal growth factor (EGF) did not stimulate 3H TdR uptake at any 
concentration tested (up to 100 ng/ml) either alone or in the presence of 
insulin. 

The 36-72 hour autoradiographic labeling index correlated closely with 
3H TdR incorporation. Insulin alone at 8 ~g/ml increased the LI from a 
basal value of 0.05 to 2.6%; TSH alone had no effect. TSH in the presence 
of 0.08 ~g/ml insulin increased the LI from 0.14% to 6.2%. 

DISCUSSION 

We have used a defined medium and detailed "time course" analyses of 
3H TdR uptake and labeling index to define precisely the proliferative 
effects of pure growth factors on rat thyroid follicular cells in suspen
sion culture. Firstly, we have shown that insulin stimulates 3H TdR up
take at supraphysiological concentrations, an action which is likely to be 
mediated via its weak affinity for somatomedin receptors. Secondly, we 
have shown that while TSH has no effect alone in the presence of a permis
sive concentration of insulin, a marked stimulatory effect is observed, 
beginning at concentrations within the physiological range. 

Our results demonstrate conclusively that TSH can act as a growth 
factor for rat thyroid follicular cells in the appropriate conditions, and 
should help to clarify the current controversy surrounding the role of TSH 
in thyroid growth. 

REFERENCES 

1. Wynford-Thomas D, Stringer BMJ, and Williams ED. Acta Endocrinol 101, 
21, 1982. 

2. Wynford-Thomas D, Stringer BMJ, and Williams ED. Virch Archiv (Cell 
Pathol) 40: 379, 1982. 

352 
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OF OVINE THYROID CELLS 

INTODUCTION 
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One of the major tenets of thyroidology concerns TSH control of thyroid 
gland growth (1). The suppression of goiter by thyroid hormone is based on 
this premise. However, the effect of TSH on growth has been variable in 
different thyroid cell cultures in vitro. Recent advances in cell culture 
technique have allowed the culturin~ovine thyroid cells in chemically
defined, serum-free medium and, thus, the study on the role of TSH on thy
roid growth and differentiation in the absence of serum factors. In primary 
cultures of ovine thyroid cells, TSH stimulates a number of differentiated 
aspects of thyroid function including follicle formation, iodide uptake and 
organification, cAMP production, thyroglobulin, thyroxine and triiodothyro
nine synthesis (2), as well as production of plasminogen activator (3). But, 
TSH does not stimulate growth in these ovine cells. The possibility existed 
that TSH did not stimulate growth directly. Conceivably, thyroid cells were 
producing growth factors as an aspect of differentiation. 

RESULTS AND DISCUSSION 

Primary cultures of ovine thyroid cells were prepared by collagenase 
digestion as described (4). The thyroid cells were maintained in serum
free medium containing insulin (10 ~/ml), transferrin (5 pg/ml), somato
statin (10 ng/ml), hydrocortisone (10 nM), glycyl-histidyl-lysine acetate 
(10 ng/ml) and TSH (0.5 mU/ml). Although these ovine thyroid cells can be 
maintained in the absence of TSH, differentiated aspects of thyroid func
tion and morphology occur only in the presence of TSH. 

To determine whether thyroid cells produce growth factors, conditioned 
media from primary cultures were compared to standard culture media for the 
ability to stimulate growth as measured by the incorporation of 3H-thymidine 
into TCA-precipitable material in human foreskin fibroblasts. The addition 
of conditioned medium produced a threefold increase in thymidine incorpora
tion. The addition of EGF at the optimal concentration of 10-9 M also pro
duced a threefold increase in thymidine incorporation. Conditioned media 
and EGF had additive effect on growth stimulation, indicating that the thy
roid growth factor was different from EGF. 
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Table 1. Growth Stimulation by Thyroid Cell Conditioned 
Media on (A) FRTL-5 and (B) NRK Cells 

Treatment 

(A) FRTL-5 cells 

(B) 

Optimal growth (+TSH, +1% serum) 

-TSH, -serum: no addition 

NRK 

(a) 

(b) 

II 

II 

cells 

+GF1 

+GF9 

Optimal growth (+1% serum) 

-serum: no addition 
II +GFl 
II +GF9 

Conditioned media collected 

Day 10 

Day 13 

Day 16 

Day 19 

% of control 

100 + 9 

2 + 

18 + 5 

42 + 10 

100 + 11 

17 + 3 

13 + 3 

42 + 4 

on: 

34 + 10 

29 + 7 

35 + 6 

38 + 12 

Acid concentrates of standard culture medium (GF1), 
conditioned medium (GF9) and conditioned media collected 
at 3-day intervals were tested for growth promoting ac
tivity. Values are mean + SD of quadruplicate measure
ments from two experiment~. 

The rat thyroid cell line, FRTL-5, is of particular interest because, 
unlike ovine thyroid cells in primary culture, these cells are dependent 
on TSH for growth (5). In the absence of TSH and serum, growth was almost 
completely suppressed (Table 1). The addition of acid concentrates of con
ditioned media (GF9) could restore growth on these FRTL-5 cells to 42% of 
the optimum despite a lack of TSH or serum. Acid concentrates of standard 
culture media had a small effect, 18% of optimum, indicating that the growth 
effect of the conditioned media was not simply due to concentrated TSH and 
insulin. Similarly, removal of serum reduced 3H-thymidine incorporation 
into NRK fibroblasts to 17% of optimal growth. Acid concentrates of the 
conditioned media (GF9) again restored growth to 42% of the optimum (Table 
1). The growth-promoting activity from the ovine thyroid cells thus stimu
lated both FRTL-5 cells and fibroblasts. The production of growth-promoting 
activity by ovine thyroid cells remained constant over a period of at least 
three weeks as shown by the constant growth-stimulating effect of the con
ditioned media collected at 3-day intervals (Table 1). 

To identify the growth-promoting activity in the conditioned media, 
radioimmunoassays (6,7), and radioreceptor assays (8) were performed for 
insulin-like growth factors. Both IGF-I and IGF-II were present in a 
pooled 4-day collection of conditioned media at concentrations (ng/ml) of 
15.2 + 3.4 and 42.0 + 8.2, respectively. Neither IGF-1 for IGF-II were 
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Fig. 1. Chromatography of an acid concentrate of conditioned 
media on a Bio-Gel P-60 column. Fractions were col
lected and assayed for IGF-I and -II reactivities. 
Markers used are carbonic anhydrase (30K Mr), ribonu
clease (14K Mr), and insulin (6K Mr). 

present in the standard culture media, nor was EGF, or transforming growth 
factors, found in the conditioned media. 

An acid concentrate of conditioned media from ovine thyroid cells was 
chromatographed on a BioGel P-60 column (Fig. 1). Assay of the fractions 
for IGF-I reactivity by radioimmunoassay revealed one peak of IGF-I reac
tivity at Peak C (Fig. 1) between the markers of ribonuclease and insulin. 

V0 68K 14K 

= "'1-IGF -I + binding protein 
2.0 - ,.1-IGF - 1 

cpm x 10 "3 

1.0 

Fig. 2. Chromatography of 125I-labeled IGF-I in the presence 
of albumin or Peak A material (see Fig. 1) on a 
Sephacryl S-200 column. Fractions were collected and 
counted in a gamma counter. 
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Fig. 3. Binding of labeled IGF-I and -II to (A) 
ovine thyroid cells and (B) FRTL-5 cells. 
Binding was carried out at 4•c and at 37•c 
(as control, C) with or without the addition 
of standard culture medium (GFl) or condi
tioned medium (GF9). Values are mean+ SD 
from triplicate determinations of two 
separate experiments. 

Several peaks of IGF-II reactivity located at Peak B were identified by both 
radioreceptor assay and radioimmunoassay. A large peak of apparent IGF-II 
reactivity was also found at Peak A. Peak A had an estimated molecular 
weight greater than 20,000 Mr. Reported molecular weights of the various 
forms of IGF-II, including mature and precursor forms, range from 7,000 to 
20,000 Mr (9). 

To investigate the possibility that Peak A contained IGF binding pro
teins which have been shown to complex with IGF in vivo (10), the Peak A 
material was added to 125I-IGF-I and analyzed on-a Sephacryl S-200 column 
in phosphate buffer at pH 7.4 (Fig. 2). Addition of Peak A material re
sulted in a shift of the radioactivity peak to a higher molecular weight 
as compared to chromatography of the 125I-IGF-I in the presence of albumin 
on a separate run. Sim:lar results were found with 125I-IGF-II. Binding 
of radiolabeled IGF to the Peak A material could be displaced with unlabe led, 
partially purified IGF . These data indicate that Peak A contains IGF bind
ing proteins. 

Since IGF receptors are widely distributed in various tissues and cul
tured cells (10,11), their presence on thyroid cells was investigated. Both 
ovine thyroid cells and the rat FRTL-5 cells were used to study the binding 
of 125I-labeled IGF-I and -II (Fig. 3). Both radiolabe l ed IGF bound to both 
ce ll types and the binding could be displaced with the acid concentrate of 
conditioned med ia (GF9) from ovine thyroid cells. The acid concentrate of 
the standard media ( GF l) contained no displacing activity on binding. In
sulin at 2 ~M did not displace any binding either. Finally, the binding of 
radiolabeled IGF to ovine thyroid cells was compared in the presence and 
absence of TSH. The addition of TSH r esulted in a twofold increase in the 
binding of IGF. 
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In summary, growth-promoting act1v1ty was detected in conditioned 
media from ovine thyroid cell cultures, and the production of this activ
ity was constant over a 3-week period. The activity was identified to be 
IGF-I and -II by radioimmunoassay and radioreceptor assay. In addition, IGF 
binding proteins were also found. Binding of IGF to thyroid cells could be 
displaced by the conditioned media from ovine thyroid cells. In light of 
the concept that growth factor my act through autocrine or paracrine mech
anism, being produced at multiple sites and acting at or near their sites 
of production (12), these data suggest tht IGF may be important in thyroid 
cell growth. 
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THE EFFECT OF EPIDERMAL GROWTH FACTOR (EGF) ON THYROID FUNCTION IN THE 

SHEEP AND IN ISOLATED RAT HEPATOCYTES 

Jo M. Corcoran, Michael J. Waters,l Jonathan Marks, Greg 
Jorgensen,l Kay v. Waite, and Creswell J. Eastman 

Department of Medicine, Westmead Centre, NSW, and 
!Department of Physiology and Pharmacology, University 
of Queensland, Australia 

Evidence has accumulated in recent years showing that EGF is mitogenic 
in cultured thyroid cells while inhibiting 125I uptake, transport, and or
ganification (1-6). In thyroid follicles, EGF has specific receptors with 
Ka 1.2 x lo-9 M and capacity of 7.9 pmol/g tissue (1). The aim of this 
study was to extend previous investigations (1,2,7), describing in vivo of 
EGF on thyroid function and to investigate the effects of EGF of-peripheral 
metabolism of thyroid hormones in isolated hepatocytes. 

MATERIALS AND METHODS 

EGF Infusion in Sheep 

Six merino ewes, weighing between 40 and 45 kg, maintained under con
trolled conditions in metabolic cages, fed ad libitum, were infused via the 
jugular vein for 24 hours with 3.3 ~/kg/hr of mouse EGF (prepared accord
ing to the method of Cohen and Savage (8), equipotent with Collaborative 
Research Receptor Grade EGF in RIA, RRA, and bioassay). This dose gives EGF 
plasma levels of ~10 ng/ml (2). Control animals were infused with saline. 
Blood samples (10 ml) were taken by a catheter in the contrajugular vein. 
Radioimmunoassays of plasma triiodothyronine (T3), thyroxine (T4), 3,3' ,5 1 -

triiodothyronine (reverse T3, rT3), and 3,3'diiodothyronine (3,3'T2) were 
performed using specific antisera raised in sheep. Crossreaction was neg
ligible except T4 with T3 antiserum, ~0.25%, distorted due to contamination 
of the Sigma T4 with up to 0.5% T3 (manufacturer's specifications). Plasma 
TSH was measured by a standard double antibody technique with ovine TSH 
antibody, bovine 125I-TSH, and ovine TSH standard NIHS8. 

Isolated Rat Hepatocytes 

Hepatocytes were prepared by a modification of the method of Berry and 
Friend (9) from 200 g female Wistar rats using Worthington collagenase, 35 
mg in 35 ml of recycled perfusate of Krebs-Ringer phosphate, pH 7.4, with
out calcium, contaiing 2% bovine serum albumin, 5.6 mM glucose, 20 mM HEPES 
and washed human erythrocytes (~10% hematocrit) with bubbled air for oxy
genation. The perfused liver was excised into incubation buffer, Basal 
Medium Eagles (BME), with the same additions as above and shaken for 10 min, 
strained, and washed three times, yielding between 180 and 230 million cells 
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with viability ~88%. They were incubated in 3 ml aliquots conta1n1ng 4 x 
106 cells/ml BME in silicon-coated Erlenmyer flasks with 10 ng/ml EGF shaken 
at 37•c for 5.5 - 6 hrs before washing and incubation for a further 3 hrs 
with more EGF~ iodothyronine, and freshly desalted radioligand (5' labeled), 
to measure 12JI release (10). 5'deiodinase activity was assessed in pre
liminary experiments with T4 in hepatocytes without radioligand by ethanol
extracted RIA. 

RESULTS 

EGF Infusion in Sheep 

The results are shown in Figs. 1 and 2. Plasma T3 and T4 were very 
signifiantly depressed over the time course of the infusion. There was a 
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(mean+ standard error). EGF-treated animals 
(n=6) Tn solid lines; controls (n=6) in dotted 
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hours. 
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The effect of 24 hour infusion of mEGF, starting 
at time zero, on ovine plasma rT3 and 3,3'T2 
levels (mean+ standard error). EGF-treated 
animals (n=6)-in solid lines; controls (n=6) in 
dotted lines. Changes were significant (p<O.OOl) 
in plasma rT3 and 3,3'T2 after 6 hours. 

signifiant increase in plasma TSH presumably as a consequence of negative 
feedback from 48 to 96 hrs following the infusion, then plasma T3 and T4 
returned to control values, and overshot. There were very highly signifi
cant increases in plasma rT3 and 3,3'T2, though of shorter duration than 
the changes in T3 and T4. 

Isolated Rat Hepatocytes 

There was no change in iodine release and, therefore, in S'deiodinase 
activity, when hepatocytes were preincubated with either 10 or 50 ng/ml EGF, 
whether the substrate was 125I-T), 125I-T4, or 125I-rT), incubated with non
radioactive ligand over concentrations from 10-6 M to lo-12 M. Data is 
given for T3 in Fig. 3. There was also no change when a crude homogenate 
of rat liver and T4 were preincubated under the same conditions with EGF. 
In investigating 5 deiodinase activity, unconfirmed preliminary RIA results 
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Fig. 3. 125I release from 5' 125I T3 incubated with isolated rat 
hepatocytes + 10 ng/ml mEGF with doses of non-radioactive 
ligand as shown. 125I release from all flasks containing 
hepatocytes was significantly greater (p<O.OOl) than buffer 
and from dose lo-10 M T3 compared with 10-8 M T3. No EGF
treated flask was significantly different from its respec
tive control flask. 

with T4 substrate show that EGF-treated hepatocytes metabolize more T4 than 
untreated heptocytes, over three hours. 

DISCUSSION 

This study confirms earlier results showing a profound effect of EGF, 
at defleecing doses, consistent with inhibition of T3 and T4 secretion from 
the thyroid gland. However, the mean rate of disappearance of both T4 and 
T3 from the circulation during EGF infusion suggests half-lives of about 
four hours, much shorter than reported previously of 1.1 days for T4 (11) 
and 7 hours for T3 (12). It is possible that EGF enhanced T4 5 deiodina
tion "to rT3, increasing plasma levels to a remarkable mean peak value of 
771 ng/dl. With T3 as substrate, enhanced 5 deiodinase activity would cause 
the observed rise in 3,3'T2, However, since thyroidal T4 and T3 secretion 
are inhibited by 10 ng/ml of EGF, lack of substrate would subsequently lead 
to a fall in circulating rT3 and 3,3'T2, as was observed. It was postulated 
that rapid removal of T3 and T4 might also be attributable to an increase in 
5'deiodinase, however, this was not confirmed by experiments using isolated 
hepatocytes and 5'-labeled iodothyronines. EGF is known to bind to cell sur
face receptors with internalization before exerting biological action. That 
such an intact cell system is necessary is supported by the negative findings 
when crude homogenate was incubated with T4 and EGF. 
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In summary, we have confirmed that EGF in vivo has a remarkable effect 
on thyroidal secretion in the intact sheep. It is postulated that this is 
achieved both by an inhibitory action on the thyroid and by enhancing 5 de
iodination of T4 and T3. Since EGF is present as a normal constituent of 
bodily fluids, it is likely that EGF in physiological concentrations has a 
modulating effect on thyroid function. 
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FORMATION OF INTRACYTOPLASMIC MICROFOLLICULAR LUMINA IN DISPERSED THYROID 

CELLS* 

Pierre Neve, Michele Authelet, and Bernard Rousset 

Laboratory of Pathology and Electron Microscopy, Free 
University of Brussels, Belgium, and Laboratory of Experi
mental Medicine, Faculty "Alexis Carrel", Lyon, France 

Dispersed thyroid cells have been used as a convenient experimental 
system to study thyroid cell activities in the absence of normal tissue 
architecture and colloid stores. Iodination inside the cells was demonstra
ted to be dependent on active iodide transport and regulated by thyrotropin 
(1,2). Electron microscopic autoradiographic studies revealed intracyto
plasmic lumina (ICL) which represent a site of iodination inside dispersed 
thyroid cells (3). The aim of the present work was to answer the follow
ing questions: a) which are the conditions determining the formation of 
ICL? and b) do thyroid hormone synthesis and secretion by dispersed thyroid 
cells depend upon iodination reactions in ICL? 

MATERIAL AND METHODS 

Freshly dispersed hog thyroid cells prepared by a discontinuous tryp
sinization procedure (4) were incubated in Earle's balanced salt solution 
in the presence or absence of TSH added to tested agents. The latter were 
puromycine, cycloheximide, vinblastine, methimazole, dibutyryl-3' ,S'cyclic 
AMP, and monensin. Incubation took place in the presence of 125I for the 
examination of cell pellets by autoradiography with an electron microscope 
and for the measurement of organic iodine formation. ICL, labeled (i.e., 
containing silver grains) or unlabeled, were counted in a minimal sample 
of 50 cells in each experimental condition. 

RESULTS 

Cytoplasmic vacuoles identifed as ICL were recognizable by the pre
sence of microvilli protruding into the vacuoles. Completely absent in 
freshly dispersed cells, ICL were present in 15 to 20% of the cells, not 
only associated in follicle fragments, but also in isolated cells without 
apparent cell polarity after 60 min of incubation at 37•c. ICL were not 
observed in cells incubated at 4•c. The addition of TSH at the beginning 
of the incubation induced an increase of ICL formation; after four hours, 
their number was threefold higher in TSH-treated cells than in control 

*This work was realized with the help of the "Fonds de la Recherche 
Scientifique Medicale" (Belgium), and supported by the "Institut National 
de la Sante et de la Recherche Medicale" (France). 
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cells. Dibutyryl- cyclic AMP (2 mM) mimicked the effect of TSH on ICL for
mation. Cycloheximide (0.5 mM) and puromycine (0.5 mM) did not affect the 
TSH-stimulated formation of ICL, whereas vinblastine (30 ~M) inhibited their 
formation in both unstimulated and TSH-stimulated cells. Monensin (30 ~M), 
a carboxyclic acid ionophore, caused the formation and accumulation of ve
sicular bodies and completely suppressed ICL formation in control and TSH~ 
stimulated cells. 

The time course of the appearance of radioiodinated material in ICL, 
assessed by labeled ICL counting, was very similar to the time course of 
ICL formation both in control and TSH-stimulated cells. After 2 min of 
incubation, no radioactivity was evidenced by autoradiography. At 10 min, 
grains could be clearly identified but were located only in ICL. It is 
only after 30 min of incubation with radioiodide that ICL were substan
tially labeled and that the labeling outside ICL, i.e., over the cytoplasm, 
became obvious. Pulse-chase experiments have been performed in order to 
examine whether iodinated products generated in ICL could be released from 
from ICL. Thyroid cells prelabeled with 125I for 60 min were incubated in 
a radioiodide-free medium in the presence of methimazole. The number of 
labeled ICL observed at the end of the labeling period did not change sig
nificantly during the incubation in basal conditions. In contrast, in the 
presence of TSH, there was a progressive decrease of the number of prela
beled ICL, whereas silver grains were detected over the cytoplasm from the 
beginning of the incubation. After 210 min of incubation in the presence 
of TSH, very few autoradiographic grains were observed over ICL and cyto
plasm. 

DISCUSSION AND CONCLUSIONS 

Dispersed thyroid cells undergo a morphological transformation condu
cive to the formation of ICL, which could represent functional intracyto
plasmic equivalents of colloid lumen. The autoradiographic analysis reveal
ed that the newly formed iodinated products are located in ICL, suggesting 
that ICL represent the site of iodide organification in the dispersed thy
roid cells. Since iodinated products were first observed in ICL, then in 
the cytoplasm, and were more abundant in ICL than outside ICL whatever the 
labeling time, it seems likely that labeled material encountered over the 
cytoplasm at later stages of incubation correspond to iodinated products, 
which had translocated from the ICL to the cytoplasm. 

The formation of the ICL appears to be a time- and temperature-dependent 
process enhanced by TSH, the action of which is mediated through the adenyl
ate cyclase-cyclic AMP system. The formation of ICL does not require newly 
formed proteins as it is not inhibited by cycloheximide and puromycine, but 
it requires the integrity of the microtubular system as it is inhibited by 
vinblastine. Thus, the material necessary to the formation of ICL preexists 
in the dispersed thyroid cells. ICL probably originate from the confluence 
of Golgi vesicles, as their formation is inhibited by monensin, which impedes 
the transit of membrane vesicles from the Golgi apparatus to the plasma mem
brane causing the intracellular ac-cumulation of large vacuoles (5). 

TSH stimulates the release of thyroid hormones from prelabeled, dis
persed thyroid cells (4). This hormone secretion does not seem to be relat
ed to a previous step of phagocytosis or macropinocytosis. Indeed, in the 
present study, no pseudopod phagocytizing the content of ICL and nearly no 
colloid droplets were observed after TSH stimulation. A large part of the 
silver grains encountered over the cytoplasm outside of the ICL could, there
fore, correspond to iodinated material coming out of the ICL by fluid pino
cytosis (6), a mechanism already postulated in the hormone secretion from 
hyperactive dog thyroids (7). 

366 



REFERENCES 

1. Rodesch F and Jortay A. Experientia 24: 268, 1968. 
2. Rousset B, Poncet A, Dumont JE, et al. Biochem J 192: ·801, 1980. 
3. Neve P and Rousset B. Ann Endocrinol 43: 48A, 1982. 
4. Rousset B, Poncet C, and Mornex R. Biochim Biophys Acta 437: 543, 

1976. 
5. Stein BS, Bensch KG, and Sussman HR. J Biol Chern 259: 14762, 1984. 
6. Van den Hove-Vandenbroucke MF. In M De Visscher (ed), The Thyroid 

Gland, Raven Press, New York, 1980, p 61. 
7. Rocmans PA, Ketelbant-Balasse P, Dumont JE, et al. Endocrinology 103: 

1834, 1978. 

367 



DIFFERENT CALCIUM REQUIREMENTS FOR LOW IODINE DIET (LID) INDUCED AND 
DEVELOPMENTAL GROWTH OF THE RAT THYROID: EVIDENCE FROM IN CULTURE 
EXPERIMENTS 

Helene Triantaphyllidis 

Laboratoire Regulations Ioniques 
UER Biomedicale Saints-Peres 
Paris, France 

In vivo, in post-embryonic life, most mammalian cells are growth ar
reste~ Considered a few years ago as the main target of extracellular ca2+ 
on the cell cycle, initiation to division is not believed to be extracellular 
ca2+_dependent (1). Initiation covers one quarter to one third of G1, the 
phase of the cycle that precedes DNA synthesis (2). Presence of the cation 
is required in the incubating media over the second half of G1 (3). Once 
initiation is accomplished, each phase of the cycle proceeds within a deter
mined time and, if adequate Ca2+ concentration is not provided over the ca2+_ 
sensitive period, initiation vanishes. No DNA synthesis at all occurred 
with BALBc/3T3 mouse cells, initiated in very low ca2+, when mMolar ca2+ was 
given past three lengths of G1 (3). That in vivo hypocalcemia suppressed 
cell proliferation in some instances and not in others (4) could be inter
preted in two different ways: either that ca2+ requirements for cell divi
sion are different for divisions induced by different mitogens, since it was 
shown that epidermal growth factor (EGF) reduced ca2+ requirements for growth 
of the normal epithelial cell line NP-2s by two orders of magnitude (5); or 
that alteration of other parameters, such as permeability of the plasma mem
brane (PM) to the ion and/or cell geometry, affected the rate of ca2+ col
lection. 

In the in vivo experiments mentioned above (4), nutritional techniques 
were used to-obtain both hypocalcemia and excess cell proliferation of the 
thyroid. The diets were the Triantaphyllidis low iodine - low ca2+ set of 
diets (Institut National Production Industrielle (INPI) license no. 1601899) 
supplemented or not with KI, 0.1 mg/liter of drinking water, and/or ca2+ 
combined with different anions (6). Cell counts were performed using mor
phometric techniques described (4,7). 

Developmental growth of the thyroid consisted of three rounds of cell 
divisions from age one month (at weaning) to age nine months, when both 
iodine and ca2+ intake were adequate; number of cells was multiplied by 
four between one and three months and again by two between three and nine 
months (Fig. 1). In hypocalcemic rats fed iodine-supplemented diets, the 
size of the glands was significantly smaller (4), but the number of cells 
did not differ from that of the controls at the time points examined. Size 
of cells made the difference as it appears from Fig. 2. 

LID-induced, TSH-mediated cell proliferation. As shown in previous 
publications, thyroid weight increased after as little as one week on LID. 
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Nonetheless, more than two months elapsed before LID had any impact on the 
number of cells (Fig. 1). A threefold increase in thyroid weight, at the 
end of the second month on the diet, was exclusively accounted for by a four
fold increase in cell size (Fig. 2). The difference in the two increases 
comes from diminished size of lumens in LID fed rats, from 30 or 35% of his
tologic sections on high iodine diet (HID) to less than 1% after two months 
on LID (7). Size of cells was significantly smaller after eight months than 
after two months on LID. Increased size of cells is not related to varia
tions of size over the cell cycle, since most of the cells were growth ar
rested; duration of cell cycle is 2-5 days, frequency of cell doublings over 
the period starting at the end of the second month on LID was one per 90 
days (2 in 6 months), which means that less than 5% of the cell population 
was cycling at the time of the measure. The twofold increase of the modal 
volume of cultured cells, from early G1 to mitosis (8), occurs in all di
viding cells independently of their initial size. 

After eight months on LID and adequate ca2+ intake, the number of cells 
was only twice that of HID +Ca2+ rats of the same age, though the weight of 
the glands was six times larger. The single TSH-mediated cell doubling of 
the LID +ca2+ was suppressed by hypocalcemia (Fig. 1); number of cells in 
thyroids of LID -ca2+ fed rats was identical to that of HID fed animals, 
+ or -ca2+ 

It is well established that TSH is not involved in developmental growth 
of the thyroid. Developmental growth, in general, is believed to be initia
ted by serum-contained growth factors. The above mentioned information on 
EGF altering ca2+ requirements for growth, as EGF was shown to be a growth 
factor for thyroid cells in culture (9), prompted me to perform experiments 
aimed at examining ca2+ requirements for growth initiated by the mixture of 
growth factors contained in serum vs TSH-induced growth. The established 
thyroid cell line, FRTL (10), was suitable for the experiments because: 
1) it is dependent both on TSH and serum for growth, 2) it can be grown ih 
very low serum and in higher serum concentrations, and 3) when grown in 
different serum concentrations and equal TSH, growth rates differ enough 
to ensure that involvement of serum-contained growth factors was, indeed, 
different. 

In sets of cultures grown in 1 mMolar ca2+ and lo-9 TSH, doubling times 
were 2 days in 5% serum and 3.5 days in 0.5% (11). Rate of growth was re
duced in 20 pMolar ca2+ (11); 3H-thymidine incorporation per pg DNA in 20 
pM, as percent of controls in 1 mMolar ca2+, was the same in 5% and 0.5% 
serum, 66 and 58%, respectively (11). This is evidence that serum-contained 
growth factors did not alter ca2+ requirements for growth of this normal rat 
thyroid cell line. 

Alteration of geometric parameters resulting from long-term metabolic 
TSH stimulation, is liable to affect ca2+ collection over the second half 
of G1; increased cell size implies decreased ratio of plasma membrane/cell 
volume (PM/V), i.e., decreased surface of entry of Ca2+ into each volume 
unit of cytoplasm. Comparing, in Table 1, PM/V ratios for the two mono
deficient groups, LID +Ca2+ and HID -ca2+, with their serum Ca concentra
tions, brings into sight a striking similarity; the ratio of the figures 
representing PM/V equals the reciprocal of the ratio of the figures repre
senting serum Ca (and extracellular fluid Ca) concentrations. The thyroids 
of the two groups had accomplished, at the same time point (two months on 
diet), the two rounds of developmental growth, those of the controls HID 
+ca2+, and this is evidence that they collected enough ca2+ over the second 
half of G1 for the programmed cell divisions to proceed, despite: 

A) a 45% reduced extracellular Ca concentration in the HID -ca2+, and this 
was certainly accomplished thanks to increased PM permeability to ca2+, as 
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Table 1. Serum Calcium and Ratio of Plasma Membrane to Cell Volume of 
Thyroid Cells at the End of Two Months on Each of the Four Diets 

Serum calcium 
(mg/liter) 

PM/V 

Means + SD. 

HID +Ca2+ LID +ca2+ 

119.56 + 2.38 

0.816 + 0.043 0.508 + 0.023 

HID -ca2+ LID -ca2+ 

66.35 + 3.17 

0.951 + 0.063 0.590 + 0.030 

was shown in vitro (12) and in culture (11), through removal of Ca bound on 
the PM (11,13). Evidence that removal of Ca took place, also, in vivo in 
the -ca2+ rats was given by experiments (personal, unpublished)-rn which 
animals were injected with 47ca2+ and the ratio of tissue/serum was mea
sured 24 and 48 hours later; ratios of tissue/serum were equal in hypocal
cemic rats and in normocalcemic controls, demonstrating that tissue Ca was 
reduced as much as that of serum in the -ca2+ rats. As 90% of tissue Ca is 
bound on the cell coat, when extracellular ca2+ is in the mMolar range (11, 
13), the data demonstrate that Ca of the cell coat of the hypocalcemic rats 
was reduced. Elevated parathormone, secondary to hypocalcemia (14), and 
high phosphate of extracellular fluids, also helped collection of ca2+. 

B) a 45% reduced surface for ca2+ entry into the volume unit of cytoplasm, 
in the LID +ca2+, and this was performed thanks to increased ca2+ uptake of 
the thyroid induced by TSH through its metabolic spectrum of actions, since 
increased 45ca2+ uptake in rats fed LID (or injected with TSH) occurred as 
early as one week on diet (15), a time at which no mitogenic effect of TSH 
could be detected, as shown here. 

The LID -ca2+ rats, past the second month on diet PM/V, became nearly 
as unfavorable to ca2+ collection as in the LID +ca2+ . The easing effects 
of low ca2+ environment, permitting sufficient ca2+ collection by increasing 
PM permeability through removal of PM Ca (as in A) and that of TSH stimula
tion (as in B), did not appear to be additive, since from the two rounds of 
division between three and nine months, one of developmental growth and one 
LID-induced, only one took place. Indeed, the in-culture described increased 
ca2+ uptake on the second half of G1 of TSH-induced divisions, and involved 
overloading of the PM with Ca (11). This apparently counteracted the ca2+ 
collection easing effect of removal of Ca from the PM, operated by hypocal
cemia. 

That only one out of the two initiated divisions proceeded in the LID 
-ca2+ rats, poses the problem of the selection. Did cells in areas of better 
blood supply carry on more than one round vs none in other areas? Or was the 
preference initiator dependent? Does increased ca2+ collection in late G1 of 
cell cycles induced by serum-contained growth factors involve overloading 
with Ca of the PM as in cycles in which TSH is involved? Parathormone, for 
instance, was found to increase intracellular Ca of HeLa and Rat Kidney cell 
lines without affecting Ca associated with the cell coat (13). In 3T3 cells, 
with serum initiator, cell surface Ca appeared (Fig. 3) (16) to be much less 
affected by the pre-DNA synthetic increased Ca uptake than intracellular Ca. 
This highly seductive hypothesis will have to be tested with thyroid cells 
other than the FRTL, since TSH is an obligatory link to this cell line in 
the sequence of events leading to cell division (10). 

372 



In conclusion, division initiated cells must collect extra ca2+ for 
the cell cycle to proceed. The hypothesis of different ca2+ requirements 
for growth induced by different initiators in vivo was rejected after con
sidering information from in-culture experimen~ In addition to the extra
cellular concentration of the cation, geometry of the cells and the Ca load 
of the PM affect the rate of ca2+ collection. Both hypocalcemia and TSH 
ease ca2+ collection, but their effects are not additive. This, together 
with the impact of metabolic effects of TSH on cell geometry, may account 
for the preferential inhibition by hypocalcemia of LID-induced, TSH-mediated, 
cell proliferation over cell divisions of developmental growth. 
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EFFECTS OF THE CHRONIC AND ACUTE TREATMENTS OF PIG THYROID CELLS WITH 
FORSKOLIN ON THE CYCLIC AMP ACCUMULATION, THE PHOSPHOLIPID TURNOVER, AND 
IODINATION 

INTRODUCTION 

Bernard Haye, Jean Louis Aublin, Serge Champion, Bernard 
Lambert, and Claude Jacquemin 

Biochimie - U.E.R. des Sciences Exactes et Naturalles -
Reims Cedex, France, and INSERM U.96 - 78, Bicetre, France 

Thyrotropin (TSH) exerts its physiological effects on thyroid cells 
via two pathways. The one involving the stimulation of adenylate cyclase 
and of cyclic AMP-dependent protein kinase (kinase A) is well documented. 
The other mechanism is associated with the increased turnover of phospho
inositides and activation of the ca2+_phospholipid-dependent protein kinase 
(kinase C). It is very difficult to understand the respective role of both 
pathways. Until now, the physiological parameters modified by dibutyryl 
cyclic AMP (iodine metabolism) were considered to be under the control of 
the cyclic AMP cascade. While it is true that cyclic AMP can regulate the 
iodination of thyroglobulin, it is difficult to show a regulatory role for 
the phosphatidylinositol (PI) pathway in this event, because of the absence 
of partial agonists and antagonists of TSH. 

Freshly isolated cells present poorly reproducible responses to TSH. 
This is due to the heterogeneity of tissue obtained from the slaughtered 
animals and the uncontrolled destruction of hormone receptors by proteoly
sis during dispersing treatment. The culture of isolated cells allows the 
recovery of receptors but leads to a functional dedifferentiation of the 
cells unless TSH is present in the media. The concentration of the hormone 
is critical: below 0.2 mU/ml, the presence of TSH (during the culture) pro
motes an increased sensitivity of adenylate cyclase to an acute TSH chal
lenge ("positive regulation") (1), whereas with higher concentrations of 
adenylate cyclase, activity becomes refractory to a second TSH stimulation 
(2). The response of phosphatidylinositol metabolism does not coincide 
with that of adenylate cyclase sensitivity (3). The chronic treatment of 
cells with 0.1 mU/ml TSH promotes an increase of PI turnover that we named 
"chronic phospholipid effect" to distinguish it from the "acute phospho
lipid effect" obtained after 2 hrs in the presence of higher hormonal con
centration (10-40 mU/ml). The acute challenge of these cells with 40 mU/ 
ml TSH is without effect or produces a "reverse phospholipid effect," i.e., 
a relative decrease of PI labeling. In contrast to adenylate cyclase ac
tivity, the effects observed on PI metabolism are unchanged, even with high 
TSH concentrations (10 mU/ml) during chronic treatment. The organifying 
capacity of the cells (PBI) is also increased by their chronic treatment 
with 0.1 mU/ml TSH (4). 
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In order to discriminate between the cyclic AMP dependent and indepen
dent effects of TSH, we have previously examined and reported the effects 
of PAF-acether (5) and the phorbol ester TPA (6) on cyclic AMP accumulation, 
phospholipid metabolism, and PBI in cultured pig thyroid cells. We further 
study the relationship between these pathways by exam1n1ng the effect of 
forskolin, a selective stimulator of adenylate cyclase, on the same parame
ters. 

MATERIALS AND METHODS 

Preparation, Culture, and Washings of Thyroid cells 

The preparation, culture and washings of thyroid cells were as in (3). 
The "chronic treatment" was applied during the culture period of the cells. 
The "acute treatment" took place during the incubation of the cells after 
the washings. 

Cyclic-AMP Assay 

Aliquots (250 ~1, 0.1-0.2 mg protein) of washed thyroid cell suspen
sion were incubated for 5 min at 37"c in a final volume of 350 ~1 contain
ing Earle's Hepes buffer (pH 7.2) with mM isobutylmethylxanthine (IBMX), 
with or without TSH (40 mU/ml) and/or forskolin (0.1 mM). The incubation 
was terminated by addition of 39 ~1 10 N HCl04. The cyclic AMP was assayed 
by a radioimmunological method as in (3). 

Phospholipid Assay 

Aliquots (250 ~1, 0.1-0.2 mg protein) of washed thyroid cell suspen
sion were incubated for 2 hrs at 37"c in a final volume of 350 ~1 contain
ing Earle's Hepes buffer (pH 7.2) and 32P-orthophosphate (10 ~Ci), in the 
presence or absence of TSH (40 mU/ml) and/or forskolin (0.1 mM). The phos
pholipids were extracted and analyzed as previously described (3). The 
phosphatidylinositol (PI) (cpm/mg protein)/phosphatidylcholine (cpm/mg pro
tein) ratio is calculated as an index of the phospholipid effect. 

Thyroid Protein Iodination 

Aliquots (250 ~1, 0.1-0.2 mg protein) of washed cell suspension were 
incubated for 1 hr at 37"C in a final volume of 350 ~1 containing Earle's 
Hepes buffer (pH 7.2) and Nal25I (1 ~Ci) in the presence or absence of TSH 
or forskolin. At the end of the incubation, 650 ~1 Earle's Hepes buffer 
containing 0.1 mM KI and bovine serum albumin fraction V (5 mg/ml), then 
1 ml cold 20% trichloracetic acid were added. After centrifugation and 
washings, the pellet was counted as PB 125I (protein-bound iodine). 

RESULTS AND DISCUSSION 

As expected from the results obtained with prostaglandin E2 and di
butyryl cyclic AMP (1), 1 ~M forskolin reproduced the chronic effects of 
TSH. Indeed, the "positive regulation" of adenylate cyclase, the "chronic 
pshopholipid effect," and the increased PBI are cyclic AMP-dependent pro
cesses. They appear between day 2 and day 3 of the culture period and 
reach a maximum at day 4. Although these pleiotypic effects are produced 
by adenylate cyclase stimulants, the concentration of cyclic AMP during 
the culture period is not significantly increased. Their induction is ac
companied by the synthesis of distinct protein factors. Indeed, a 24-hr 
treatment with cycloheximide at the end of the culture period is necessary 
to prevent the "positive regulation" of adenylate cyclase (1) while a 12-hr 
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treatment is sufficient to prevent the appearance of the "chronic phospho
lipid effect" (3). Another difference concerns the concentration response 
of both effects depending on the agonist used. For example, the "positive 
regulation" of adenylate cyclase results in refractoriness beyond 0.2 mU/ml 
TSH; however, a progressive increase in adenylate cyclase responsiveness is 
observed with forskolin between 0.1 and 10 pM. Moreover, acute challenge 
by forskolin is able to relieve the desensitization due to TSH (10 mU/ml) 
chronic treatment. 

In comparison, the "chronic phospholipid effect" produced by 0.1 or 10 
mU/ml TSH are equivalent. Forskolin is also able to produce this effect, 
but less efficiently than TSH. When TSH-treated cells showing the "chronic 
phospholipid effect" are challenged with 10 pM forskolin, they exhibit the 
"reverse phospholipid effect" more intensely than when they are stimulated 
by 40 mU/ml TSH. Forskolin-treated cells, however, showing the "chronic 
phospholipid effect," respond to an acute forskolin challenge by a "reverse 
phospholipid effect" and to an acute TSH challenge by a "normal phospholipid 
effect." 

PBI, in control cells, is regularly decreased in parallel with the du
ration of the culture, between 1 and 4 days, although the basal cyclic AMP 
level is unchanged. After day 4 in culture, the acute challenge of control 
cells with 40 mU/ml TSH or 10 pM forskolin produces a moderate increase in 
cyclic AMP accumulation without signifiantly altering PBI levels. In cells 
cultured in the presence of TSH (0.1 mU/ml) or forskolin (10 PM), basal PBI 
increased progressively during this period, reaching at least a doubling by 
day 4. The acute challenge of TSH or forskolin-treated cells by TSH or for
skolin produces in all the situations a concentration-dependent, biphasic re
sponse of PBI level. However, the maxima are variable and are not directly 
related to the level of cyclic AMP. The lower maximal PBI is obtained with 
TSH-treated cells stimulated by low TSH concentration (0.1 mU/ml) and is 
associated with low cyclic AMP levels. The higher maximal PBI is obtained 
with forskolin-treated cells challenged with higher (xlO) concentration of 
TSH and corresponds to high cyclic AMP levels. The bidirectional control 
of PBI is, therefore, likely to be due to the level of cyclic AMP as Lt is 
observed with forskolin-treated cells, stimulated with forskolin, i.e., 
cells never submitted to another intracellular mediator. The descending 
limb of the concentration response curve of TSH decreases below the ~uhtrol 
value. The difference in the curves obtained after forskolin challe~0t --~1 
be due to the involvement of cyclic AMP independent effects induced by TSH 
(i.e., increased PI turnover) but not by forskolin. 

The present report suggests that both the cyclic AMP dependent and in
dependent cascades promoted by TSH interact at the level of iodide organi
fication. The cyclic AMP independent pathway involves the activation of 
kinase C and of phospholipase Az and the release of arachidonate which, in 
turn, may control the phosphoinositides cycle and adenylate cyclase activ
ity. Numerous arguments support this interpretation. The stimulation of 
thyroid cells with TSH produces a transient rise of diacylglycerol (DG) 
(7). DG is the endogenous stimulator of kinase C, which is present in thy
roid tissue (8). TSH treatment probably results in a decreaed phospholipase 
Az activity in these cells, attested by the decreased ability to synthesize 
prostaglandin Ez (9). The very high PBI level due to the chronic treatment 
of the cells with TSH is decreased by an acute treatment with exogenous 
arachidonate (10), as well as by PAF-acether, which behaves like a partial 
agnoist of TSH (5), and by the phorbol ester TPA which directly stimulates 
kinase C activity (6). 

Thus, the chronic treatment of isolated thyroid cells with moderate 
amounts of TSH or with selective stimulators of adenylate cyclase modifies 
the balance between the cyclic AMP cascade and the phosphoinositides cascade 
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in favor of the former. This shift, probably linked to a decreased phos
pholipase A2 activity, is also linked to a very important increase of GTP 
cellular level (11) - resulting perhaps from the endogenous ADP ribosyla
tion of Ni and the correlative inhibition of its GTPase activity. 
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REGULATORY NETWORKS IN THE ACUTE CONTROL OF THYROID FUNCTION 
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Endocrinology, Campus Erasme, Faculty of Medicine, Free 
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Two main regulatory pathways are involved in the acute control of dog 
thyroid cell function: TSH activates thyroid adenylate cyclase and, through 
cyclic AMP, stimulates both thyroid hormone synthesis and secretion. TSI, 
E prostaglandins, and norepinephrine, through 6 receptors, all act similar
ly. Norepinephrine, through a receptors and the inhibitory pathway of cy
clase (NI), directly inhibits adenylate cyclase and the cyclic AMP-mediated 
effects (Fig. 1). Acetylcholine, through muscarinic receptors, enhances 
calcium influx and phosphatidylinositol (PI) turnover. The latter process 
releases in the cell two other intracellular signal molecules, diacylglyc
erol (DAG) and myoinositol 1,4,5-phosphate (IP3). IP3 induces the intra
cellular release of ca++, while DAG activates protein kinase C (Fig. 2). 
Increased cytosolic calcium enhances H202 generation and iodination, cyclic 
GMP accumulation, and arachidonate release; it activates calmodulin-dependent 
cyclic nucleotide phosphodiesterase and, thus, lowers cyclic AMP levels and 
thyroid hormone secretion (Fig. 1). These effects are mimicked by high ex
tracellular calcium and ionophore A23187. 

The phorbol esters tumor promoters tetradecanoyl-phorbolacetate (TPA), 
phorbo1-12,13-diacetate (PDA), and phorbol-dibutyrate (PDBu), reproducing 
the action of DAG probably through activation of protein kinase C, also 
stimulate iodide organification (Fig. 3) and inhibit thyroid hormone secre
tion (Fig. 4). These actions do not require the presence of extracellular 
calcium and occur without modifications of basal cyclic nucleotide levels, 
nor of PI turnover (Fig. 5,6). The stimulation of adenylate cyclase by TSH 
or forskolin is, however, unaffected (Fig. 5). 

Phorbol esters also exert a negative feedback at the level of the mus
carinic receptor and of the a type, cAMP-independent effects of TSH: they 
block the increased PI turnover resulting from carbamylcholine (Cchol) and 
TSH actions (Fig. 7), decrease basal 45ca efflux from 45ca preloaded slices, 
and inhibit the TSH and Cchol-induced increased 45ca efflux (Fig. 8). These 
actions of phorbol esters (through protein kinase C activation) possibly 
explain the mechanism of cholinergic desensitization. 
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STIMULATION OF THYROID ADENYLATE CYCLASE ACTIVITY IN SERA OF PATIENTS WITH 

NONTHYROIDAL ILLNESS 

INTRODUCTION 

F. Kakezono, S. Yamashita, N. Yokoyama, S. Morita, S. Okamoto, 
I. Morimoto, N. Ikari, and M. Izumi 

The First Department of Internal Medicine 
Nagasaki University School of Medicine 
Nagasaki, Japan 

In assessing serum bioactive TSH, as measured by thyroid adenylate 
cyclase (TAC) stimulating activity, using the FRTL-5 cell line, we observed 
that sera from hypothyroid patients stimulated TAC. However, in our earlier 
studies, no correlation between TAG-stimulating activity and serum TSH or 
IgG was found. In the present study, TAG-stimulating activities were inves
tigated in sera of patients with nonthyroidal illness (NTI). 

MATERIALS AND METHODS 

Patients 

Blood samples were collected from 89 patients with NTI, including 10 
with hepatocellular carcinoma, 14 with liver cirrhosis, 13 with hepatitis, 
6 with gastric cancer, 12 with collagen disease, 24 with neurological dis
ease, and 10 with other diseases. Thyroid-stimulating activities were mea
sured in all 89 patients using FRTL-5 cell line. However, in the analysis 
of thyroid-stimulating activity, the results from only 36 of the patients 
were used, because the other patients had been treated with drugs which may 
have affected serum thyroid hormone concentrations. 

Methods 

The FRTL-5 rat thyroid cell culture system. FRTL-5 cells were grown 
in Coon's modified Ham's F-12K medium supplemented with 5% calf serum and 
a six hormone mixture consisting of TSH, insulin, hydrocortisone, transfer
rin, somatostatin, and glycyl-L-histidyl-L-lysine acetate, and were trans
ferred biweekly. 

For the studies, 1 x 105 cells were seeded in each well of Nunc 24-
well plates, and cultured for three days. The media were then removed and 
replaced by a five hormone medium (without TSH), and cultured for an addi
tional four days. The media were removed by suction, and 80 ~1 of serum or 
TSH solution of various concentrations and 80 ~1 Hank's balanced salt solu
tion (HBSS) containing 0.4% FBS were added. Incubations were continued for 
60 min at 37°C in the presence of 0.4 mM methyl-3-isobutyl-xanthine (MIBX). 
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Cyclic AMP concentrations in media were determined by cAMP RIA kits (Yamasa). 
Sera of 10 normal individuals were run for each assay as controls (1-3). 

The porcine thyroid cell culture system. Porcine thyroid cells were 
cultured by usual methods. For the studies, 5 x 105 thyroid cells per 350 
Pl of cell suspension were seeded in each well of 24-well culture plates. 
The assay for thyroid stimulating activity was usually performed after 18-
24 hours of culture. After removing the medium, thyroid cells in monolayer 
culture were incubated for two hours at 37"C with 120 Pl serum or TSH of 
various concentrations in the assay buffer. Cyclic AMP concentrations in 
media were determined by cAMP RIA kits (Yamasa) and sera of 10 normal indi
viduals were run for each assay as controls (4). 

Measurements of serum thyroid hormone concentrations. Serum concentra
tions of T4, free T4 (FT4), T3, and TSH by RIA were measured. 

Testing of various known adenylate cyclase activators for thyroid
stimulating activity using FRTL-5 cells. Various known adenylate cyclase 
activators such as glucagon, norepinephrine, epinephrine, ACTH, ADH, prosta
glandin E1, and TSH were used. The concentrations of the above activators 
were those of normal serum concentrations for each activator, or 10, 102, 
103, and 104 times normal dissolved in HBSS, and the volume used was 80 Pl. 

RESULTS 

Thyroid-stimulating activities of the patients are shown in Fig. 1. 
Activities were higher than those of normal subjects in greater than half 
of the patients with each disease except in those with neurological disease 
in whom approximately one quarter had elevated values. No disease specifi
city was observed in thyroid-stimulating activities. Cyclic AMP concentra
tions were measured in media before and 60 min after incubation with sera 
from 10 normal subjects and 10 patients. Four patients showed clearly in
creased cAMP concentrations at 60 min compared to those of normal subjects. 
There was no difference between the two groups before incubation. The por
cine thyroid cell culture systems were employed to measure thyroid-stimu
lating activities and the results were compared to those of FRTL-5 cells. 
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Fig. 2. Correlations of cAMP concentrations in media at 60 min with serum 
T3 (A), T4 (B), FT4 (C), and TSH (D) concentrations. 

A strongly positive correlation between thyroid-stimulating activities in 
the porcine thyroid cell culture systems and the FRTL-5 cell culture system 
was found, demonstrating that both porcine thyroid cells and rat thyroid 
cells are stimulated by sera of patients with nonthyroidal illness. Corre
lations of cAMP concentrations in media at 60 min with serum T3, T4, FT4, 
and TSH concentrations are shown in Fig. 2. Highly significant inverse cor
relations of cAMP concentrations with serum T3 (a=0.53, p<O.OOl), T4 (a= 
0.38, p<0.025), and FT4 (a=-0.62, p<O.OOl) concentrations were found. How
ever, cAMP concentrations did not correlate with serum TSH concentrations. 
Various known adenylate cyclase activators were added to FRTL-5 cell culture 
systems. Adenylate cyclase activators such as glucagon, norepinephrine, 
epinephrine, ACTH, ADH, prostaglandin E1, and TRH did not elevate cAMP pro
duction even at concentrations as high as 104 times that of normal serum 
concentrations. 
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DISCUSSION 

In this study, sera obtained from patients with various NTI increased 
cAMP concentrations in culture media of FRTL-5 cells. 

The stimulating effects of sera were also observed in porcine thyroid 
cells in primary culture, indicating that the stimulatory effects were not 
specific for FRTL-5 cells. 

Furthermore, the thyroid-stimulating effects of sera were not disease 
specific and significantly correlated inversely with serum T3 and T4 con
centrations. These results suggest that in low T3 or in low T3 and low T4 
syndrome, sera of patients stimulate the adenylate cyclase activity in thy
roid cells in vitro. 

In the present study, sera of patients with low T3 syndrome clearly 
stimulated the production of cAMP in thyroid cells, and this TAG-stimula
ting activity was not due to the known substances, such as glucagon, nor
epinephrine, epinephrine, ACTH, ADH, prostaglandin E1, or TRH, since thou
sands of times more normal serum concentrations of these substances did not 
stimulate cAMP production in the present study. 

Although the nature of substance(s) present in se~a of low T3 syndrome 
is not entirely known, it is conceivable that there ex1sts some mechanism 
to stimulate thyroids in order to compensate the decreased serum T3 levels 
in low T3 syndrome (5). 

However, it is also likely that adenylate cyclase-stimulating activity 
of sera in these patients is completely independent of metabolic changes in 
thyroid hormone and simply represents a nonspecific metabolic response to 
the severe illness. 

In conclusion, these results indicate that sera of patients with low 
T3 syndrome stimulates TAC act1v1ty. It is conceivable that there exists 
some mechanism independent of TSH to compensate for the decreased serum T3 
levels in low T3 syndrome. 

SUMMARY 

Sera of many patients with NTI stimulate TAC activity and the stimula
ting activity inversely correlated with serum T3 concentrations. Although 
the nature of such substance(s) present in sera of patients with low T3 syn
drome is not entirely known, it is conceivable that there exists some mech
anism independent of TSH to compensate for the decreased serum T3 levels in 
low T3 syndrome. 
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Katsumi Iwase,2 Susumu Ohtani,2 Hifumi Nakagawa, Rumi 
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Our previous studies provided the evidence that rat adrenal gland and 
testis contain three species of DNA polymerase, a, S, andy (1,2). Among 
them, the S-enzyme activity in the endocrine organs was modulated by pitui
tary trophic hormones. Namely, the manipulation of hypophysectomy reduced 
the level of S-enzyme activity and changed its molecular size. These changes 
were reversed by the administration of the pituitary trophic hormone to the 
hypophysectomized rat. Therefore, DNA polymerase S activity may be strongly 
regulated by the feedback mechanism in these endocrine organs. Here we ex
tended our work to another endocrine organ, the thyroid gland, which is reg
ulated by TSH and shows some extent of autoregulation under the depletion 
of TSH. 

In this paper, we confirmed the existence of three molecular sizes of 
DNA polymerase S and the decrease ~n the activity of DNA polymerase S of the 
small molecular size, accompanied by a concomitant shifting of the molecular 
size to the larger form. 

MATERIALS AND METHODS 

Sham-operated and hypophysectomized male Wistar rats weighing about 
150 g fed with regular diet and saline were obtained from Imamichi Animal 
Laboratory, Co., Ohmiya, Japan. Thyroidal regeneration was induced by daily 
intraperitoneal injections of a thyroid-stimulating hormone (TSH, Armour 
Pharmaceutical Co., IL, USA) to hypophysectomized rats immediately after 
operation (for 7 days). The thyroid glands were removed at 1, 2, 3 and 4 
weeks after hypophysectomy and were weighed. Ten thyroid glands were col
lected and homogenized as described previously (1). 

Sucrose gradient centrifugation was performed using 5 to 20% (W/V) 
linear gradient sucrose in 50 mM Tris-HCl buffer, pH 7.5, containing 0.2 
M KCl, 2 mM 2-mercaptoethanol, and 0.5% Nonidet P-40. Enzyme samples (0.2 
ml) were layered onto the 4.8 ml gradient and centrifuged in a Hitachi RPS 
50 rotor (Hitachi Koki Co., Ltd., Katsuta, Japan) at 45,000 rpm at 4°C for 
16 h. 

391 



The assays for DNA polymerase a, 6, and y were performed by the meth
ods reported previously (2). One unit of the enzyme (u) is defined as an 
amount which catalyzes the incorporation of 1 nmol of deoxynucleotide in 
60 min under the assay conditions. The reaction showed a near-linearity 
with respect to the enzyme dose up to 30 ~1. 

RESULTS 

Rat thyroid contained a relatively high level of DNA polymerase a ac
tivity (215 u/g tissue) when compared to the level of DNA polymerase a (58 
u/g tissue) andY (12 u/g tissue). The level of thyroidal DNA polymerase 
a was similar to those in liver, thymus, and brain and lower than that in 
adrenal and testicular extracts (1,2). 

Hypophysectomy induced no remarkable changes in the activity of poly
merase a, a, andY species in rat thyroid extract, but only a slight reduc
tion of DNA polymerase B activity 4 weeks after hypophysectomy (Table 1). 
The B-enzyme activity per gland was slightly reduced as compared to the 
control thyroid at 1 and 4 weeks after hypophysectomy. The contents of 
protein and DNA per wet weight of sham-operated and hypophysectomized rat 
thyroid were unchanged. Therefore, DNA polymerase a activity per DNA (per 
cell) showed no remarkable changes during 4 weeks after hypophysectomy when 
the extracted samples were used for measuring the activity (Table 1). The 
extracts from sham-operated or hypophysectomized rat thyroid glands were 
centrifuged through sucrose gradient (Fig. 1). The sedimentation profiles 

Table 1. DNA Polymerase Activities in Thyroid Extracts from 
Hypophysectomized Rats 

DNA polymerase 
activities (cpm) 

a 

b 
a 

c 

d 

a (x 103) 

b 
a c (x 103) 

d 

a 

b 
y 

c 

d 

Sham-operated 
1W 4W 

3263 4410 

251 294 

8700 9483 

139 147 

36.1 37.8 

2775 2520 

96.4 86.9 

1542 1326 

2665 3600 

205 240 

7105 8040 

114 120 

Hypophysectomized (hypox) 
1W 2W 3W 4W 

2029 2857 2572 2114 

205 304 289 271 

7884 10218 9665 9033 

104 160 145 135 

21.2 25.4 31.1 15.4 

2140 2700 3495 1475 

76.5 90.8 109.2 75.9 

1085 1421 1519 1039 

2228 2265 1869 1669 

225 241 210 214 

7758 8100 7500 7379 

102 126 116 107 

a: per gland, b: per mg wet weight, c: per mg protein, d: per 
w: weeks. The values are the mean of triplicate experiments. 
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2477 

292 

10812 

126 

22.7 

2904 

90.8 

1452 

1833 

235 

8392 
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Fig. 1. Effect of hypophysectomy on sedimentation profile of 
DNA polymerase B activity in rat thyroid gland. 
(a) one week after hypophysectomy; (b) three weeks 
after hypophysectomy; (c) four weeks after hypophysec
tomy; (d) sham operation; (e) two units of T8H were 
administered to the hypophysectomized rat for seven 
days. 

revealed three peaks of DNA polymerase B activity in the rat thyroid, which 
sedimented at 3.38, 7.38, and 128. After hypophysectomy, 3.38 DNA polymer
ase S decreased gradually and 7.38 or 128 DNA polymerase B increased slight
ly, suggesting the shifting of molecular size from 3.38 to 7.38 or 128 by 
hypophysectomy. The a- and y -enzyme activities were undetectable in the 
samples collected after sucrose gradient centrifugation. 

Enzymological characteristics of DNA polymerase S from hypophysecto
mized rat thyroids were examined with respect to the sensitivities to 
aphidicolin, 2', 3'-dideoxy TTP and potassium phosphate (Table 2). The 
preparations of 3.38, 7.38, and 128 DNA polymerases from sham-operated or 
hypophysectomized rats were similarly resistant to aphidicolin and were 
sensitive to inhibition by 2', 3'-dideoxy TTP and potassium phosphate. 
Therefore, all of these molecular species can be classified as DNA poly
merase S. 

The changes in the activity and the molecular size of DNA polymerase 
S after hypophysectomy were reversed by T8H. Namely, 3.38 S-enzyme activ
ity returned to the level in sham-operated rat thyroid, and the reversed 
shift of the molecular size from 128 or 7.38 to 3.38 resulted (Fig. 1). 
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Table 2. Effect of d2TTP, KP04 Buffer and Aphidicolin 
on Thyroidal Polymerase S Activity (cpm) 

S-enzyme 
fraction Control d2TTP KP04 Aphidicolin 

Sham 12S 550 60 55 485 

7.3S 635 45 65 685 

3.3S 725 70 95 855 

Hypox 12S 430 80 70 495 

1W 7.3S 415 65 130 405 

3.3S 195 75 25 160 

Hypox 12S 605 90 60 520 

3W 7.3S 630 80 115 530 

3. 3S 205 65 75 345 

Hypox 12S 445 50 60 375 

4W 7.3S 290 95 50 430 

3.3S 235 85 75 225 

5 ~ d2TTP, 20 mM KP04 or 20 ~ aphidicolin was added to 

the reaction medium. 25 pl of S-enzyme fraction was used 

for the assay. 

Thyroid hormone administered to hypophysectomized rats through the drink

ing water did not reverse these changes in DNA polymerase S activity. 

DISCUSSION 

We have shown that there are three species of DNA polymerase a, s, 
and y in the thyroid, and the S-enzyme is most abundant among them. Su

crose gradient centrifugation revealed three peaks of DNA polymerase S ac

tivity, sedimenting at 3.3S, 7.3S, and 12S. 3.3S S-enzyme is sensitive for 

TSH regulation. We confirmed that these peaks obviously have the character

istics of DNA polymerase S, using inhibitors, i.e., d2TTP, aphidicolin and 

phosphate buffer. A putative conversion of the low molecular weight form 

(3.3S) to the higher molecular weight form (7.3 and 12S) was observed after 

hypophysectomy. Similar high molecular weight forms of S enzyme have also 

been observed in the extracts from adrenal glands or testes, and the ratio 

of the high to the low molecular weight form has been changed by hypophy

sectomy and reversed by pituitary trophic hormones (1,2). Since purified 

DNA polymerase S showed a single peak at 3.3S (3), the high molecular weight 

forms of S-enzyme may represent the modified form associated with other pro

tein factors and may play an unknown function. 

In adrenal gland and testis, the depletion of pituitary trophic hormone 

by hypophysectomy induced a drastic decrease in the total DNA polymerase S 
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activity measured with crude extract or fractions of sucrose gradient cen
trifugation. In contrast, TSH depletion by hypophysectomy did not influence 
the total activity of DNA polymerase B in the thyroid gland. The sustaining 
of the total activity of B-enzyme and the shifting of B-enzyme to the larger 
to the larger molecular form in the thyroid after hypophysectomy may relate 
to the fact that the thyroid is less dependent on pituitary trophic hormone 
than are adrenal gland or testis and that the thyroid shows some autoregula
tion of function. 
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NOREPINEPHRINE AND TSH STIMULATION ON IODIDE EFFLUX IN FRTL-5 THYROID 
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IODINATION OF THYROGLOBULIN 
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Previous studies in FRTL-5 rat thyroid cells have indicated that TSH 
and norepinephrine (NE) stimulation of iodide efflux is mediated by a cal
cium signal, rather than a cAMP signal (1,2). The mechanism by which cal
cium mobilization signals iodide efflux is unknown in the thyroid or in 
FRTL-5 thyroid cells. In several systems, calcium mobilization has been 
associated with an increased breakdown of polyphosphoinositides and subse
quent release of arachidonic acid (3). The possible involvement of this 
biochemical pathway in TSH- and NE-stimulated iodide efflux in FRTL-5 cells 
is supported by the observation that arachidonic acid stimulates iodide 
efflux in these cells (1). 

In the present report, we have further investigated the role of arach
idonic acid or its metabolites in the TSH and NE stimulation of iodide 
efflux in FRTL-5 cells and have directly linked this process to the iodin
ation of thyroglobulin. 

MATERIALS AND METHODS 

Materials 

Purified,TSH was the same as a preparation previously described (4). 
NE, arachidonic acid, quinacrine, trifluoroperazine, indomethacin, and 
nordihydroguaiaretic acid (NDGA) were from Sigma Chemical Co. (St. Louis, 
MO). 5,8,11,14-eicosatetraynoic acid (ETYA) was kindly supplied by Dr. F. 
Hirata. Piperonil butoxide and 2-diethylaminoethyl-2,2 diphenyl valerate 
(SKF 525A) were a generous gift of Dr. J. Gillette. All other chemicals 
were of reagent of higher grade. 

Cells 

The isolation, growth, and basic characteristics of FRTL-5 rat thyroid 
cells have been previously described (5). 
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Iodide Efflux 

Iodide efflux was measured as previously described (1). In brief, 
cells grown in 35 mm Costar dishes (Cambridge, MA) were incubated for 40 
min at 37•c with 2 ml of 10 mM Hepes-buffered Hank's Balanced Salt Solution 
(buffered HBSS), containing approximately 1 ~Ci carrier-free 125I and 10 ~M 
Nai. At the end of the incubation, the medium was gently removed and re
placed every 2 min with 2 ml fresh nonradioactive buffered HBSS, containing 
10 ~M Nai and other additions when indicated. After the last medium removal, 
the cells were extracted with ethanol for counting along with the previously 
collected medium samples. Efflux data are presented as rate coefficients 
based on the counts per min remaining (as percentage of total) at the indi
cated times and were calculated using the following formula: 

Kn 

(ln n 
tl 

1 n n) 
t2 

(t2 - t1) 
X 100% 

where Kn is the rate coefficient (as percentage per min) and n is the per
centage of radioactivity remaining in the cells at time t. 

Measurement of TSH or NE Stimulation of Iodination of Thyroglobulin 

FRTL-5 thyroid cells released from culture plates by gentle trypsini
zation (5) were resuspended in 10 mM Hepes-buffered (pH 7.3) growth medium 
containing 0.5% albumin. Aliquots of the cells were incubated with radio
iodine and either no hormone, 0.1 ~M TSH plus or minus 10 ~M ETYA, 1 JJM NE 
plus or minus 10 ~M ETYA, or 10 ~M arachidonic acid. After 4 h at 37•c, 
cells were collected by centrifugation, washed once with HBSS, solubilized 
in 200 1 of electrophoresis sample buffer (0.062 M Tris-HCl, pH 6.8; 1% 
SDS; 10% glycerol; 5% 2-mercaptoethanol; and 0.01% bromophenol blue), and 
heated at loo•c for 10 min. Aliquots were subjected to 10% polyacrylamide 
slab gel electrophoresis, as described by Laemmli (6), stained, and then 
subjected to autoradiography. 

w 
(/) 

~ 
_J 

w 
cr: 

min) 
time 
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1 Fig. 1. Effect of TSH and NE on 
the rate of iodide efflux 
in FRTL-5 cells. Experi
ments were performed and 
data presented as described 
in Materials and Methods. 
Iodide efflux was measured 
in separate dishes where 
agents (e) were added for 
the final 14 min at the 
indicated final concentra
tions, with duplicate 
dishes serving as controls 
(o). The stimulation of 
iodide efflux induced by 
each agent was quantified 
(~1 iodide release, % per 

by comparing the difference in the rate of iodide release at each 
point with respect to the control (shaded area). 
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Fig. 2. Effect of different inhibitors of arachi
donic acid metabolism on TSH- and NE-stimu
lated iodide efflux in FRTL-5 cells. Ex
periments were performed as detailed in 
Materials and Methods and in the legend of 
Fig. 1. The inhibitors were included in 
the medium from the beginning of the efflux 
experiment at the indicated final concentra
tions. Results are expressed as ~1 iodide 
release (%of control), which was derived 
by comparing the difference at each time 
point in the rate of iodide release induced 
by the agents tested in the absence or in 
the presence of each inhibitor. Time inter
vals appropriate to each stimulatory agent 
(shaded areas in Fig. 1) were used for 
comparison. ._____. = ETYA; .__. = NDGA; 
A--&= piperonyl butoxyde; 0--0 = SKF 
525A; f:> __ f:> = indomethacin. 

RESULTS AND DISCUSSION 

The effects of TSH and NE on the rate of iodide efflux in FRTL-5 cells 
are summarized in Fig. 1. The stimulation of iodide efflux can be quanti
tated by comparing the differences in the rate of iodide release at each 
time point in the presence or in the absence of a stimulator, either in ex
periments performed in control medium (buffered HBSS) or in medium contain
ing the inhibitors to be tested below. This difference (~ iodide release) 
is readily represented in Fig. 1 by the shaded areas between the two curves. 

To further substantiate the involvement of arachidonic acid in the 
stimulation of iodide efflux in FRTL-5 cells, we have studied the effect 
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of two inhibitors of the phospholipase A2, which releases arachidonic acid 
from membrane phospholipids (3), on NE- or TSH-stimulated iodide efflux in 
these cells. Both quinacrine (1 mM) (7) and trifluoroperazine (20 PM) (8), 
at concentration similar to those blocking this enzyme in platelets (9), 
markedly inhibited (~90%) the stimulation of iodide efflux induced by either 
hormone. 

In several mammalian cells, arachidonic acid is metabolized via three 
enzymatic pathways; the ciclooxygenase which generates prostaglandins and 
thromboxanes, the lipoxygenase which forms leukotrienes, and a NADPH-depen
dent cytocrome P450 (epoxygenase) which produces epoxide metabolites (10). 
The effects of various inhibitors of arachidonic acid metabolism on TSH-
and NE-stimulated iodide efflux are shown in Fig. 2. Inhibitors of the 
lipoxygenase, such as ETYA and NDGA, at concentrations comparable to those 
required to inhibit arachidonic acid metabolism in beta pancreatic cells 
(11) and in human platelets (12), suppressed the stimulation of iodide 
efflux by TSH and NE, while indomethacin, at a concentration that specif
ically inhibits the ciclooxygenase (13), was without effect. Piperonyl 
butoxide and SKF 525A, two inhibitors of the epoxygenase (14), also blocked 
TSH- and NE-stimulated iodide release in a dose-dependent manner, at concen
trations similar to those used to inhibit this enzyme in other systems (14, 
15). 

Although the site of the membrane where iodide efflux occurs in FRTL-5 
cells cannot be identified because these cells are not polarized and do not 
form follicles in culture, it can be representative of the in vivo process 
wherein iodide is lost from the cell into the follicular lumen prior to the 
iodination of thyroglobulin. TSH, as well as NE and arachidonic acid, has 
been shown to stimulate the iodination of thyroglobulin in thyroid slices 
(16) or lobes (17). The possibility must, therefore, be considered that 
iodide efflux induced by TSH and NE in FRTL-5 cells is an in vitro model 
of the release of iodide into the follicular lumen. This hypothesis is 
supported by the demonstration that TSH and NE, in addition to stimulating 
iodide efflux, increased the iodination of thyroglobulin in FRTL-5 cells. 
This activity was duplicated by arachidonic acid and blocked by ETYA (data 
not shown). 

In conclusion, the results of the present study indicate that TSH and 
NE stimulation of iodide efflux in FRTL-5 cells involves metabolites of 
arachidonic acid produced through the lipoxygenase and/or epoxygenase path
ways and is linked to the iodination of thyroglobulin. 
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INTRODUCTION 
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Thyroid-stimulating hormone (TSH) is known to stimulate the thyroid 
adenylate cyclase-cAMP system (1). Hormonal stimulation of adenylate cy
clase produces an immediate response followed by a reduced responsiveness 
to a subsequent challenge with the hormone itself. This phenomenon is re
ferred to as desensitization of refractoriness and is believed to be de
pendent on new protein synthesis (2,3). Furthermore, iodide in the thyroid 
gland, independently from TSH, can modulate thyroid function by inhibiting 
several metabolic steps (4). Thus, thyroid function is regulated in a com
plex manner, where pituitary and autoregulatory mechanisms can be distin
guished. 

Previous studies show that a continuous line of rat thyroid cells 
(FRTL-5) cultured in the presence of TSH are desensitized to the acute 
stimulation by the hormone, and that this refractoriness can be reversed 
by the removal of TSH from the culture medium (5). FRTL-5 cells are also 
responsive to thyroid-stimulating antibody (TSAb) present in sera of pa
tients with Graves' disease (6). 

In the present study, we investigated the mechanisms by which TSH 
induces refractoriness in FRTL-5 cells, and questioned whether TSAb could 
mimic TSH in the induction of refractoriness. 

MATERIALS AND METHODS 

The FRTL-5 cell line used in this study is a cloned normal rat thyroid 
cell line previously shown to maintain the functional characteristics of 
iodide uptake and thyroglobulin synthesis over prolonged periods of culture 
(7). Cells are grown in medium as previously described (7) in the presence 
of 0.3 mU/ml of TSH. 

The TSAb IgG preparation was prepared from a serum of a patient with 
hyperthyroid Graves' disease by DEAE Sephadex separation. It was micro
somal antibody negative and strongly positive for adenylate cyclase-stimu
lating activity in both human thyroid plasma membrane and FRTL-5 cells. 
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After splitting as previously described (7), FRTL-5 cells were seeded 
in 24 well Costar plates (Costar, Cambridge, MA), cultured in the presence 
of TSH for 2-3 days and, after washing, fed with the same medium deprived 
of TSH every two days. After 4-5 days of culture in the absence of TSH, 
cells were washed twice with Hank's Balanced Salt Solution (HBSS), and a 
24 hr preincubation was performed with medium alone, or medium supplemented 
with 100 pM TSH or 1 mg/ml TSAb. 

At the end of the preincubation period, cells were washed twice with 
HBSS and an acute adenylate cyclase stimulation assay was performed as pre
viously described (6), measuring intracellular or total cAMP produced after 
1 hr incubation in the presence of 0.5 mM isobutyl-methyl-xanthine. cAMP 
was measured using a RIA and DNA content was measured in the pellet. Re
sults were usually expressed as picomoles/dish, since, under the conditions 
described, the DNA content varied less than 5% from well to well. Experi
ments were performed in duplicate, as well as cAMP measurements in each 
well. The results were the average of these and the standard deviation was 
less than 5% in all the experiments. 

RESULTS 

As previously reported, TSH withdrawal from culture medium restores 
the responsiveness of FRTL-5 cells to an acute TSH stimulation (5). On the 
basis of this observation, the ability of TSH in desensitizing cells main
tained for 4-5 days in medium deprived of TSH was evaluated. A 24 hr pre
incubation with TSH clearly reduces the ability of FRTL-5 cells to increase 
intracellular cAMP production following a new acute challenge with TSH. 
This indicates that TSH induces refractoriness in FRTL-5 cells within 24 
hours. 

A 24 hr preincubation with medium containing TSH and supplemented with 
10 ~ cycloheximide showed that this inhibitor of protein synthesis partial
ly prevented the desensitization induced by TSH preincubation. 

Indeed, at the highest dose employed in the acute stimulation assay, 
i.e., 1 nM, cells pretreated with TSH had a 46% reduction of cAMP produc
tion with respect to unpretreated cells, while in the presence of cyclo
heximide, the responsiveness of TSH-pretreated cells decreased by only 14%. 

Table 1. Adenylate Cyclase Assay Performed on Cells Preincubated 
with 100 PM KI or 100 PM Methimazole Together with TSH 
for 24 hr 

24 hr preincubation None TSH TSH + KI 

Basal 1.2 3.0 2.3 

TSH 50 pM 2.1 1.8 2.0 

200 pM 3.4 3.4 2.8 

800 pM 7.6 3.3 3.4 

3 nM 16.8 12.1 12.5 

Numbers represent pmo1es of cAMP/50,000 cells. 
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Fig. 1. Adenylate cyclase stimulation assay performed 
in FRTL-5 cells preincubated for 24 hr with l 
mg/ml TSAb, or medium alone, as control. 
Results are expressed as picomoles of cAMP/ 
well. 

Preincubation for 24 hours with 100 ~M KI or 100 ~M methimazole did 
not alter the cAMP response to TSH (Table 1). 

It has been previously reported that FRTL-5 cells are responsive to 
TSAb in terms of adenylate cyclase activity (6). We, therefore, questioned 
whether TSAb could mimic TSH in the induction of refractoriness. To this 
purpose, cells were preincubated with l mg/ml of a TSAb preparation. Fig. 
1 shows that cells pretreated with TSAb have a reduced ability to respond 
to a subsequent acute stimulation by TSH. 

DISCUSSION 

This study deals with mechanisms by which TSH can induce desensitiza
tion in FRTL-5 thyroid cell line that, with respect to thyroid cell primary 
cultures or slices, have the advantage of absence of contamination with 
nonthyroid cells. Refractoriness is elicited by an exposure to the hormone 
for a period of at least 24 hours. This lag period suggests that single 
receptor occupancy or down-regulation are not major mechanisms for loss of 
responsiveness. Furthermore, an inhibitor of protein synthesis, cyclohexi
mide, could partially prevent the induction of refractoriness by TSH, thus 
suggesting that cyclase is inhibited by a protein, the synthesis of which 
is under the regulation of the hormone. 

In addition to TSH, iodine can modulate the thyroid cell response to 
the hormone (4). In dog thyroid cells in primary culture, methimazole or 
propylthiouracil, which block iodine organification, prevent the inhibitory 
action of iodine, indicating that iodine must be in an organic form to exert 
its inhibitory effect (7). In FRTL-5 cells, a 24 hr preincubation with KI 
did not increase the desensitization elicited by TSH and, accordingly, meth
imazole was also ineffective. These results may be explained by the obser
vation that FRTL-5 cells, in the presence of TSH, are able to actively con
centrate iodide from the culture medium, but are unable to incorporate it 
into proteins (8). 

Immunoglobulins present in sera of patients of Graves' disease have 
been shown to influence many aspects of thyroid cell metabolism in a manner 
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similar to TSH (9). FRTL-5 cells are responsive to TSAb in terms of adeny
late cyclase and growth stimulation (7,10). Thus, we investigated whether 
TSAb could mimic TSH in its ability to produce cyclase desensitization in 
FRTL-5 cells. This TSAb preparation, after a preincubation period similar 
to that described above for TSH, was able to mimic TSH in the induction of 
refractoriness to the acute stimulation by the hormone itself. Noteworthy 
is that refractoriness induced by TSAb or TSH was not specific, but once 
desensitized, cells showed reduced adenylate cyclase responsiveness to both 
stimulators. 

In this paper we described that TSAb directed to TSH receptor (9) is 
able to desensitize cells after a 24 hr preincubation period. The mecha
nisms involved in this process are still unknown, although, as discussed 
above for TSH-induced desensitization, the lag period necessary to observe 
refractoriness suggests that TSH regulator occupancy or down-regulation are 
not major mechanisms of this action of TSAb. 

Further studies using either TSAb or other antibodies to TSH receptor 
with different spectra of activities are necessary to clarify this problem. 
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REGULATION OF HLA-DR GENE EXPRESSION IN CULTURED HUMAN THYROID CELLS: 

A ROLE FOR LECTIN, GAMMA INTERFERON, AND CYCLOSPORINE* 

INTRODUCTION 

L.A. Piccinini, B.S. Schachter,l and T.F. Davies 

Departments of Medicine and Obstetrics, Gynecology and 
!Reproductive Science, Mount Sinai School of Medicine 
New York, NY, USA 

HLA Class II antigens (DR, DQ, and DP) are expressed primarily on the 
surface of the lymphocytes (B and activated T cells) and cells of the mono
cyte-macrophage lineage, but may also be expressed in a variety of tissues, 
in particular those which contain immune infiltration with local release 
of lymphokines (i.e., gamma interferon), which are potent inducers of Class 
II antigen expression. Immunofluorescence studies have demonstrated that 
although normal human thyroid tissue is negative for DR antigen, HLA-DR 
antigen is present in human thyroid cells in cases of autoimmune thyroid 
disease such as Graves' hyperthyroidism (1,2). Furthermore, Class II HLA
DR antigen in normal thyroid cells is detected after exposure in vitro to 
lectin or gamma-interferon (1,3). Since Class II antigens are-rmportant 
in T cell amplification, antigen presentation and self-recognition (4), 
such quantitative differences in DR antigen expression in the thyroid may 
be involved in the control of thyroid autoimmunity. In order to further 
elucidate the role of Class II antigens in thyroid immunoregulation, we 
have studied HLA-DR antigen gene expression in a variety of cultured human 
thyroid cells. 

METHODOLOGY 

Tissue and Cell Culture 

Postoperative human tissue was quick-frozen and stored at -70"C prior 
to RNA preparation. Thyroid cell cultures were prepared by collagenase di
gestion (1.25 mg/ml) of thyroid tissue followed by culture for five days+ 
lectin (leucoagglutinin, 10 ~g/ml), human gamma-interferon (E. coli-derived, 
Genetech, 100 units/ml), and/or Cyclosporine A (Sandoz, 5 ~g/ml). 

Detection of DR Antigen 

Thyroid cell cultures were harvested using trypsin-EDTA and stained 
for DR antigen by indirect immunofluorescence using anti-DR monoclonal anti
body L-243 (Becton Dickinson, CA). 

*Supported in part by grant AM28243 from NIADDKD, the Irma T. Hirschl 
Charitable Trust, and the IBM Corporation. 
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Total Cellular RNA Analysis 

Total cellular RNA was prepared from tissue and cells according to 
quanidinium isothiocyanate extraction and cesium chloride centrifugation 
(5). RNA preparations were transferred to Gene Screen (NEN) membrane 
filters for Northern blot analysis or dot blot analysis, both according to 
the method of Thomas (6) . 

Cytoplasmic RNA Analysis 

Cytoplasmic extracts were prepared from cells according to the method 
of White and Bancroft (7) before application to Gene Screen using a Mini
fold dot or slot blot apparatus. 

Northern, Dot, and Slot Blot Hybridization 

Blots were baked, prehybridized under standard conditions, and hybrid
idized to an HLA-DR alpha chain-specific eDNA probe (DR alpha-10) cloned 
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Fig. 1. Cytoplasmic slot blot 
analysis of HLA-DR alpha 
chain trans cripts in human 
thyroid cells . Normal 
human thyrocyte cultures 
were established from thy
roid tissue obtained at 
surgery, as described pre
viously (8) and grown with 
(+) or without (-) l ectin 
(leucoagglutinin, 10 ~g/ml) 
for 5 days. Cytoplasmic 
extracts to be used in DR 
alpha chain transc, ipt 
analysis were prepared 
according to the method of 
White and Bancroft (7). 
Brie fly, ce lls were ly sed 
in the presence of 1% Non
idet P 40 and nucle i were 
removed by centrifugation 
(13,000 x g, 2.5 min) in a 
Fisher Model 235B centri
fuge . Cytoplasmic RNA in 
the super natants was de
natured at 6o•c for 15 min 
in 7% formaldehyde and ap
plied to Gene Screen fil
t ers (New England Nuclear) 
using a Minifold II Slot 
Blot apparatus (Schleicher 

and Schuell ) . Prehybrid i zat i on, hybridization , and autor adiography were 
pe rformed as described e lsewhe r e (8). Cytopl asmic extrac ts or known amounts 
o f DNA standards we re applied in duplicate slots as follows: Lane A: DR 
alpha eDNA-Rows 1-4 , 10, 25, 50, 100 pg , r espec t ively; normal thyroid cell: 
Patient D (1 x 10S cells per slot)-Row 5, control , Row 6, +lectin; Pati ent 
E ( 2 x 10S ce l ls per slot) - Row 7, cont r o l, Row 8, +l ectin. Lane B: (3.5 x 
10S ce lls per slot) Raji ce ll line-Row 1 ; Fisher rat thyroid cells line-Row 
2; normal thyroid ce ll: Patient F-Row 4 , contro l, Row 5, +lectin. Lane C: 
plasmid pBR322 DNA-Rows 1-4, 10, 25, SO, 100 pg, respectively; normal thy
r oid cell: Patient G (7 x 104 ce lls pe r slot)-Row 5, control, Row 6, 
+lec t i n. 
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into the Pst 1 site of pBR322 by GC tailing (from E. Long, NIAID). The 
eDNA probe was 32P-labeled by nick-translation to a specific activity of 
5-8 x 108 cpm per ~g of DNA. 

RESULTS 

Northern blot analysis of total cellular RNA revealed a single DR alpha 
chain transcript less than 2 kb in size in all human thyroid tissues exam
ined, including thyroid adenomata, Graves', and normal thyroid tissue (8). 
The thyroid DR alpha chain transcript was indistinguishable in size from 
the DR alpha chain mRNA species present in the Raji human B lymphoblastoid 
cell line, which constitutively expresses HLA-DR antigen. Dot blot anal
ysis indicated that basal mRNA-DR alpha levels were variable among normal 
and abnormal thyroid tissues, as well as thyroid cells in culture, with the 
highest levels of DR alpha chain mRNA found in cases of Graves' hypert hy
roidism (8). 

Cytoplasmic blot analysis of cell extracts prepared from 5-day thyroid 
cell cultures indicated that normal thyroid cells contain detectable amou~ts 
of DR alpha chain-specific mRNA (Fig. 1). Lectin treatment resulted in a 
mean 5-fold increase in DR alpha chain transcript levels in normal thyroid 
cells (8) . Both lectin and gamma-interferon treatment of normal, as well 
as Graves' thyroid cells in culture, resulted in enhanced l evels of HLA-DR 
alpha chain transcripts (Fig. 2A). Such increases at the level of DR alpha 
chain gene transcription correlated with increased levels of DR antigen 
demonstrated in thyrocyte cultures by indirect immunofluorescence (Fig. 2B). 

Cyclosporine A, which is known to suppress lymphokine production by 
T cells (9), was used to treat Graves' thyroid cell cultures in order to 
eliminate the possible contribution of T cell-derived gamma interferon to 
thyroid DR antigen l evels . Cyclosporine treatment resulted in a 40-60% 
reduction in DR alpha chain transcript levels in untreated, as well as 
lectin-treated Graves' thyroid cells (data not illustrated). Cyclosporine 
A treatment of Graves' thyroid cell cultures grown in the presence of gamma 
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Fig. 2. Comparison of the 
influence of gamma
interferon on DR alpha 
chain transcript levels 
in normal human thyro
cyt es with numbers of 
OR-positive cells. 
2a: Mean levels of DR 
alpha chain transcripts 
in cultured normal or 
Graves' human thyro
cytes. Densitometric 
scans of slot blots of 

C Lect in riF C Lectin rtF normal human thyrocyt es 
cultured for 5 days 

with or without lecti~ (10 ~g/ml) or gamma- interferon (100 units/ ml) were 
performed after hybridization to the DR alpha-10 probe as described in Fig. 
1. Values were reported as %of OR-positive Raj i cell line and normalized 
for cel l number . 2b: Quantitation of DR antigen-pos itive cells in normal 
human thyrocyte cultures. DR antigen-positive cells were enumerated using 
i ndirect immunofluorescence. Thyroid cell cultures were harvested using 
trypsin-EDTA and reacted with anti-DR monoclonal antibody L-243 (Becton 
Dickinson), followed by fluorescein-conjugated F(ab')2 fragment of goat 
anti-mouse IgG (Cappel). 
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interferon did not result in decreased levels of DR alpha chain transcripts. 
Similar results were observed using indirect immunofluorescence to detect 
DR antigen in Graves' thyroid cell cultures (Fig. 2B). 

DISCUSSION 

Normal human thyroid tissue, as well as thyroid adenomata, express low 
levels of DR alpha chain transcripts in contrast to the high levels detected 
in Graves' thyroid tissue. Such variation in DR alpha chain gene expres
sion is also detected in cultured human thyrocytes. Detectable levels of 
DR antigen gene expression in all human thyroid cultures examined to date 
in our laboratory suggest the capacity of thyroid cells to act directly in 
antigen presentation. 

Normal and Graves' thyroid cell DR alpha chain transcript levels are 
regulated in vitro by lectin. The mechanism of action of lectin on DR 
antigen gene expression in the thyroid cell has been explored in studies 
using Cyclosporine A, which does not directly inhibit the action of gamma 
interferon enhancement of DR alpha chain gene expression in the thyrocyte. 
Cyclosporine A significantly reduces lectin stimulation of DR gene expres
sion, suggesting that lectin may regulate DR antigen gene activity indi
rectly by enhancing gamma interferon synthesis by "passenger" lymphocytes 
present in thyrocyte cultures. Cyclosporine A may also inhibit lectin 
action directly at the level of the thyrocyte. 

The role of gamma interferon in the expression of HLA-DR antigen in 
the human thyroid may prove to be an important mechanism in the etiology 
and amplification of autoimmune thyroid disease. 
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THYROID HORMONE STRUCTURE-ACTIVITY RELATIONSHIPS: AN UNUSUAL CONFORMATION 

FOR 3,5,3'-TRIIODOTHYROPROPIONIC ACID* 

Vivian Cody 

Molecular Biophysics Department 
Medical Foundation of Buffalo 
Buffalo, NY, USA 

Although the major metabolic reactions affecting the thyroid hormone 
alanine side chain are deamination and decarboxylation, there is a paucity 
of data concerning the physiological function of these reaction products, 
in particular the thyropropionic acid metabolites. In man it has been shown 
that 44% of labeled thyroxine is excreted as thyroacetic acids whose plasma 
half-times are considerably shorter than those of the parent compounds (1). 
This is in contrast to the observation that, despite their low hormonal po
tencies, the acetic acid metabolites are bound at least as strongly to rat 
liver nuclei and more so to the plasma proteins (2,3). However, at present 
there is no clear evidence for the formation of thyropropionic acids in 
human or animal tissues (4). The acid metabolites (formic, acetic, propi
onic) have been shown to bind more tightly to thyroxine-binding prealbumin 
and the type I deiodinase enzyme, than does the thyroid hormone thyroxine 
(T4) (5,6). 

While the function of the thyropropionic acid metabolites in hormone 
action is not yet understood, various activities have been ascribed to 
them. For example, 3,5,3'-triiodothyropropionic acid (T3P), while having 
weak calorigenic and goiter prevention activities (28% of T4 activity) (7, 
8), has an inhibitory effect on mammary growth comparable to T4 or T3 (9). 
Also, T3P has been shown to inhibit mitochondrial glutamate dehydrogenase 
activity (10), as well as other cellular processes (11). 

Since different aspects of the thyroid hormone structure are recog
nized by specific hormone-binding proteins, knowledge of hormone conforma
tional flexibility is important. A conformational analysis of thyroid hor
mone structures in different environments can delineate characteristic pat
terns of molecular conformation and geometry. Therefore, the crystal struc
ture of T3P, crystallized as a (1:1) N-diethanolamine salt, was undertaken 
and the results are compared with those of the thyroid hormones and their 
acid metabolites. 

As illustrated (Fig. 1), T3P has an overall transoid conformation, 
(i.e., the side chain and the phenolic ring are oriented on the opposite 
sides of the tyrosyl ring plane) (12), the 3'-iodine atom is distal to the 
tyrosyl ring, and the propionic acid side chain is perpendicular to the ty
rosyl ring (x2, Table 1), features observed in many other thyroid hormone 

*Supported by the Kroc Foundation and NIH AM15051. 
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Fig. 1. Molecular conformation of 
3,5,3 1 -triiodothyropropionic 
acid. 
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Fig. 2. Definition of the movements about the diphenyl ether bonds. 
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Table 1. Thyropropionic Acid Conformations 

No. Structure cp cpl 3 1 1 x2 Conform Ref 

1 T3P 90° 28° Proximal 106° transoid this paper 

2 T3P2 -105 10 Distal -16 cisoid 13 

3 T4P -98 8 100 cisoid 13 

4 MeT3Pme 103 -21 Proximal 99 transoid 15 

5 T2P -100 4 101 cisoid 16 

6 T3Pee -89 -10 Proximal 46 cisoid 17 

structures (13), as well as in other thyropropionic acid structures. The 
diphenyl ether conformation, as described by the two torsion angles about 
the ether bridge (Fig. 1), is twist-skewed, an unusual conformation for 
acid metabolites (13,14). 

Analysis of the diphenyl ether torsional parameters shows that the 
two motions about the phenyl ether bonds are correlated and take place in 
a concerted manner, i.e., as the phenolic ring swings about its axis past 
the ideal skewed position, there is a concurrent twist of the phenolic ring 
about its axis in such a way that the steric repulsion between the tyrosyl 
ring iodine atoms and the phenolic ring hydrogen atoms is minimized (Fig. 
2) (14). 

A comparison of the crystal structure of the thyroid hormones with 
their acid metabolites indicates a specific influence of the side chain com
position, i.e., the presence or absence of the amine function rather than 
side chain length, upon diphenyl ether conformation (13). Further analysis 
of these data (Fig. 3) shows that other, more subtle, correlations exist. 
Within the transoid and cisoid classifications, there is a separation into 
subsets described by the deviation of the torsion angles from the ideal 
skewed values of cp/cp 1 = 90°/0°. As seen (Table 2), the acid metabolites 
(formic, acetic, propionic) fall within a 10° range of the skewed confor
mation, whereas the full amino acid structures cluster on either side of 
these values and adopt a twist-skewed conformation. 

Table 2. Average Diphenyl Ether Conformational Parameters 

Conformation cp cp I Conformation cp cp I 

Skewed -transoid 91° -20 Acids 94° 10 

Twist-skewed 104 -18 Amino acids 108 -27 

Skewed -cisoid -98 4 Acids -98 4 

Twist-skewed -107 29 Amino acids -107 30 
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Fig. 4. Superposition of T3P (---) on 
T3 (---). 

Comparison of the diphenyl ether conformations of these thyropropionic 
acid structures with those of the active hormones (Fig. 4) shows that the 
phenolic ring 6'-position is relatively constant for divergent conforma
tions. These data show also that the phenolic ring functional groups occupy 
different regions of conformational space as a result of a skewed or twist
skewed conformational preference, and that this may play an important role 
in determining the selectivity, and therefore the subsequent activity of 
these analogues. 

While these data show that the conformation of T3P is more flexible 
than previously observed, further study is required to understand the rel
evance of the unusual conformation features to its observed inhibitory 
properties. 
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CHROMATOGRAPHIC PROPERTIES AND PROBABLE STRUCTURE OF THE URINARY CONJUGATE 

OF AN ETHANE-1,2-DIOL FORMED IN VIVO FROM 3,5,3'-TRIIODOTHYRONINE (T3) 

INTRODUCTION 

Janice T. Gordon, Mary B. Dratman, and Alfred L. Yergey 

VA Medical Center and Medical College of Pennsylvania 
Philadelphia, PA, and National Institutes of Health 
Bethesda, MD, USA 

In earlier communications we have suggested that the diverse actions 
of thyroid hormones could be explained in one coherent framework if thyrox
ine were viewed as an amino acid (1,2). Both thyroxine (T4) and its mono
deiodination product, 3,5,3'-triiodothyronine (T3), are aromatic amino acids 
not only derived from, but similar in structure to tyrosine. In view of the 
adrenergic effects of thyroid hormones, it seemed reasonable to propose that 
T4, like tyrosine, would be taken into the nervous system where it and its 
metabolites could become substrates for the same enzymes which take part in 
the transformation of tyrosine to the adrenergic neurotransmitters, as well 
as to their major catabolic products. 

In the course of studying this hypothesis, we have shown that both T4 
and T3 are concentrated in neurons of specific brain regions (3) and, more 
recently, have demonstrated that the hormone, as T3, is axonally transported 
in the fiber tracts of the upper motor neuron and in other selected neural 
pathways (4). With such strong evidence for the functioning of thyroid hor
mones as precursors of neurotransmitters or neuromodulators in the central 
nervous system, we asked ourselves where to look for neurally relevant iodo
thyronine metabolites and what properties such compounds would have which 
would aid in their detection and isolation. Knowing that the adrenergic 
neurotransmitters are recovered from urine in the form of conjugates, as 
well as in the form of conjugates of their stable side chain oxidation prod
ucts, we began to collect and analyze urine from 125I-T3-treated rats. If 
thyroid hormones were to be metabolized along adrenergic neurotransmitter 
pathways, the products, owing to ring and/or side chain hydroxylation, as 
well as probable sulphate conjugation, should be more polar and less lypo
philic than T4 and T3 or their phenolic sulphates. Since the mechanism of 
reversed phase HPLC is essentially a matter of retention times paralleling 
lypophilicity, we anticipated that HPLC would lend itself well to the search 
for such metabolites. 

When the first organic extract of rat urine, obtained three hours after 
administration of 125I-T3 to a hypothyroid thyroidectomized (Tx) rat, was 
subjected to gradient analysis by HPLC, we observed a prominent labeled peak 
which eluted at only 55% of the retention time of T3 itself and well before 
other known iodothyronines and their phenolic conjugates. The unknown ac
counted for 16% of all organically-bound 125I in the urine sample, while 
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Fig. 1. Result of HPLC analysis of an organic extract of urine collected 
from 2 Tx rats for 5 hours following i.v. 125r-T3· 

in other experiments it has represented as much as 50 % of organically-bound 
urinary radioiodine (Fig. 1). Hydrolysis of the unknown produced another 
new compound with a longer HPLC retention time, though still only 80% of 
that of T3. Further experiments showed that the product, M, has neither 
amine nor carboxylic acid functions. 

213 ~1 100 
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320 340 
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2S 

0~~~~~~~~~~~~-r~-,--~~~,--r~~ 
see 540 680 

Fig. 2. Desorption-chemical ionization mass spectrum of 3,5,3'-tri
iodothyroethylene glycol, recorded by Noel Whittaker, NIH, 
Bethesda, MD. 
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STRUCTURE OF NEW T3 HETABOLITE: 

I I 

HO~O~C~-CH20H 
I OH 

4-(4-Hydroxy-3-1odophenoxy)-3,5-diiodophenylethvlene glycol 

or 3,5, 1'-Triiodothyroethylene glycol 

ITS IMPLIED NEUROACTIVE PRECURSOR: 

2-Hydroxy-2-[4-(4-hydroxy-3-iodo)phenoxy-3,5-diiodophenyl]ethyl amine 

or 8-Hydroxy-T3-amine 

Fig. 3. Structure of new T3 metabolite and its implied neuro
active precursor. 

To obtain sufficient mass of M for structure determination by mass 
spectrometry (MS), labeled urine was added to urine collected from intact 
rats. Organic compounds were concentrated, hydrolyzed by 4 M HCl, and sep
arated by HPLC. 125I-labeled M, recovered after further chromatographic 
purification, was subjected to desorption -chemical ionization MS (Fig. 2). 
Formation of the molecular ion - NH3 adduct indicated M to be a compound of 
624 molecular weight. Analysis of the fragment ions confirmed this assign
ment, showing M to be 4-(4-hydroxy-3-iodophenoxy)-3,5-diiodophenylethylene 
glycol (5). To emphasize its in vivo production from T3, we have also called 
the new compound 3,5,3'-triiodothyroethylene glycol. Its molecular structure 
and that of its presumed neuroactive precursor, the T3 analogue of octopa
mine, are shown together in Fig. 3. Fig. 4 outlines the proposed role of 
adrenergic enzymes in their biosynthesis. 

In this communication, we describe methods used in isolating, charac
teri~ing, and identifying the urinary metabolite, Mconj, from which M is 
obtained by hydrolysis. 

ADRENERGIC THYRONERGIC 

~~~ ~ 
~ ........ . Tyrosine decarboxylase ··························· ~ 

Tyralmi~ [3,5,3'-T~~~~~ronamine] 
+ DOPAmine tl-hydroxylase · ········ I 

Octopamme t 
[p-Hydroxytyramme] P-Hydroxy-Ta-amine 

~ ... Monamine oxidase·················· · · ······ l 
p-Hydroxyphenylethyiene glycol 3,5,3'-Triiodothyroethylene glycol 

Fig. 4. Parallel biosynthetic pathways suggested by the authors 
and supported by the elucidation of structure of 3,5,3'
triiodothyroethylene glycol. 
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EXPERIMENTAL 

Urine was removed from the bladders of hypothyroid Tx rats (Zivic 
Miller ~200 g) at time of decapitation 3, 48, and 72 hours after intrave
nous administration of high specific activity 125I-T3 (Abbott Diagnostic 
Laboratories). Samples were acidified to pH 3.5 with 6 M HCl and processed 
on C18 sample preparation columns (J. T. Baker Co.). Radioactive I- passed 
straight though and was discarded. Retained organic compounds, accounting 
for less than 5% of urine radioactivity, were eluted with EtOH containing 
0.1% 1M HCl, concentrated by evaporation under N2 and-analyzed by HPLC on 
~-Bondapak Cl8· A 4% per min solvent gradient from 0.1% H3P04 to 0.1% 
H3P04 in 80:20: :MeOH:H20 and a flow rate of 2 ml/min were used. Mconj, 
eluting at 11.2 min compared to T3 at 20 min, represented from 10-20% of 
organically-bound l25I in each case. On a new C18 column, Mconj elutes 
at 16.0 min and T3 at 22.1 min. The disproportionate decrease in Mconj Rt 
with column use is a clue to its highly polar character. 

In subsequent experiments, Tx or intact rats acclimated to and housed 
in pairs in metabolism cages, were injected with i25I-T3; urine was col
lected at 5, 24, and 48 hours and processed as above. In 5 and 24 hour 
urines from young rats (150-200 g), the Mconj peak often represented from 
35-50% of organically bound urinary radioiodine. 

For identification of Mconj, HPLC eluates from the appropriate regions 
were neutralized with 0.1% cone. NH40H in MeOH and reduced in volume for 
paper chromatography. Descending in the upper phase of t-AmOH:hexane:2 M 
NH40H::lO:l:12 (AHA), the Mconj:T3 Rr ratio is 1.5. T3 and Mconj Rfs are 
similar in n-BuOH:EtOH:0.5 M NH40H::5:1:6 (BEA), and n-BuOH:gl HOAc:H20:: 
4:1:1 (BAC). Typical migration distances are 28-33 em after 17 1/2 hours 
in AHA, 24 em after 18 hours in BEA, and 19 em after 18 hours in BAC. Fol
lowing partial evaporation to reduce MeOH content, Mconj eluates from HPLC 
were also recovered on C18 separation columns, and after evaporation of 
the solvent, redissolved for further characterization. Dissolved in 10-3 
M HCl, Mconj was not retained by an aryl sulfonate separation column, but 
dissolved in 0.1 M NaOAc it was retained by a quaternary amine column from 
which it was quantitatively eluted by 0.2 M Na2C03, disclosing its acidic 
character. For hydrolysis, Mconj was dissolved in 4 M HCl and digested at 
37". Hydrolysis toM was usually complete in three hours but can be car
ried out overnight with little apparent loss of product. Mconj was also 
hydrolyzed by aryl sulfatase from Aerobacter aerogenes but was impervious 
to the sulfatase and glucuronidase action of active preparations of crude 
glucuronidase from Patella vulgata. 

Urine collected for 24 hours after i.v. 125I-T3 given to an intact rat 
was processed to obtain endogenous Mconj for structure determination. Mconj 
was separated by HPLC and purified by paper chromatography (BEA and BAC). 
After a final analysis by HPLC, Mconj was recovered on C18 and eluted with 
MeOH; analysis by Z52cf-plasma desorption MS gave negative ions of masses 
96 and 97 (so4=, HS04-). Another sample was subjected to thermospray MS. 
Detection of a positive ion of mass 802 (784 + NH4+) suggests that Mconj is 
a disulphate of M. 

CONCLUSION 

We have described the isolation and characterization of sulfate con
jugate of 3,5,3'-triiodothyroethylene glycol, a newly isolated thyroid hor
mone metabolite. Because an enzyme preparation which is active in hydro
lyzing phenolic conjugates of iodothyronines is ineffective with Mconj, we 
propose that the side chain hydroxyl groups are the ones conjugated. The 
dissimilarity of Mconj Rf values and those of phenolic conjugates of iodo
thyronines in paper chromatographic systems (AHA and BEA) also supports this 
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view. The discovery of these new triiodothyronine metabolites introduces 
the probability that a significant amount of endogenous thyroid hormone is 
metabolized through heretofore undisclosed pathways. As in the case of 
tyrosine metabolism, processing of thyroid hormones in the nervous system 
may lead to a family of related metabolites of which this thyroethane-1,2-
diol and its disulphate may only be examples. 
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EFFECTS OF d-PROPRANOLOL TREATMENT ON TRANSPORT OF THYROID HORMONES INTO 

TISSUE CELLS 

INTRODUCTION 

Roelof Docter, Johannes T. M. van der Heijden, Eric P. 
Krenning, and Georg Hennemann 

Dept. of Internal Medicine III and Nuclear Medicine 
Erasmus University 
Rotterdam, The Netherlands 

It is well known that treatment with d,1-propranolol elicits a low T3 
syndrome in man (1,2). This has been explained by the assumption of an in
hibition of 5'-deiodinase in the liver by d,1-propranolol, leading to a di
minished production of T3 from T4 and a diminished breakdown of rT3. How
ever, the Ki of d,1-propranolol on this enzyme in vitro is about 0.8 mM (3), 
(3), while therapeutic levels of this compound are between 0.5 and 1 ~Min 
serum (4), and, at least in the rat, the liver does not concentrate propran
olol (5). Recently, it has been shown that a derivative, 4-0H-propranolol, 
markedly inhibits 5'-deiodinase activity in vitro at a concentration of 
about 50 ~M (6), but the concentration in-serum is below 50 nM (6). Inhi
bition of the enzyme in vivo seems, therefore, questionable. On the other 
hand, we have found that transport of iodothyronines into rat liver hepato
cytes in primary culture is strongly inhibited by propranolol in a concen
tration of only 1 ~M (7). Furthermore, we have shown that at least part of 
the low T3 syndrome, elicited by caloric deprivation, can be attributed to 
inhibition of transport of T4 into the liver (8). Therefore, we have per
formed tracer T4, T3, and rT3 kinetic studies to investigate if the low T3 
syndrome elicited by propranolol is caused by transport inhibition of T4 
and rT3 into the liver, or by inhibition of conversion of T4 to T3 and rT3 
to T2. 

SUBJECTS 

Six normal, healthy male subjects, age 22-24 years, volunteered in 
this study. All had normal thyroid function as measured by serum T4, T3-
resin uptake, and TSH responses to TRH. The study and protocols were ap
proved by the Ethical Committee of the medical centre and informed consent 
was obtained from all participants. During the study, subjects were kept 
on a normal, weight-maintaining diet. L-thyroxine substitution (200 ~g 
daily) was started five weeks before the first experiment and continued 
throughout the study. Two weeks after the start of the first (control) 
experiment, an oral d-propranolol (40 mg tablets of d-propranolol were a 
generous gift of ICI-Pharma, Holland B.V.) regimen of 80 mg three times 
daily was started. After 14 days the second experiment was performed. 
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METHODS 

' SR 

"slow"pool plasmapool 

Ql 

' k03 Ds= 03 x k03 

Computable from blood-borne data 

-kll k21 + k31 > 0 cl 
-kzz k12 + koz > 0 cz 
-k33 kl3 + ko3 > 0 

'CRf 

kii "fast"pool .. 
k12 

k12 X k21 > 0 
kl3 X k31 > 0 

Oz 
REP 

Fig. 1. Three pool model of iodothyronine distribu
tion and metabolism. Kij values (i1j; i,j= 
1,2,3; all Kij > 0) are fractional trans
port rates from pool j to pool i. Kii (i= 
1,2,3) are fractional turnover rates of 
pool Qi· In the T4-model only, secretion 
(SR) of T4 into the plasma pool should be 
considered. In case of the other iodothy
ronines, also production by conversion both 
in the slow pool (CRs) as in the fast pool 
(CRF) must be taken into account. Ds = 
disposal in the slow pool; DF =disposal in 
the fast pool. 

25 ~Ci 125I-T4 (Radiochemical Centre Amersham) and 30 ~Ci 131I-rT3 
(prepared by iodination of 3,3'-T2 with 131I- using ch1oramine-T) (9) were 
injected intravenously in 2 ml of 2% human serum albumin in phosphate buf
fered saline. Three days later, 30 ~Ci 131I-T3 (prepared by iodination 
of 3,5-T2 with 131I- using chloramine-T) (9) was given in a similar way. 
Blood samples were collected at regular intervals during 24 hours for rT3, 
3 days for T3, and 9 days for T4. Tracer T4 was isolated from serum by 
TeA-precipitation, tracer T3 or rT3 by adsorption of the iodothyronines 
to Sephadex G-25 at high pH, and subsequent elutions of T3 or rT3 with spe
cific T3 or rT3-antibodies (10). During the kinetic studies, 10 drops of 
lugol's solution three times daily were used to prevent thyroidal utiliza
tion of radioactive iodide liberated during the study. 

CALCULATIONS 

Serum radioactivity of each iodothyronine was expressed as % dose per 
liter. For each iodothyronine, the change of the activity as % dose/1 as 
a function of time could be described as the sum of three exponentials, 

y (t) 
3 
E Ai e-:l.i t 

i=1 

From the Ai and Ai obtained, the parameters as depicted in Fig. 1 of a 
three pool model of iodothyronine distribution and metabolism (11,12) could 
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be calculated. Rearrangements of these terms gives us the following formula 
for K21, 

A minimal value of K21 can be found if Ko2 = 0, i.e., no disposal in the 
rapidly equilibrating (REP) pool. K21 is maximal if Ko3 = 0, i.e., no dis
posal in the slowly equilibrating pool (SEP). If K21 is known, all other 
parameters can be calculated. 

RESULTS 

In Table 1, the minimal and maximal values of K21 for T4, T3, and rT3 
are depicted together with the difference between the maximal and minimal 
values in percent of the mean value. For T4 and T3, the difference between 
the maximal and minimal value for K21 is only small, therefore, the mean 
value of K21 was used to calculate all other parameters. However, this 
assumption will divide the disposal of the hormone equally between the REP 
and the SEP, although we have no indication that this is actually the case 
in vivo. The difference between the upper and lower value of K21 for rT3 
is too large to use the means of these values as a reliable estimate of this 
parameter. Additional information is needed about the site of the rT3 dis
posal to be able to calculate K21· Recently, it has been found (13) by 
direct blood sampling in the hepatic vein and the hepatic artery in humans 
that the clearance of rT3 by the liver is equal to the total body disposal 
of rT3. Because the liver is part of the REP (11,12), we have assumed that 
the disposal of rT3 is located in the REP, and, therefore, we have used the 
highest value for K21 to calculate all other parameters for rT3. A summary 
of the results can be found in Table 2. 

DISCUSSION 

d-Propranolol induced a low T3 syndrome in all subjects, as can be con
cluded from the significantly lower serum T3 concentrations and elevated rT3 
concentrations (Table 2). We have chosen d-propranolol as the experimental 
drug because of its proven ability to induce a low T3 syndrome without side 
effects due to S-blocking activity (14-16). Serum T3, free T3, plasma pool, 
mass transfer rates to the REP and SEP, and pool sizes were all decreased 
(p<O.OOl) to a similar extent as the production rate. It seems, therefore, 
that all changes can be explained by the diminished production rate, with
out any transport inhibition of T3 into the REP or SEP. During propranolol 
treatment, serum T4 and free T4 were elevated, while the disposal rate and 

Table 1. Upper and Lower Values for K21 (Fractional Transfer Rate from 
Plasma to the REP) h-1 

T4 T3 rT3 

Lowest value 0.508 (0.060) 1.338 (0.169) 0.809 (0.029) 

Highest value 0.521 (0.061) 1.528 (0.173) 2.591 (0.094) 

Difference 2.8 % (0.3) 14.0 % (1.5) 104.6 % (3.3) 

n=6; mean (SEM) 
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MCR were lower (p<O.Ol). Mass transfer to the REP was elevated leading to 
an increased pool (<0.01). Similarly, serum rT3, free rT3, and plasma pool 
were elevated (p<O.OOl), MCR was lower (p<O.OOl), while disposal rate did 
not change. Mass transfer rate to the REP was higher, leading to a greater 
pool (p<0.001). Thus, no transport inhibition of T4 and rT3 into the REP 
could be demonstrated. The elevated pools of T4 and rT3 in the REP (which 
contains liver and kidney (11,12)) indicate that limited substrate avail
ability to 5'-deiodinase could not be the explanation for the diminished 
T3 production and rT3 MCR. 

Therefore, two explanations remain, either a diminished concentration 
of enzyme during d-propranolol treatment, or an inhibition of the enzyme by 
an (as yet unknown) metabolite of propranolol, assuming that the mechanism 
of inhibition of the enzyme by propranolol in vivo is similar to that ob-
served in vitro. 
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IMPAIRED RELEASE OF HEPATIC TRIIODOTHYRONINE (T3) IN THE DIABETIC LOW 

T3 SYNDROME 

INTRODUCTION 

O.V.P. Denardin, R.M.B. Maciel, E. Menabo, E.M.K. Russo, 
and D.R. Borges 

Division of Endocrinology, Department of Medicine 
Escola Paulista de Medicina 
Sao Paulo, Brazil 

Previous studies have shown that experimental diabetes causes a sig
nificant decrease in serum thyroxine (T4) and 3,5,3'-triiodothyronine (T3) 
concentrations and reduces hepatic generation of T3 from T4 (1-4). Since 
hypothyroidism per se induces a reduction in 5'-deiodinase activity (5,6), 
some studies have suggested that the abnormalities seen in diabetes could 
be a consequence of this low serum T4 level (7,8). In fact, administration 
of T4 prevents the decrease in serum T4 concentration and corrects the ab
normal T3 production in diabetic animals, but fails to normalize the serum 
T3 levels (9). Thus, the low T3 syndrome in this situation cannot be fully 
explained by decreased peripheral conversion of T4 to T3 consequent to a re
duction in 5'-deiodinase activity. The present study explores the hypoth
esis that an alteration of T3 release from intracellular to extracellular 
space may be an additional factor contributing to the low T3 syndrome ob
served in diabetes. 

MATERIALS ,AND METHODS 

Materials. T4, T3, and serum bovine albumin (BSA) were obtained from 
Sigma Chemical Co., St. Louis, MO. All other chemical products were ~ro
vided b~ Merck S.A. Industrias Quimicas, Rio de Janeiro, Brazil. [12 I]T3 
and [12 I]T4 were prepared by iodination of 3,5 T2 and T3, respectively, 
using previously described techniques (10). Streptozotocin (STZ) was pur
chased from Calbiochem Co., La Jolla, CA. 

Animals. Male Wistar rats weighing 200-250 g were used in all experi
ments. The animals were maintained on an ad libitum intake of tap water 
and Purina rodent laboratory chow. Diabetes was induced by a single intra
venous STZ injection of 40 mg/kg b.w. An intravenous injection of the ve
hicle (citrate buffer, pH 4.5) was given to the control animals. T4 re
placement was obtained by daily intraperitoneal injection of 1.5 ~g/100 mg 
b.w., during six days. At the end of the experimental period all animals 
were submitted to liver perfusion. 

Procedure of rat liver perfusion. The technique of rat liver perfusion 
used in this study was described by Borges et al. (11). After induction of 
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anesthesia with intraperitoneal sodium pentobarbital (40 mg/kg b.w.), an 
intratracheal tube was inserted and connected with a volume respirator. 
Then, the chest and abdomen were opened and ligatures placed around the 
inferior vena cava above the right renal vein, the splenic vein and the 
portal vein. Outflow cannulas were rapidly inserted into the portal vein 
and thorough the right atrium into the thoracic vena cava. Finally, the 
ligatures around all the veins were tied and the perfusion started. The 
perfusate leaving the liver flowed to a reservoir and was subsequently re
circulated. The perfusion medium consisted of Krebs-Henseleit bicarbonate 
buffer containing BSA (3 g/dl), T4 (10 ~g/dl), and glucose (100 mg/dl). 
The medium was equilibrated in the apparatus with 95% 02-5% C02, and main
tained at constant temperature and pH (37"C and 7.4). The final volume in 
the system was 30 ml. All livers were perfused for one hour. At the end 
of the perfusion, the pump was stopped and the medium was pumped out of 
the apparatus and the volume determined. After centrifugation to separate 
the red blood cells, the perfusion medium was stored at -20"C for further 
determinations. At that time, a portion of the liver (approximately 1 g) 
was rapidly placed in a preweighed grinding vessel containing 1 ml of 0.01 
M P04, 0.15 M NaCl, pH 7.4 at 4"C. The portion of the liver was then 
weighed and processed. 

Processing liver samples. The liver sample processing was similar to 
that described by Jennings et al. (12) and consisted of a double alcoholic 
extraction with 100% ethanol. Using this method, [125r)T3 was extracted 
with an efficiency that was inversely proportional to liver weight accord
ing to the following equation: extraction efficiency(%) = -11.7 x liver 
weight (g)+ 85.2 (r = 0.870, p<O.Ol). The efficiency of extraction of T3 
was unaffected by diabetes. 

T4 and T3 determinations. All samples were assayed in triplicate 
using rad~o~mmunoassay methods similar to those previously described (12, 
13). 

Calculations. The appearance of T3 in the perfusion medium was cal
culated by subtracting the initial T3 perfusate concentration from the 
final T3 perfusate concentration and multiplying this difference by the 
perfusion volume. The appearance of T3 in the liver was obtained by sub
tracting from the observed liver T3 concentration, the mean liver T3 con
centration in a comparable group of rats following perfusion with T4-free 
medium, which did not alter the endogenous T3 liver concentration in either 
control or diabetic animals. Thus, total T3 production was calculated as 
the sum of the perfusate and the liver T3 productions. The T3 production 
was expressed relative to the weight of liver in grams. 
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Table 1. Effects of Diabetes and T4 Replacement on Serum 
T4 and T3 Concentrations 

T4 <n/dl) 

T3 (ng/dl) 

Control 
(n=lO) 

3.9+l.lt 

121 + 16 

Diabetic 
(n=9) 

1.1 + 0.6* 

49 + 13* 

tMean + SD; *p<0.05 vs control. 

Diabetic + T4 
(n=lO) 

4.0 + 1.6 

85 + 22* 
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Fig. 1. Effects of diabetes and T4 replacement on total (A) and perfusate 
(B) T3 production after 1 hour liver perfusion. Values shown are 
mean + SD. 

Statistical methods. Statistical analysis was performed using a one
way analysis of variance, followed by Duncan's multiple range test to iden
tify significant differences among specific groups (14). 

RESULTS 

Both mean serum T4 and T3 values were reduced by the diabetic state, 
as is shown in Table 1. The administration of T4 prevented the decrease 
in serum T4 levels in diabetic animals, indicating that the rats were 
physiologically replaced with T4. In contrast, the mean serum T3 concen
tration remained lower in the T4-treated diabetic animals when compared 
with controls. 

Figure 1 shows that the total and perfusate T3 production was reduced 
in diabetic rats. On the other hand, there was no difference in the total 
T3 production between T4-treated diabetic animals and the controls. However 
the T4-treated diabetic rats still had significantly lower levels of T3 in 
the perfusate compared with controls. 

DISCUSSION 

Our results confirm the findings from Jennings (9) that T4 replacement 
in STZ-induced diabetic rats normalized serum T4 levels, but did not sig
nificantly affect serum T3 concentration. From our perfusion system we 
were able to show that administration of T4 normalized hepatic T3 produc
tion. However, this increase in the total production rate did not reflect 
an increase in perfusate T3 levels. This finding suggests that the low T3 
syndrome seen in STZ-induced diabetic rats might be due in part to an im
pairment in liver ability to release the newly generated T3. This could 
be an adaptative mechanism to maintain physiological intracellular levels 
of T3 in this disease. 
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METABOLISM OF rT3 BY ISOLATED RAT HEPATOCYTES 

Sebo Jan Eelkman Rooda, Marla A.C. van Loon, and Theo J. Visser 

Department of Internal Medicine III and Clinical Endocrinology 
Erasmus University Medical School 
Rotterdam, The Netherlands 

Outer ring deiodination (ORD) of T4 in peripheral tissues produces T3, 
the predominant bioactive form of thyroid hormone. In contrast, the inac
tive metabolite rT3 is formed if T4 undergoes inner ring deiodination (IRD). 
Three enzymes are known to catalyze these reactions (1). The type I deio
dinase of liver is probably identical to the kidney enzyme and converts T4 
to either T3 or rT3, while it also catalyzes the further IRD of T3 and ORD 
of rT3 with, in both cases, 3,3'-T2 as the product (1). The type II deio
dinase, which has been detected in the brain, pituitary, and brown adipose 
tissue, is a true ORDase that converts T4 only to T3 and rT3 to 3,3'-T2 (1). 
The brain contains an additional, type III, deiodinase which specifically 
catalyzes the IRD of T4 to rT3 and of T3 to 3,3'-T2 (1). 

Considering the high rate of rT3 ORD by the type I deiodinase (1), it 
is likely that little rT3 produced from T4 in the liver is released into 
the circulation. Most plasma rT3 is, therefore, derived from type III de
iodination of T4 in tissues such as the brain, while it is cleared predom
inantly by the liver. In vivo studies employing the selective inhibitory 
effects of PTU on the type I deiodinase have demonstrated that this enzyme 
is the predominant site for the peripheral production of T3 in normal rats 
(2). Opposite variation in plasma T3 and rT3 concentrations has been ob
served in a number of clinical situations, which changes are due to a de
crease in both the production of plasma T3 and the clearance of plasma rT3 
(3). 

To investigate the potential importance of changes in type I deiodinase 
activity for the regulation of thyroid hormone metabolism, we initiated 
studies of the deiodination of iodothyronines by isolated rat hepatocytes. 
Reverse T3 was considered as the substrate of choice for these experiments, 
since (while analogous with the conversion of T4 to T3) ORD of rT3 is the 
most effective reaction catalyzed by the type I deiodinase (1). Initial 
results showed that rT3 is rapidly metabolized bS rat hepatocytes with ra
dioiodide as the main product from outer ring 12 !-labeled substrate (4). 
Although the involvement of the type I deiodinase was demonstrated by the 
inhibitory effects of PTU, little production of 3,3'-T2 from unlabeled rT3 
could be detected by RIA (4). These results were unexpected, since they 
implied r- formation from further metabolism of 3,3'-T2, while it is a poor 
substrate for the type I deiodinase. Subsequent studies have revealed that 
sulfation is the main, initial step in the hepatic metabolism o,f 3,3'-T2, 
and that 3,3'-T2 sulfate is a highly effective substrate for ORD by the 
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type I deiodinase (5,6). A similar facilitative effect of sulfation has 
been observed on the IRD of T3 in hepatocytes (5,7). 

The rapid metabolism of added 3,3'-T2 in liver cells by successive 
sulfation and ORD may be the reason for our failure to detect significant 
production of 3,3'-T2 from rT3 in this system. If so, the yield of 3,3'-T2 
produced by this pathway should increase if its further sulfation is inhib
ited. This hypothesis was tested in the present study employing rat hepato
cytes with diminished phenolsulfotransferase activity. The results show a 
dramatic increase in the proportion of rT3 metabolized that is recovered as 
3,3'-T2 . 

MATERIALS AND METHODS 

Rat hepatocytes were prepared by collagenase perfusion as described 
previously (8). Suspensions of 106 cells in 2 ml of culture medium (8) 
were seeded into uncoated 2 em wells of plastic 6-well dishes. The dishes 
were kept for 4 hours at 37°C in a culture stove under atmospheric condi
tion. Non-viable cells were removed by aspiration of the medium. 

The thus-obtained monolayers of viable hepatocytes were incubated with 
10 nM outer ring 125I-labeled rT3 or 3,3'-T2 in 2 ml incubation medium 
(Dulbecco containing either 1 mM MgS04 or 1 mM MgCl2 and supplemented with 
2 mM glutamine, 1 mM vitamin C, and 0.1% BSA). Incubations were carried 
out for 60 min at 37°C under atmospheric conditions while the dishes were 
placed on a slightly angled, slowly rotating plate. Incubations were also 
conducted in the presence of the deiodinae inhibitor PTU (10 ~M), or the 
phenolsulfotransferase inhibitor salicylamide (SAM; 100 ~). Some experi
ments were performed with unlabeled substrates to quantify the degradation 
of added rT3 and 3,3'-T2, as well as the production of 3,3'-T2 from rT3 by 
RIA. 

Analysis of the radioactive reaction products of rT3 and 3,3'-T2 was 
done by adsorption chromatography on small Sephadex LH-20 columns. For this 
purpose, 500 ~1 aliquots of incubation medium were mixed with 500 ~1 N HCl 
and the mixtures were applied to 1 ml Sephadex LH-20 columns equilibrated 
with 0.1 N HCl. Columns were eluted successively with 1 ml fractions of 
0.1 N HCl (2x), H20 (6x), 10% ethanol in 0.1 N NaOH (6x), and 50% ethanol 
in 0.1 N NaOH (3x). Fractions were collected in separate tubes and counted 
for radioactivity. The identity of the products in the different fractions 
was checked by HPLC (9). 

RESULTS AND DISCUSSION 

Fig. 1 demonstrates the Sephadex LH-20 analysis of media obtained after 
incubation of labeled 3,3'-T2 or rT3 with hepatocytes. Radioiodide which 
is eluted from the columns with diluted HCl represents the main product of 
the metabolism of 3,3'-T2 in control incubations without inhibitors. In 
accordance with previous observations (5,6), I- formation from 3,3'-T2 is 
greatly inhibited in the presence of PTU, and large amounts of radioactivity 
appear in the H20 fractions, representing the accumulation of 3,3'-T2 sul
fate. If the phenolsulfotransferase inhibitor SAM is added to the incuba
tions, I- production is again strongly reduced with a corresponding increase 
in the amount of 3,3'-T2 recovered in the fractions eluted with 10% ethanol 
in NaOH. Similar results were obtained if sulfaction was inhibited with di
chloronitrophenol (DCNP) or by incubations with sulfate-deplete media (9). 
These results again clearly illustrate that 3,3'-T2 is metabolized in hepa
tocytes by successive sulfation and ORD. 
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Fig. 1. Sephadex LH-20 chromatography of media obtained after incuba
tion of 10 nM labeled 3,3'-Tz or rT3 for 60 min without (blanc) 
or with 106 hepatocytes in the absence (control) or presence of 
PTU or SAM. Fractions 1-3 were eluted with HCl, 4-9 with HzO, 
10-15 with ethanol/NaOH (10/90), and 16-18 with ethanol/NaOH 
(50/50). 

Incubation of rT3 with hepatocytes results predominantly in the for
mation of I- together with small amounts of conjugate (Fig. 1, Table 1). 
Under control conditions, accumulation of 3,3'-Tz from rT3 is negligible, 
and unreacted rT3 is eluted from the columns with 50% ethanol in NaOH. 
Addition of PTU leads to an almost complete inhibition of I- production 
with an increased formation of conjugates, largely in the form of rT3 glu
curonide (9). In contrast to 3,3'-Tz, however, the increase in conjugates 
is negligible compared with the decrease in I-, and degradation of rT3 is 
inhibited by 90% in the presence of PTU. This indicates that ORD is the 
rate-limiting step in the metabolism of rT3 in hepatocytes. Addition of 
SAM does not affect the disappearance of rT3, but it induces a decrease in 
the release of I- with an equivalent accumulation of 3,3'-Tz. The figures 
in Table 1 are not corrected for the fact that the specific radioactivity 
of the product 3,3'-Tz is only half of that in the substrate rT3. If this 
is done, it can be calculated that in the presence of SAM, roughly 60% of 
the medium rT3 disappeared is recovered as medium 3,3'-Tz. Identical ob
servations were made if incubations were carried out with unlabeled rT3 and 
if the 3,3'-Tz product was determined by RIA (9). Accumulation of 3,3'-Tz 
from rT3 was also observed in experiments with DCNP or with sulfate-depleted 
cells (9). 
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Table 1. Effects of PTU and SAM on the Metabolism of rT3 by Rat 
Hepatocytes 

% Product in medium* 

Addition c Conjugates 3,3'-T2 rT3 

47.0 1.5 0.7 43.7 

10 pM PTU 1.8 5.3 -0.4 87.0 

100 pM SAM 34.5 1.8 14.5 42.9 

*Products were measured by Sephadex LH-20 chromatography after 
incubation of 10 nM labeled rT3 for 60 min with hepatocytes. 
Formation of I- was corrected by subtraction of I- recovered 
from incubations without cells. Radioactivity in 3,3'-T2 
fraction was corrected for slight contamination with rT3. No 
corrections were made for changes in specific radioactivity. 
Results are the means of 5-10 experiments each performed in 
triplicate. 

In conclusion, the above findings demonstrate that in rat hepatocytes, 
rT3 is metabolized predominantly by ORD, but production of 3,3'-T2 is only 
observed if its subsequent sulfation is inhibited. This suggests that 
plasma 3,3'-T2 is mainly derived from extra-hepatic tissues, presumably by 
type III IRD of T3. 

REFERENCES 

1. Leonard JL and Visser TJ. In G Hennemann (ed), Thyroid Hormone Metab-
olism, Marcel Dekker, New York, in press. 

2. Silva JE, Gordon MB, Crantz FR, et al. J Clin Invest 73: 898, 1984. 
3. Engler D and Burger AG. Endocrine Rev 5: 151, 1984. 
4. Visser TJ, Otten MH, Mol JA, et al. Horm Metab Res (Suppl) 14: 35, 

1984. 
5. Otten MH, Mol JA, and Visser TJ. Science 221: 81, 1983. 
6. Otten MH, Hennemann G, Docter R, et al. Endocrinology 115: 887, 1984. 
7. Visser TJ, Mol JA, and Otten MH. Endocrinology 112: 1547, 1983. 
8. Krenning EP, Docter R, Bernard HF, et al. FEBS Lett 91: 113, 1978. 
9. Eelkman Rooda SJ, Van Loon MAC, and Visser TJ. Manuscript in prepara

tion. 

436 



THYROID HORMONE METABOLISM IN KIDNEY EPITHELIAL CELLS IN CONTINUOUS 

CULTURE* 

Jack L. Leonard 

Department of Medicine 
Brigham and Women's Hospital and Harvard Medical School 
Boston, MA, USA 

Renal T4 to T3 conversion is catalyzed by membrane-bound enzyme, iodo
thyronine 5'deiodinase (5'D), that prefers rT3 as a substrate, is inhibi
ted by propylthiouracil (PTU), and shows ping-pong reaction kinetics with 
thiols as cosubstrate (1-3). Recent studies have shown that >90% of the 
kidney 5'D is associated with the tubular epithelium of the outer cortex 
(4). Since established renal epithelial cell lines that retain properties 
of either the proximal or the distal convoluted tubule are available, se
lected cell lines were examined for the presence of 5'D activity and for 
the presence of nuclear T3 receptors. 

METHODS 

LLC-PKl (pig kidney) and MDCK (dog kidney) cells were obtained from 
the American Tissue Culture Collection, and OK (opossum kidney) cells were 
provided by Dr. R. L. Teplitz, Duarte, CA. Cultures were grown in Dulbec
co's Modified Eagles Medium (DMEM) supplemented with 10% fetal bovine serum 
and antibiotics. L-T4 and L-T3 were purchased from Sigma, and rT3 was pur
chased from Calbiochem. Radiolabeled iodothyronines were prepared by the 
method of Weeke and Orskov (5) and purified by descending paper chromatog
raphy (6). All other reagents were of the highest purity commercially 
available. 

Confluent cell monolayers were washed with phosphate-buffered saline 
(PBS, pH 7.5), scraped from the flask, and collected by centrifugation 
(1000 g for 5 min). Pellets were resuspended in 250 ~1 of 20 mM HEPES 
buffer (pH 7.0) containing 1 mM EDTA and 10 mM dithiothreitol (DTT) and 
homogenized in a teflon-glass homogenizer. Cell homogenates were kept at 
4•c until use. 

5'D activity was determined in cell homogenates by measuring the 
release of 125I- from [125I]-rT3 (1) or by measuring the formulation of 
[125I]-T3 from [125I]-T4 (2). Products were analyzed by ion-exchange chro
matography or descending paper chromatography, respectively (2). Equal 
amounts of I- and 3,3'-T2 were formed with rT3 as the substrate. One unit 
(U) of 5'D activity equals the formation of 1 pmol of product per minute. 

*This work was supported by NIH grant AM36271. 
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5'-Deiodination and T3 de~radation were also determined by incubating 
cell monolayers with 100 nM [1 5r]-rT3 (10,000 cpm/pmol) or 10 nM [l25r]-T3 
(30,000 cpm/pmol) in 1 ml of serum-free DMEM. Media samples were removed 
at 30, 60, and 120 min, and hormone metabolites were analyzed as described 
above. 

Nuclear T3 binding was determined as previously described (7) in iso
lated nuclei prepared by the method of Samuels and Tsai (8). Data were 
analyzed by the method of Scatchard (9). 

RESULTS 

Homogenates of LLC-PKl cells consistently catalyzed the 5'deiodina
tion of rT3 in vitro, while both OK and MDCK homogenates failed to deiodo
nate rT3 (Table 1). At saturating rT3 and DTT (10 pM and 20 mM, respec
tively) enzyme activity in LLC-PK1 homogenates increased 1.7-fold and ad
dition of 1 mM PTU blocked <95% of the 5'D activity (Table 1). T4 to T3 
conversion was also catalyzed by LLC-PKl homogenates with 3.9 pmol of T3 
formed/hour/mg protein incubated with 100 pM [125r]-T4 and 5 mM DTT. No 
T3 production was catalyzed by OK or MDCK homogenates. T3 degradation was 
also absent in both OK or MDCK homogenates and was <5% of added T3 in LLC
PKl homogenates. 

Similarly, incubation of LLC-PKl cultures with 100 nM [125r]-rT3 re
sulted in the release of 125r- into the medium, 4.1 pmo1/h/25 cm2 flask 
(r=0.99), whereas no deiodination occurred in cultures of OK or MDCK cells. 
Addition of 100 pM PTU to the media completely blocked the 5'deiodination 
of rT3 by LLC-PK1 cells. 

5'Deiodinating activity in LLC-PK1 homogenates was linear with time 
and proportional to cell protein. Raising the [DTT] from 1.5 to 20 mM re
sulted in a stepwise increase in radioiodide release from rT3 (Table 2). 
These data indicate that the LLC-PK1 cells contain a 5'deiodinating enzyme 
with properties similar to those described for rat kidney (1-3). 

Subcellular fractionation of the LLC-PK1 homogenates revealed that 39% 
of the total 5'D activity was present in the plasma membrane containing 
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Table 1. 5'Deiodinase Activity ~n Established Renal 
Epithelial Cell Lines 

Cell line 

MDCK 

OK 

LLC-PK1 

Suspected 
Origin 

Thick ascending 
limb 

Proximal convo
luted tubule 

Proximal convo
luted tubule 

5'D act~v~ty 
(pmol r- released/min/mg protein) 

Assay 1 Assay 2 

-0- -0-

-0- -0-

12 + 1, n=4 20 + 1, n=B 

Assay 1: 1 PM rT3, 1 mM DTT. Assay 2: 10 pM rT3, 20 mM DTT. 
>95% of 5'D activity was inhibited by 1 mM PTU. 



Table 2. Effects of Increasing [DTT] on 5'D 
Activity in LLC-PK1 Homogenates 

[DTT] 5'D act1v1ty 
mM (pmol r released/min/mg protein) 

1.5 0.7 

2.5 1.4 

5 2.5 

10 4.2 

20 6.6 

Data reported as means of closely agreeing 
(+ 10%) triplicate determinations. 
Reactant conditions: 

0.1 mM phosphate buffer (pH 7.0) 
1 mM EDTA 
250 nM [125r]-rT3 

fraction, with 10% present in the microsomal fraction (Table 3). Crude 
microsomes showed the highest enzyme enrichment with a 3-fold increase in 
specific enzyme activity over that in the homogenate. 

Nuclear T3 binding, determined in isolated nuclei, was observed only 
in nuclei from LLC-PKl cells which showed specific high affinity T3 binding 

Table 3. Subcellular Distribution of 5'Deiodinase in LLC-PKl 
Homogenates 

Fraction 

Homogenate 

Large membranes, whole 
cells, nuclei 

Apical plasma membranes 

Mitochondria, membrane 
vesicles 

Microsomes (basolateral 
PM, ER, membrane 
fragments) 

Cytosol 

S'D act1v1ty 
(specific enzyme activity) 

94 

129 

95 

184 

279 

16 

% total 
Enzyme 

100 

27 

12 

11.4 

9.4 

Data reported as means of closely agreeing (+ 10%) tripliate 
determinations. Assay conditions: 1 ~M rT3;-l mM DTT. 
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Fig. 1. Scatchard plot of nuclear 
T3 binding to isolated 
LCC-PKl nuclei. Data re
ported as the means of 
triplicate determinations. 

(Fig. 1) with a Kd of 0.5 nM and a MBC of 0.65 ng T3 per mg DNA. Nuclei 
from either OK or MDCK cells failed to bind T3. 

DISCUSSION 

The results of this study show that renal epithelial cells (LLC-PKl) 
are capable of S'deiodinating both T4 and rT3 by an enzyme that has the 
properties of the type I S'deiodinase. These cells show properties asso
ciated with the proximal convoluted tubule such as Na+-dependent glucose 
transport (10,11), and trehalase and maltase activities (12). Another cell 
also thought to be from the proximal tubule (OK) did not contain the S'D. 
This raises the possibility that only a small portion of the proximal tubule 
may deiodinate thyroid hormone, since the properties of the OK cell (gluco
neogenic and PTH responsive) (13) differ from those of the LLC-PKl· How
ever, it is also possible that selective loss of differentiated functions, 
such as T4 metabolism, might account for the differences in S'deiodinating 
capacity of the two proximal tubule cell lines. MDCK cells, derived from 
the distal tubule as judged by the presence of amiloride-sensitive Na+ 
transport (14), and vasopressin stimulated transepithelial transport of 
salt and HzO (15), also failed to metabolize thyroid hormone. 

The properties of the S'D in LLC-PKl cells are similar, if not iden
tical, to those of the rat kidney enzyme. The amount of S'D present in 
LLC-PKl is ~so% of that in isolated cortical tubule preparations (4) and 
>95% of the activity is inhibited by PTU. Like the rat kidney enzyme, S'D 
in LLC-PKl cells is associated predominately with the easily sedimenting 
membranes, presumably the plasma membrane (16). These data indicate that 
this cell line contains a type I S'deiodinase offering the distinct advan
tage of a single cell type for the study of the biology of deiodination. 

Finally, cultures of proximal and distal tubular epithelia were exam
ined for their potential to respond to thyroid hormone by virtue of the 
presence of specific, high-affinity T3 binding sites. Insofar as cell 
lines represent different segments of the nephron, only a portion of the 
proximal tubule (represented by the LLC-PKl cell) showed specific nuclear 
T3 binding. Recently, the T3 receptors were also identified in CV1 cells 
from simian renal cortex (17). Interestingly, both the capacity to cata
lyze T4 to T3 conversion and to respond to thyroid hormone (presence of 
nuclear T3 receptors) reside in the same renal epithelial cell. This sug
gests that, at least in the kidney, the ability to bioactivate thyroid hor
mone and to respond to thyroid hormone are linked. 
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EXTRATHYROIDAL CONVERSION OF THYROXINE TO 3,5,3'-TRIIODOTHYRONINE IN RATS 

UNDERGOING ACUTE IMMOBILIZATION STRESS 

INTRODUCTION 

Antonio C. Bianco, Maria T. Nunes, Rui M.B. Maciel, and 
Naomi S . He 11 

Department of Physiology and Biophysics, Institute of 
Biomedical Sciences, University of Sao Paulo 
Sao Paulo, Brazil 

Several experimental and clinical conditions sharing stress as a 
common factor (i.e., fasting, surgical procedures, severe non-thyroidal 
systemic illnesses) are known to induce marked alterations on the extra
thyroidal metabolism of iodothyronines (1). These alterations, known as 
the "low T3 syndrome," are characterized by low 3,5,3'-triiodothyronine 
(T3), and high 3,3' ,5 1 -triiodothyronine (rT3) serum concentrations, while 
thyroxine (T4) values in serum may be decreased or unchanged (2). 

The aim of the present investigation is to verify if acute stress, 
induced by restrainment, can interfere significantly with the peripheral 
metabolism of thyroid hormones, as assessed through the 5'deiodination 
(5'D) activity in liver and kidney homogenates. 

MATERIAL AND METHODS 

Young male rats of the Wistar strain were used throughout. They were 
housed in temperature-controlled quarters with light and dark cycles of 14 
and 10 h, respectively. Food and water were available "ad libitum." Sur
gical bilateral adrenalectomy was carried out one week before the experi
ments, and thereafter each animal received daily injections of cortico
sterone (Sigma Chemical Co., St. Louis, EUA; 3 pg/100 g, i.m.). All ex
periments were done between 0800 and 1600 h. Rats were restrained contin
uously in tubes of variable diameters according to the rat's size, and were 
decapitated at 2, 4, 6, and 8 h thereafter. Blood samples were centrifuged 
and serum stored for iodothyronines radioimmunoassays (RIA) (3). Both kid
neys and the liver were quickly dissected and homogenized with ice-cold PBS, 
0.15 M, pH 7.4. 5'D activity was assessed using T4 as the substrate, as de
scribed previously (4). Briefly, aliquots of tissue homogenates were incu
bated with non-radioactive T4 for 1 h, 37•c, and the amount of T3 generated 
was measured by RIA in an ethanol extract of tissue. 

All results are mean values + SEM for seven animals and the statistical 
significance was calculated by the unpaired Student's t test and analysis of 
variance (ANOVA). 
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RESULTS 

In the intact rats following a four hour immobilization period, it was 
possible to detect decreased 5'D activity in both kidney and liver homage
nates, as evidenced by decreased amounts of T3 generated during the incu
bation period. Furthermore, animals sacrificed following 6-8 hour immobi
lization periods, in addition to the low 5'D activity, showed decreased T3, 
increased rT3, and unaltered T4 serum concentrations (Table 1). 

Following the same immobilization periods, adrenalectomized rats showed 
no modification of 5'D activity in both extrathyroidal sites studied, while 
iodothyronines serum concentrations remained unaltered (Table 2). 

DISCUSSION 

The mechanisms involved in the pathogenesis of the "low T3 syndrome" 
are not completely understood. Previous reports have demonstrated that 
several conditions presenting variable degrees of stress are accompanied 
by decreased T3 and increased rT3 serum concentrations. These alterations 
are thought to be due to decreased extrathyroidal 5'D activity (1). Actu
ally, decreased T3 production rate was detected in cirrhotic patients (5) 
and in hepatic homogenates of fasting rats (6), although a recent report 
has suggested that, at least in the fasting rat, T3 production rate is de
creased primarily due to a decreased thyroidal secretion of T4 (7). 

It is well known that the administration of dexamethasone to healthy 
subjects can lead to the "low T3 syndrome." It was further demonstrated 
in rats that treatment with corticosterone promoted a significant decrease 
in hepatic 5'D activity, suggesting that glucocorticoids may play a signi
ficant role in the stress-induced alterations in the extrathyroidal metab
olism of iodothyronines. 

The findings of the present investigation clearly demonstrate that the 
extrathyroidal metabolism of thyroid hormones is markedly altered following 
a six hour restrainment period. These modifications are characterized by 
decreased T3, increased rT3 serum concentrations, as well as by decreased 
5'D activity in both liver and kidney homogenates. 

When adrenalectomized rats, treated with physiological amounts of 
corticosterone, were restrained, no alterations could be detected in the 
iodothyronines serum concentrations or in the extrathyroidal 5'D activity, 
suggesting that increased adrenal secretion of corticosterone in response 
to restrainment is an important factor in the pathogenesis of the stress
induced alterations of the extrathyroidal metabolism of thyroid hormones. 

In conclusion, from the results obtained in the present investigation, 
it is possible to assume that stress can markedly interfere with the periph
eral metabolism of iodothyronines, and that these alterations are at least 
in part mediated by adrenal glands. 

REFERENCES 

1. Chopra IJ, Solomon DR, Chopra U, et al. Rec Prog Horm Res 34: 521, 
1978. 

2. Chopra IJ. Ann Intern Med 98: 946, 1983. 
3. Russo EMK, Vieira JGH, Maciel RMB, et al. Arq Bras Endocrinol Metab 

26: 23' 1982. 
4. Chopra IJ. Endocrinology 101: 453, 1977. 

446 



5. Faber J, Thomsen HF, Lumholtz IB, et al. J Clin Endocrinol Metab 53: 
978, 1981. 

6. Harris ARC, Fang CS, Vagenakis AG, et al. Metab Clin Exp 27: 1680, 
1978. 

7. Kinlaw WB, Schwartz HL, and Oppenheimer JH. J Clin Invest 75: ~238, 

1985. 

447 



EFFECT OF CADMIUM ON THYROID HORMONE METABOLISM 

Katsumi 
Hiroshi 
At sushi 
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Fukazawa,l Shintaro Saito,l Kaoru Yoshinaga31 
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Tsukuba, and 3Department of Hygiene, Nagasaki University 
School of Medicine, Nagasaki, Japan 

Monodeiodination is a major pathway of T4 metabolism in the rat as 
well as in man. The active thyroid hormone, T3, is produced by outer ring 
deiodination of T4. Thiol agents such as dithiothreitol (DTT), mercapto
ethanol, and reduced gluthathione are potent stimulators of this reaction 
(1). The sulfhydryl-oxidizing agent, diamide, on the other hand, is a 
potent inhibitor. Heavy metals bind firmly to free sulfur groups and in
hibit activities of a large number of enzymes having functional sulfhydryl 
groups (2). The inhibitory effect of mercury on the conversion of T4 to 
T3 in vitro has been reported (1,3). In the present paper we describe the 
effect of cadmium on the hepatic conversion of T4 to T3 in the rat. Fur
thermore, we have measured serum thyroid hormone concentrations in subjects 
living in a cadmium polluted area for a long time. 

MATERIALS AND METHODS 

Twenty-four female Wistar rats were used. In the first experiment, 12 
rats were divided into two groups. There was no significant difference in 
the mean body weight between the two groups. Animals were maintained on 
Purina rat chow and water ad libitum. The CdClz group was treated with 1 
mg/kg BW/day CdClz in 0.2 ml saline subcutaneously, five times a week for 
ten weeks. The control group was given 0.2 ml saline instead of CdClz. In 
the second experiment, the other two groups of rats studied consisted of 
normal controls and pair-fed rats. The pair-fed rats were given the same 
amount of food (12 g/day) consumed by the corresponding CdClz-treated rats 
for ten weeks. On the morning the treatment was completed, rats were 
weighed and then sacrificed by heart puncture. Blood was collected for the 
determination of serum T4, T3, and cadmium concentration. 

T4 5-'deiodinase activity in the liver homogenate was assayed as des
cribed previously (4,5). In brief, the liver homogenate (1 mg protein) was 
incubated with one ~g T4 for 60 min at 37"C in 0.05 M Tris-HCl buffer, pH 
7.5, containing 0.5 mM or 5 mM DTT. To study the effect of CdCl2 on the 
conversion of T4 to T3 in vitro, lo-8 to lo-3 M CdClz were added to the 
liver homogenates of the control rats with or without 0.5, 5, and 50 mM 
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DTT. The amount of T3 produced during incubation was determined by a spe
cific RIA. 

Sera of 258 subjects residing in the town of Izuhara, Tsushima, Naga
saki Pref., Japan, in an area of known cadmium pollution (cadmium group), 
were available for the present study. None had a history of thyroid dis
ease, and none had any severe illness or were taking any medication known 
or suspected to influence thyroid hormone concentrations. Sera of 230 age
and sex-matched healthy subjects residing in cadmium nonpolluted areas (con
trol group) were also collected. Daily cadmium ingestions in the cadmium 
and control groups were 200~250 ~g and 30~50 ~g, respectively. Mean uri
nary cadmium concentration in the cadmium group was 11.3 ~g/g-creatinine, 
which was about 4.5 times as much as that in the control group (6). The 
difference of daily iodide intake between the two groups was not signifi
cant. 

Serum T4, T3, and TSH concentrations were measured by RIAs. Free T4 
and free T3 indexes (FT4I and FT3I) were calculated from serum T4 and T3 
concentrations multiplied by T3 uptake (percent). 

Values reported are the mean + SD and statistical analyses were car
ried out by means of Student's unp~ired t test. 

RESULTS 

As shown in Table 1, CdC12 treatment caused a 16% reduction in the 
body weight and a 37% reduction in the serum T3 concentration. Serum T4 
concentration in the CdCl2-treated rats was slightly decreased, but was 
not significantly different from that in the control rats. This treatment 
was also associated with a 92% and a 78% reduction in the T4 to T3 conver
sion by rat liver homogenates with 0.5 mM and 5 mM DTT, respectively. Serum 
cadmium concentration in the cadmium-treated and control rats were 441 + 132 
~g/1 and not detectable, respectively. In the pair-fed rats, the mean body 
weight was significantly reduced (10%), but serum T4, T3 concentrations and 
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Fig. 1. Effect of CdCl2 on T3 generation from 
T4 by rat liver homogenate. 
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hepatic T3 production from T4 were not significantly different from those 
in the control rats. 

~vitro addition of 10-6 to 10-3 M CdC1 2 to liver homogenates caused 
a dose-dependent reduction in T3 generation from T4 (Fig. 1). Without DTT, 
a 50% reduction in the T4 to T3 converting activity was caused by 4 x lo-6 
M CdC12. Addition of DTT, 0.5, 5, or 50 mM, in the incubation mixture par
tially restored T4 generation from T4 in a dose-dependent manner, but con
centration of 10- M or more CdCl2 inhibited T4 to T3 conversion even in 
the presence of 50 mM DTT. 10-6M to 10-3M HgC1 2 and PbC1 2 also inhibi
ted the T4 to T3 conversion by rat liver homogenates, but 10-6M to 10-3M 
NaCl, CaCl2, and MnCl2 had no effect. 

Serum T4 concentrations in the 60 to 69 and 70 to 79, and serum T3 
concentrations in the 50 to 59, 60 to 69, and 70 to 79 year age groups were 
both significantly lower in the subjects living in the cadmium-polluted 
areas than in the control areas. No significant difference in T3 uptake 
was observed between the two groups in any age. Therefore, FT4I in the 70 
to 79 and FT3I in the 60 to 69 and 70 to 79 year age groups were both sig
nificantly lower in the cadmium group than in the control group (Table 2). 
Serum TSH concentration in the cadmium group was not different from that 
in the control group in any age. 

DISCUSSION 

The present in vitro experiment indicated that CdCl2 directly inhibits 
the T4 to T3 conversion in a dose-dependent manner. In the presence of DTT, 
the inhibitory effect of CdCl2 on rat hepatic T4 outer ring monodeiodination 
was diminished. These data suggest that CdCl2 inhibition of T4 outer ring 
deiodination may involve sulfhydryl groups of the deiodinase. It is likely 
that the decreased serum T3 concentration in the CdCl2-treated rats is due 
to both liver damage (7) and the direct inhibitory effect of CdCl2 on T4 
outer ring deiodination. 

Although there is a possibility that cadmium has some effects on thy
roid hormone metabolism, detailed investigation of the effect of cadmium on 
serum thyroid hormone concentrations has not been reported yet. The pre
sent study indicates that FT4I in the seventies and FT3I in the sixties and 
seventies in the cadmium group are significantly lower than those obtained 
in the control group. The decrease in FT3I in the cadmium group can be ex
explained by the inhibitory effect of cadmium on the T4 to T3 conversion 
which was observed in the rat liver homogenate. The lower FT4I in the 
seventies of the cadmium group, however, might be due to the decrease in 
T4 secretion as seen in lead poisoning (8). 

There is a report that the average cadmium concentration in the air 
of 28 cities shows a positive correlation with the death rate from arterio
sclerotic heart disease (9). Bastenie et al. (10) reported strong clinical 
and pathological evidence supporting a relationship between atherosclerotic 
disease and hypothyroid state. Direct evidence in the relationship between 
increased frequency of atherosclerotic heart disease in subjects living in 
a cadmium-polluted area and the changes of thyroid hormone metabolism and 
secretion induced by cadmium awaits further investigation. 
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PREFERENTIAL METABOLISM OF T4 TO rT3 (T3 REVERSE) IN HYPERTHYROXINEMIA 
INDUCED BY L-THYROXINE (L-T4) TREATMENT OF HYPOTHYROIDISM IN CHILDREN AND 
ADOLESCENTS 

Sonia Iorcansky and Marco A. Rivarola 

Centro de Investigaciones Endocrinologicas, Division de 
Endocrinologia, Hospital de Ninos "Dr. Ricardo Gutierrez" 
Buenos Aires, Argentina 

INTRODUCTION 

Preferential conversion to rT3, an inert metabolite of T4, has been 
proposed as a homeostatic mechanism for thyroid hormone inactivation in 
several physiopathological situations (1,2). 

On the other hand, moderate elevation of T4 and inhibition of TSH were 
frequently seen in our hypothyroid patients treated with "physiologic" doses 
of L-T4 (X 6.7 ~g/kg/1 between four months and one year of age, X 4.8 be
tween one and nine years, and X 3.5 after 10 years). 

In this work, we have studied the measurement of rT3 to see if it could 
be used as a sensitive and simple parameter to evaluate L-T4 treatment in 
hypothyroid children. A study of the dose as a function of age was also 
carried out in a large group of patients. 

MATERIALS AND METHODS 

T4, T3, rT3, and/or TSH response to TRH were determined in the serum 
of: a) 19 normal children and adolescents, and b) 22 hypothyroid patients 
with normal TSH under treatment with L-T4· TSH was also measured in a large 
group of 141 treated patients. 

Hormones were determined 
vided by Serono Diagnostics. 
by addition of large doses of 
releasing hormone (TRH) tests 
intravenously. 

RESULTS 

by RIA; in the case of rT3 using a kit pro
The specificity of the rT3 assay was confirmed 
nonradioactive T4 to the standard curve. TSH
were carried out utilizing 200 ~g of TRH (ELEA) 

Results are given as X~ SD. Group a: T4 (~g/dl) 9.18 ~ 1.6; T3 (ng/ 
dl) 138 ~ 34; rT3 (ng/d1) 18.6 ~ 5.3; TSH (~U/m1) 2.1 ~ 1.1. Group b (p, 
group a vs b, t test): T4, 13 ~ 4 (p(0.001); T3, 154 ~ 35.7 (p=NS); rT3, 
30 + 14 (p<0.005); TSH, 1.1 + 0.5 (p<0.001). In group b, a statistically 
sig~ificant correlation was observed between rT3 and T4 (p<0.001) (Fig. 1), 
and between rT3/T3 ratio and T4 (p<0.05) for values above the normal T4 
mean (Fig. 2). No correlation was found between T4 and T3. 
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Table 1. Patients Under L-T4 Treatment Without Symptoms of Overdose 

TSH-(TRH) 

Age Dose basal rT3 T4 T3 
Name Sex years )J g/kg )J U /ml ng/dl )J g/ d 1 ng/dl 

F.J. M 2 4/12 4.30 0.30 21 12.0 185 
D.G. F 3 6/12 6.30 0.80 24 9.2 204 
S.P. F 6 0/12 4. 70 0.50 29 11.8 146 
R.L. F 7 7/12 3.00 1.20 22 10.0 175 
F.J.L. M 8 7/12 6.20 0.40 11 11.0 141 
L.A. M 10 8/12 5.50 1.25 20 10.3 151 
T.S. F 14 9/12 3.30 1.00 ( 4- ) 25 14.0 186 
L.F. M 14 6/12 3.40 1.20 ( 4- ) 20 8.7 131 
P.L. F 15 2/12 2.92 0.90 ( 4- ) 13 12.0 176 
M.M. F 16 8/12 2.50 1.25 ( 4- ) 14 12.6 160 
B.M. F 16 8/12 2.65 1.25 ( + ) 23 13.0 126 
L.N. F 16 8/12 4.30 2.30 33 8.5 109 

I.M. F 16 8/12 3. 70 1.10 31 11.3 148 

X 1.03** 22* 11.1** 156* 
SD 0.53 6.7 1.7 27.3 

*p : NS vs normal subjects; **p<0.005 vs normal subjects; 
(-!-) blunted response. 

Hypothyroid patients (group b) were divided according to the presence 
or not of symptoms of overdose. 

As shown in Table 1, X~ SD rT3 in patients under L-T4 treatment with
out symptoms of overdose was similar to that of normal subjects, while T4 
was significantly higher. 

On the other hand, when symptoms of overdose were present, both rT3 
and T4 were elevated compared to either normal subjects or patients without 
symptoms (Table 2). 

In order to evaluate the dose of L-T4, clinical evaluation and deter
minations of TSH and T4, collected in a large group of 141 patients treated 
over a period of several years, was reexamined. Patients received between 
2.5 and 10 )Jg/kg b.w. 

Since TSH was frequently elevated (>5 )JU/ml) in patients below six 
years of age, it was possible to calculate the minimal mean inhibitory dose 
from the regression line of TSH vs dose in six different age groups younger 
than six years (Fig. 3). 

The following mean minimal inhibitory doses were found: 4-m- to 1-y-old 
patients, 11.1 )Jg/kg/1; 1-y- to 2-y-old, 6.8; 2-y- to 3-y-old, 5.7; 3-y- to 
4-y-old, 5.3; 4-y- to 5-y-old, 5.4, and 5-y- to 6-y-old, 5.1. 
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Table 2. Patients Under L-T4 Treatment With Symptoms of Overdose 

TSH-(TRH) 

Age Dose basal rT3 T4 T3 
Name Sex years l!g/kg lJU/ml ng/dl l1 g/ d 1 ng/dl Symptoms 

I.M. M 1 2/12 10.00 1.50 55 24.0 193 T. Irr. 

G.P. F 2 3/12 7.00 1.00 68 18.0 121 T. Irr. 

I.R. F 6 1/12 6.10 0.90 30 11.0 80 T. 

P.C. M 8 1/12 8.10 0.50 30 14.0 202 Irr. 

R.B. M 13 0/12 3.40 2.10 31 8.2 96 T. 

G.M. F 13 6/12 3.70 0.50 54 20.0 146 T. Irr. 

V.A. F 12 1/12 3.36 1.25 ( + ) 37 19.0 184 H. T. 

U.A. F 13 8/12 3.70 1.25 ( + ) 30 13.2 149 T. 

M.M. F 16 2/12 1.25 ( + ) 38 14.0 171 T. Irr. H. 

x 1.14 41 .44* 15.7** 149*** 

SD 0.49 14.05 4.9 43 

*p<O.OOl vs patients without symptoms and vs normal subjects; **p<0.01 
vs patients without symptoms and p<0.001 vs normal subjects; ***NS vs 
patients without symptoms and vs normal subjects; ( + ) blunted response; 
T: tachycardia; Irr: Nervousness, irritability; H: Headache. 

In five different age groups older than six years, most TSH values were 
suppressed. In these groups, mean + SD L-T4 dose in subjects with inhibited 
TSH was calculated (Fig. 4). A TRH~TSH test under treatment was carried out 
in eight patients between 13 and 16 years of age rece~v~ng 2.5- 3.7 llg/kg 
of L-T4· All of them presented a blunted TRH curve. 

CONCLUSION 

rT3 and T4 are sensitive indicators of excessive L-T4 treatment, but, 
while serum T4 indirectly indicates the levels at which target cells are ex
posed to the hormone, rT3 represents an intrinsic biological indicator of 
excessive stimulation acting through 5' or 5 deiodinases (3). The preferen
tial metabolism of T4 to rT3 rather to T3 at high T4 levels was confirmed 
by the positive correlation between T4 vs rT3 and vs rT3/T3. 

Furthermore, rT3 showed better correlation with clinical findings than 
T4, since patients without symptoms of overdose had T4 higher than normals 
and rT3 within the normal range. 

Contrary to TSH response to TRH, which is equally blocked at small or 
large overdoses, rT3 measurements permit quantitation of the excessive 
treatment since the homeostatic mechanism is active in this situation. 

It was possible to establish the minimal mean TSH inhibitory dose in 
patients up to six years of age. These doses are slightly higher than those 
reported by Guyda for ages 1-5 years, but much higher before one year (4). 
In older patients, particularly in adolescents, usually recommended doses 
seem to be excessive, as shown by the blunted TSH response to TRH. 
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Fig. 3. Minimal mean inhibitory dose of L-T4 
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Fig. 4. Mean~ SD L-T4 dose in 5 different age groups 
with inhibited TSH (number of patients in 
parenthesis). This information cannot differ
entiate physiologic from excessive L-T4 inhib
itory dose. 
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NADPH WITH CYTOSOL STIMULATES DEIODINATION BY DETERGENT-SOLUBILIZED 
HEPATIC MICROSOMES: EVIDENCE FOR NADPH-DEPENDENT CYTOSOLIC NON-GLUTATHIONE 
REDUCTASE SYSTEM* 

INTRODUCTION 

K. Sawada, B.C.W. Hummel, and P.G. Walfish 

Department of Medicine, University of Toronto, and Thyroid 
Research Laboratory and Endocrine Division, Mount Sinai 
Hospital, Toronto, Ontario, Canada 

Based upon reconstitution experiments in which very low 5'-deiodinase 
(5'-DI) activity of isolated rat liver microsomes was restored to various 
degrees by the addition of cytosol, the existence of an endogenous cytosolic
stimulating cofactor has been previously demonstrated (1). From similar re
constitution experiments using starved rats, it has been proposed that NADPH 
and/or GSH were cofactors for 5'-DI, the augmenting action of NADPH, being 
attributed to the generation of GSH through glutathione reductase (2). How
ever, supporting evidence indicating that glutathione, as well as NADPH are 
essential endogenous cofactors in mediating 5'-DI stimulation has been con
troversial (3,4). We previously observed an important role of NADPH in 
stimulating microsomal 5'-DI in the presence of cytosol (5). Furthermore, 
using a microsome preparation, we have recently demonstrated a new non
glutathione NADPH-dependent cytosolic reductase system, which operates in 
the presence of intermediate (fraction B) and high molecular weight (MW) 
components (fraction A), without very low M.W. components including gluta
thione (GSH) (5). On the other hand, our laboratory has recently achieved 
solubilization of 5'-DI by detergents (6) and partial purification of the 
enzyme by DEAE-Sephacel column chromatography. Accordingly, it was the pur
pose of the present investigation to examine the effect of NADH, NADPH, and 
GSH on the stimulation of 5'-DI in a reconstitution assay system utilizing 
a detergent solubilized 5'-DI preparation with cytosol or fractionated cyto
solic components (i.e., fraction A and B). 

MATERIALS AND METHODS 

Cytosol and microsomes were prepared by standard differential centri
fugation using young male Sprague-Dawley rats maintained on regular chow 
ad libitum as previously described (5-7). Solubilization of 5'-DI was 
achieved from hepatic microsomal preparation using 5 mM 3-[(3-chloramido
propyl) dimethylammonio]-1-propane sulfonate (CHAPS), as previously de
scribed (6). Fraction A and fraction B were prepared as previously de
scribed (5). Fractionation with polyethylene glycol (PEG) was also per
formed similar to the technique used by others with cholate extracts of 

*Supported by Grant #MA-8092 from the Medical Research Council of Canada 
and the Mount Sinai Hospital Department of Medicine Research Fund Fel
lowship (K.S.). 
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microsomes, being performed as recently described (6). Further chromatog
raphy of solubilized 5'-DI preparation on DEAE-Sephacel was performed by a 
method previously described for cytochrome P450 (8). A PEG fraction (5 ml 
containing 33.5 mg protein) of 5'-DI was applied to a column of DEAE-Sephacel 
(0.9 x 30 em) which had been equilibrated with CHAPS and a 0.125 M phosphate 
buffer with 1 mM EDTA and glycerol with a continuous gradient of NaCl (0 -
0.3 M) in the same buffer. The DEAE-Sephacel column bound approximately 80% 
of added 5'-DI at pH 7.4, with a single major peak of 5'-DI activity being 
eluted with a continuous gradient of NaCl (0- 0.4 M). Fractions which had 
5'-DI activity were combined and stored at -7o•c. The preparation contained 
190 ~g protein per ml. 

5'-iodothyronine deiodinase assay was performed using outer ring (3' 
or 5') labeled 125r reverse T3 (125r-rT3) as substrate essentially as pre
viously described (7). Briefly, in experiments on the reconstitution of 
soluble 5'-DI with cytosol, the reaction mixtures consisted of the deiodi
nase preparation (21 ~g protein), cytosol (790 ~g protein), 125r-rT3 (105 
cpm, final concentration 0.21 nM), and either DTT, NADPH, or GSH, to which 
PB-EDTA buffer was added for a final assay volume of 300 ~1. A similar 
system with slight modification was as follows: in reconstitution experi
ments of fraction A, fraction B, and NADPH, the reaction mixtures consisted 
of various combinations of soluble 5'-DI preparation, fraction A (142 ~g 

frotein), fraction B (23 ~g protein), NADPH (final concentration 1 mM), 
25r-rT3 (105 cpm), and PB-EDTA in a final volume of 350 ~1. 5'-DI rate 

was expressed as % 125r- released per 12 or 15 minutes with correction made 
for counts at zero time for non-specific iodide counts in deiodinase-free 
preparations. To obtain the true 125r- release rates from our data, 1% = 
3.0 x lo-3 pmoles rT3 deiodinated. 

RESULTS 

The influence of various concentrations of NADPH, NADH, and GSH on the 
activity of detergent-solubilized 5'-DI in the presence of cytosol is sum
marized in Table 1. While NADPH alone showed no signifiant stimulatory 
effect on the activity of 5'-DI in the soluble fraction in the absence of 
cytosol (data not shown), the NADPH activity was greatly enhanced by the 
simultaneous addition of cytosol. On the other hand, the stimulation of 
5'-DI by GSH was observed irrespective of cytosol. 
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Table 1. Effect of NADPH, NADH, or GSH on Activity of 
(Unpurified) Rat Liver 5'-DI in the Presence 

Concentration (mM) 
0.00 0.05 0.20 0.50 

NADPH 1.3 (a) 2.8(b) 2.9 (c) 2.9 (d) 

NADH 1.3 (f) 1.2 (g) 1.3 (h) 1.6 (i) 

GSH 1.3 (k) N.D. N.D. 2.0 (1) 

p not significant for: a vs. f & k; f vs. g & h; 
p <0.01 for: f vs. j; b vs. m; k vs. 1 & m; 
p (0.001 for: a vs. b, c, d, & e; b vs. g & 1; 

Solubilized 
of Cytosol 

1.00 

3.1 (e) 

2.0 (j) 

2.2 (m) 

N.D. =not done; Student's t test was used for statistics. 



However, by comparison with the 5'-DI act1v1ty with 50 ~M NAHPH, 500 
~M NADH and 500 ~M GSH had significantly less stimulatory effect (p<O.OOl). 
When pooled active DEAE-Sephacel column chromatographic fractions were sub
stituted for solubilized 5'-DI preparation, the effect of 200 ~M NADPH was 
greater (p<O.OOl) than 1000 ~M GSH in the presence of cytosol. 

Assays of 5'-DI activity were performed substituting fraction A and 
fraction B for cytosol. Similar results to our previous observations using 
washed microsomes were obtained (data not shown). In particular, 5'-DI ac
tivity was linear with the concentration of fraction B in the presence of 
fixed amounts of fraction A and NADPH (data not shown). 

DISCUSSION 

Using detergent-solubilized, as well as partially purified preparation 
of 5'-DI, we have obtained a marked stimulatory effect of NADPH in the pre
sence of cytosol, which is similar to our previous observations using washed 
microsomes. Such observations have indicated that the effects of NADPH and 
cytosol in activating 5'-DI do not depend upon a maintenance of the integ
rity of the microsomal membrane. Furthermore, in the present study, using 
fraction A and B, we have again observed significant stimulation of soluble 
5'-DI in the presence of NADPH which is similar to our previous observa
tions using washed microsomes (5). 

Previous studies have shown a marked stimulatory effect of NADPH on 
5'-DI activity (9) while other investigators found little effect (2). Dif
ferences in the tissue level of endogenous NADPH, possibly due to changes 
in nutritional status of the animals, as well as uncontrolled metabolic 
breakdown or oxidation of NADPH during tissue processing, may account for 
the discrepancies between the results of various investigators, perhaps 
influenced by whether fresh or stored (9) hepatic tissues were utilized. 

Although GSH can stimulate 5'-DI and has been postulated to be a major 
in vivo cofactor mediating these effects, other experimental work does not 
confirm this theory (4). Since it is known that 2 moles of GSH are pro
duced from 1 mole of GSSG by reduction with 1 mole of NADPH through gluta
thione reductase, our present results do not support the possibility that 
the NADPH effect could be mediated by glutathione reductase alone. Fur
thermore, fractionation of the cytosolic components to exclude fractions 
containing GSH + GSSG has clearly demonstrated that stimulation by NADPH 
is not mediated exclusively through a glutathione reductase system. Thus, 
results of the present study suggest that a hitherto unreported reducing 
system involving the interaction between NADPH and a cytosolic component 
might be operating in the 5'-deiodination of rT3. Our findings present 
the first demonstration of a 5'-DI activating system which contains neither 
GSH nor added exogenous thiol and provides another potent activating system 
that is not mediated by glutathione-glutathione reductase or NADPH alone. 
The physical and enzymatic characteristics of the cytosolic components of 
fractions A and B suggest the possibility of a system similar to the thio
redoxin-thioredoxin reductase system which plays a role in ribonucleotide 
reductase systems and possibly other biological reductions (10). However, 
Goswami and Rosenberg recently reported that a rat cytosolic hepatic glu
taredoxin-like protein could stimulate the action of GSH on 5'-DI but that 
thioredoxin did not (11). Thus, a compound similar to but slightly dif
ferent from thioredoxin may account for the activity of our endogenous 5'
DI cofactor, and has been shown in this report to be active even in the 
presence of detergent-solubilized 5'-DI. 
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THE IONIC MICROSCOPE ENABLES THE VISUALIZATION OF STABLE IODINE WITHIN 

FOLLICLES OF THE HUMAN THYROID GLAND 

Philippe Fragu and Eliane Larras-Regard 

Inserm U.66 
Institut Gustave-Roussy 
Villejuif, France 

The functional characterization of thyroid cells is an important factor 
in thyroid tumor typing (1). This characterization should be possible with 
the development of cytochemical (2) and in situ hybridization techniques 
(3). Analytical ion microscopy (4,5), which is based on secondary ion spec
trometry, makes possible an imaging of the distribution of a given stable or 
labeled element on a tissue section (6,7). The purpose of this study was to 
visualize stable iodine within the human thyroid follicle. 

PRINCIPLE OF ANALYTICAL ION MICROSCOPY 

An ion beam (primary ions) is focused on a given area of the surface of 
a histological preparation. Submitted to this ion bombardment, the atoms of 
the most superficial atomic layers of the specimen are progressively sput
tered; some of them are in ionized form. These secondary ions are charac
teristic of the atomic composition of the analyzed area of the sample. They 
are accelerated, collected by ion optics, and focused into a beam. This 
beam carries the image of every ion emitted from the specimen. This complex 
image is filtered with a mass spectrometer which enables the separation of 
ion species. Thus, it is possible, by adjusting magnetic and electrostatic 
fields, to observe successively the images of distribution of the different 
elements emitted from a given area of the sample. This analytical image is 
displayed on a fluorescent screen connected either to a TV monitor or a pho
tographic plate. The minimum detectable concentration varies from 1 ppm to 
1 ppb. 

MATERIAL AND METHODS 

Human pathological tissues with an iodine concentration below 100 ~g 
per g of fresh tissue (colloid goiter, Graves' disease, cold nodules) were 
processed for electron microscopy. They were embedded in eposy resin and 
3 ~m thick sections were placed in a gold specimen holder. They were ob
served in a CAMECA IMS3F ionic microscope. The bombardment times of the 
section with a cesium primary beam ranged from 10 seconds to two minutes, 
according to the element selected. The size of the observation field was 
200 ~ m. 
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Plate 1. Thyroid cold nodule: comparative distributions of 32s- (Fig. 1) 

and l27I- (Fig. 2) in normal perinodular tissue; topographical 
distributions of 3lp- (Fig. 3) and 32s- (Fig. 4) in nodular 
tissue. 

RESULTS 

The morphology of the secion can be recognized in 26cN- and 31P- images 

(Pl. 3, Fig. 1,3). The image of 26cN- showed the general topography of the 

tissue. 3Ip- localization was strongly associated with the nucleus of the 

epithelial cells surrounding the thyroid follicles. 

In the normal perinodular tissue, 32s- of the thyroglobulin (Ig) was 

detected in all the follicles and its distribution density appears to be 

homogeneous (Pl. 1, Fig. 1). The corresponding distribution of the halogen 

was seen inside the follicles; in some, this element was plentiful, whereas 

in others it was absent (Pl. 1, Fig. 2). 32s- was still present in the 

"cold" nodular tissue (Pl. 1, Fig. 3 ,4), however, 127I- was not visualized. 

In a Hurthle cell tumor (Pl. 2, Fig. 1), 127I- was not visualized in tumor 

cells, but was present, as well as 32s-, in follicular lumen (Pl. 2, Fig. 

2, 3). 
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Plate 2. Hurthle ce ll s thyroid tumor: hi s tological aspect (Fig. 1) and 
comparative distributions of 32s- (Fig. 2) and 127I- in the same 
area (Fig. 3). 

In colloid goiter, 127I- was always f ound within the follicular lumen 
associated with 32g- (Pl. 3, Fig. 2,4). Howeve r, some follicles rich in 
32s- did not contain 127I-. 

In Graves' disease treated with MMI, a drug which leads to a poorly 
iodinated Tg , 127I- distribution was extremely heterogeneous (Pl. 4, Fig. 
3,4). However, high amounts of 127I- were found in some small follicles 
which probably es caped the antithyroid drug (Pl. 4, Fig. 1,2). 

DISCUSSION 

The images o f the dis tribution o f stable iodine which we have observed 
with the ion microscope confirm the functional heterogeneity of the thyroid 
gland revealed by radioactive iodine and autoradiography technigues (8). 
In hypofixing thyroid nodules with iodine upt ake de fects (9), 127I- was no t 
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Plate 3. Colloid goiter: topographical distributions of 26cN- (Fig. 1), 
32s- (Fig . 2), 31P- (Fig . 3), and 127r- (Fig. 4). 

observed, whereas the 32g- of Tg was detected. Associated with detection 

of the iron contained in the thyroid peroxidase and with in situ hybridiza
tion methods for quantification of messenge r RNA, the ionic microscope must 
give access to the quant itative and kinetic study of the different factors, 
among which iodine, taking part in the synthesis of thyroid hormones at the 
cellular level . This will be of interest in thyroid cancer typing, allowing 
the definition of new prognostic factors (10,11). 
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Plate 4. Graves' disease treate d with MMI: com~arative distributions of 
32s- (Fi g . 1), l27r- (Fi g. 2,4), and lp- (Fig. 3). 
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ENDOCYTOSIS OF ORGANIFIED IODINE IN THE ENDOSTYLE OF THE AMPHIOXUS* 

Lars E. Ericson, Gunnar Fredriksson, and Torsten Ofverholm 

Department of Anatomy, University of Goteburg, and Department 
of Zoology, University of Stockholm, Sweden 

Parts of the protochordate endostyle are considered homologous to the 
vertebrate thyroid (1-3). In the adult amphioxus, the endostyle forms a 
groove in the floor of the pharynx lined by paired, longitudinal zones of 
epithelial cells. In the larval amphioxus, the endostyle is an unpaired 
structure in the right buccal wall (4). In the adult (5-7), as well as 
larval endostyle (8,9), iodination takes place in the lumen at the apical 
surface of a well-defined cell zone in the lateral portion of the endostyle. 
Iodination is catalyzed by a peroxidase, present in the apical plasma mem
brane (9). A thyroglobulin-like protein and iodothyronines have been found 
in the amphioxus (10,11). Thus, the mechanism of iodination shares many 
features with that in thyroid follicle cells (12). 

Another important function of the thyroid follicle cell is the uptake 
of hormone-containing thyroglobulin from the follicle lumen by endocytosis 
and, after intracellular proteolysis, the release of thyroid hormones (13). 
We have made preliminary observations (7,8) suggesting a considerable endo
cytotic uptake of iodinated products also in the endostyle and have in this 
study examined this uptake in more detail. 

Adult and larval amphioxus (Branchiostoma lanceolatum) were incubated 
for 10 min in sea water containg 125I (8 mCi/40 ml). Adult animals were 
then chase incubated for 30, 60, 120, and 180 min and larvae for 40 and 80 
min in sea water without label. At least two animals were examined at each 
time interval. The animals were fixed and embedded, and sections prepared 
for light and electron microscopic autoradiography as described elsewhere 
(7,9). 

The endostyle of the adult amphioxus consists of different cell zones 
of narrow, tall, ciliated cells (Fig. 1). The thyroid-like properties are 
confined to the lateral portion (zones Sa, Sb, 6). We have recently~ using 
electron microscopic autoradiography after incubation for 5 min in 1L5I-, 
localized the primary site of iodination to the apical surface of zone Sa 
(7). This cell zone, not previously recognized, differs ultrastructurally 
from other zones, including zone Sb (zone 5 in previous studies) and zone 
6 (Figs. 2,3). 

*Supported by the Swedish Medical Research Council (grant 12X-537) and by 
the Swedish Natural Science Research Council (grant B-BU 2124). 
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Fig. 1. Survey electron micrograph of the lateral (zones 

3-6) portion of one half of the endostyle in an 

adult amphioxus. Bar - 10 ~m. 

After incubation for 10 min in 12Sr-, autoradiographic grains were, 

in accordance with previous findings, concentrated at the apical surface 

of zone Sa. This accumulation of grains, often extending over the medial 

portion of zone Sb (Fig. 2), decreased progressively and had disappeared 

after 180 min. After 10 min, some grains were also associated with cilia 

and microvilli of zones Sb and 6. The concentration of grains in this 

location was considerably increased after 30 and 60 min, and at these time 

intervals, grains also appeared over the supranuclear cytoplasm of zones 

Sa, Sb, and 6 (Fig. 2). After 120 and 180 min, grains were distrihuted 

over all parts of the cytoplasm (Fig. 3), including the infranuclear region 

(Fig. 4). The overall picture was that of a gradual translocation of label 
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Fig. 2. Electron microscopic autoradiograph of an adult 

endostyle. Chase for 60 min. Grains are concen

trated in the lumen at zone Sa and medial portion 

of zone Sb, characterized by large granules. 

Grains are also present over the supranuclear 

cytoplasm. Bar = 2 ~m. 



Fig. 3. Adult endostyle. Apical portion of zone 6. Chase 
for 180 min. Grains are present in the lumen, 
associated with cilia and microvilli, as well as 
over the apical cytoplasm. Bar = 2 ~m. 

from the surface of zone Sa laterally along the surface of zones Sb and 6, 
and then into the cytoplasm towards the base of the cells (Fig. 6). 

The cytoplasmic grains were associated with vesicles, vacuoles, and 
lysosomes (Fig. 4), suggesting uptake by endocytosis and processing of 
iodinated products in the lysosomal apparatus. No significant uptake of 
label occurred in zone s 1-4. Grains were present together with food par
ticles in the gut lume n and were also located over vacuoles in the intes
tinal cells. 

The same zones as in the adult (except zone 1) are present in the 
larval endostyle (4,9). After 10 min, the grains were almost exclusively 
located extracellularly (96%) at the apical surface of zones Sa, Sb, and 
6. The highes t concentration of grains was found at the surface of zone 
Sa. Grains were still mainly ext racellular after chase incubation for 40 
min. However, after 80 min, the ma jority of grains (58%) was located over 
the cytoplasm of zones Sa, Sb, and 5 ( Fig. 5). Grains were frequently as
sociated with vesicles and lysosomes. 

Fig. 4. Adult endostyle. Basal port ion of zone 6. Chas e 
for 180 min. Grains are associated with lysosome
like structures (arrow). N =nucleus; Bl =basa l 
lumina. Bar = 1 ~· 
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Fig. S. Endostyle of larval amphioxus. Zone 6. Chase for 
80 min. Grains are present in the lumen assoc1a
ted with cilia and microvilli, as well as over the 
cytoplasm. Nuclei, some of which are indicated 
(N), are essentially unlabeled. Bl =basal lamina. 
Bar = 2 )ltll. 
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Fig. 6. Schematic presentation of the "protothyroid 
region" (zones Sa, Sb, 6) in one half of the en
dostyle in the adult amphioxus. The autoradio
graphic observations indicate that l2Sr is organ
ified in the lumen at the surface of zone Sa(*). 
Label is then transloc ated laterally and into the 
cells as indicated by the arrows. Within the 
cytoplasm, label is present in vesicles, vacu
oles, and lysosomes. It is also possible that 
iodinated products are released directly into the 
lumen(--->), maybe to be digested in the gut. 



Together our observations show that not only iodination, but also 
uptake by endocytosis of iodinated products from the lumen, occur in the 
lateral portion of the endostyle of the adult and larval amphioxus. Iodin
ation is mainly confined to zone Sa, while uptake also occurs in zone Sb 
and in the large zone 6. These three cell zones might constitute a "proto
thyroid" region of the endostyle (Fig. 6). 

A thyroglobulin-like protein (10), as well as iodothyronines (11), have 
been found in the amphioxus. Methimazole abolishes the autoradiographic re
action, indicating that the grains represent enzymatically-bound iodine (7, 
9). We do not know to what extent the grains represent iodine bound to a 
protein or to what extent formation of iodothyronines by coupling of iodo
tyrosyles occurs in the endostyle. The coupling reaction appears to require 
a peroxidase (13). Histochemical (14) and cytochemical (9) observations 
show that peroxidase is present in the protothyroid region of the adult and 
larval endostyle, and that the enzyme activity is distributed within the 
cytoplasm, as well as to the apical plasma membrane in the same way as in 
thyroid follicle cells (9). Our present observations show that enzymati
cally-bound iodine remains attached to the peroxidase-containing plasma 
membrane for a time period which might be sufficient for coupling to take 
place. Hypothetically, the hormone-containing protein is then internalized 
by endocytosis and iodothyronines released after lysosomal digestion. How
ever, observations in this and previous (5,6) studies clearly show that 
iodine, perhaps organified in the endostyle, is transferred into the gut 
and even into the intestinal epithelial cells. Provided this iodine in
cludes iodine in iodothyronines, an alternative mechanism for thyroid hor
mone secretion might be digestion of the prohormone protein in the gut. 

Two important functions of the thyroid follicle cell are extracellular 
iodination (12) and uptake by endocytosis of organified iodine (13). The 
present study shows that these functions are present also in the endostyle 
of the amphioxus. 
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HUMAN HEPATOMA (REP G2) CELLS SECRETE A NOVEL T4-BINDING PROTEIN (27 K 

PROTEIN)* 

INTRODUCTION 

Luigi Bartalena,l,3 Settimio Grimaldi,2,3 and Jacob Robbins3 

lcattedra di Endocrinologia e Medicina Costituzionale 
University of Pisa, Pisa, Italy, 2Instituto di Medicina 
Sperimentale del C.N.R., University of Rome, Rome, Italy 
and 3clinical Endocrinology Branch, NIADDK, NIH, Bethesda 
MD, USA 

TBG, prealbumin, and albumin represent the major thyroid hormone trans
port proteins in the blood (1), but other proteins interact with thyroid hor
mones, although their physiological role is still unclear (2). We have re
cently reported purification of a novel T4-binding protein from human serum, 
called 27 K protein for its apparent molecular weight in SDS-PAGE (3). In 
the present paper we show that 27 K protein is synthesized and secreted by 
human hepatoma (Rep G2) cells, and partially characterize it both in whole
cell and cell-free systems. 

MATERIALS AND METHODS 

All experimental procedures have been already described in a previous 
report showing TBG biosynthesis by Rep G2 cells (4). 

Confluent Rep G2 cells, after preincubation overnight in serum-free 
methionine-free or serum-free low glucose (10 mg/dl) medium, were labeled 
for 4 hours with 100 ~Ci/ml [35s]methionine (600 Ci/mmol, Amersham) or 200 
~Ci/ml [3R]mannose (1-5 Ci/mmol, Amersham), respectively. In pulse-chase 
experiments, cells were pulse-labeled for 10 min with [35s]methionine and 
then chased for 2 hours after addition of a 20,000-fold excess of unlabeled 
methionine. 

Samples of media and cell lysates were immunoprecipitated by anti-27 
K serum and protein A, and analyzed by 12.5% SDS-PAGE and subsequent flu
orography. Alternatively, gels were stained, sliced into 1 mm sections, 
solubilized overnight at 55°C in 0.7 ml R202, and the radioactivity was 
measured in 10 ml of Ultrafluor ~n a beta counter. 

RNA was extracted from Rep G2 cells by the LiCl-urea procedure and 
fractionated by discontinuous sucrose gradient centrifugation. Total RNA 

*This work was partly supported by Grant for International Collaboration 
No. 84.01799.04 from the Consiglio Nazionale delle Richerche, Rome, Italy, 
to Luigi Bartalena. 
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Fig. 1. Translation of Hep G2 RNA fractions by 
a rabbit reticulocyte lysate. Upper 
panel : RNA distribution after centrifu
gation at 35,000 rpm (18 h, 4°C) in a 
0-30% discontinuous sucrose gradient 
(10 mM Na acetate, pH 5.2, 1 mM EDTA, 
0.1% SDS). Lower panel: translation 
products using fractions taken from the 
bottom (A) to the top (I) of the tube. 
[35s]me thionine-labeled bands were 
immunoprecipitated by anti-27 K serum 
(also containing anti-TBG) and analyzed 
by SDS-PAGE and fluorography. 

and sucrose gradient fractions were translated by a rabbit reticulocyte 
lysate using [35s]methionine as a precursor. In other experiments, Rep 
G2 RNA was injected into Xenopus laevis oocytes2 as previously described 
(4). Medium from oocytes was incubated with [1 5IJT4 in the presence or 
absence of a 1 ,000-fold excess of unlabeled T4 and immunoprecipitated by 
anti-27 K serum. 

RESULTS 

Demonstration that 27 K protein is synthesized by Rep G2 cells was ob
tained by immunoprecipitation with anti-27 K serum both in whole-cell and 
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cell-free systems followed by SDS-PAGE. The molecular weight of 27 K pro
tein was identical in both systems, suggesting that 27 K protein does not 
contain carbohydrates. In the same experiments, the molecular weight of 
TBG (precipitated by antibodies to TBG) shifted from 54 kDa in whole cells 
to 45 kDa in the rabbit reticulocyte lysate in agreement with the glycopro
tein nature of TBG. 

To examine whether TBG and 27K protein are related or different pro
teins, Rep G2 RNA was fractionated by sucrose gradient centrifugation, the 
fractions were translated by a rabbit reticulocyte lysate, and the trans
lation products were immunoprecipitated. Figure 1 shows that TBG mRNA was 
found at the bottom of the tube, whereas 27 K protein mRNA was distributed 
~n lighter fractions. 

T4-binding activity of 27 K protein was evaluated by [125r]T4 prec~pt
tation in the medium of oocytes injected with Rep G2 RNA. Figure 2 shows 
that [125r]T4 bound to 27 K protein was precipitated by anti-27 K serum 
that had been preabsorbed with pure TBG. This precipitation appears to be 
specific, since it was blocked by an excess of unlabeled T4. No [125r]T4 
was precipitated in the medium of oocytes injected with ovalbumin RNA or 
not injected with RNA. 

The nonglycoprotein nature of 27 K protein was further supported by 
the finding that no [3R]mannose was incorporated into the newly synthesized 
protein and no difference in the size of the immunoprecipitated protein was 
observed after treatment with the glycosylation inhibitor, tunicamycin (data 
not shown). 
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Fig. 2. [125r]T4 precipitation with anti-27 K serum (pre
absorbed with pure TBG) in the medium from Xenopus 
laevis oocytes injected with Rep G2 RNA . Precipi
tation was in the absence (open bar) or presence 
(shaded bar) of a 1,000-fold excess of unlabeled 
T4. [125r]T4 precipitation in the medium from 
oocytes injected with ovalbumin (OVA) RNA or not 
injected with RNA (No RNA) are also shown. 
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Table 1. Kinetics of TBG and 27 K Protein Secretion by Hep G2 Cells* 

Chase time (min) 

10 20 30 40 60 120 

35s-labeled protein in medium (% of total intracellular + secreted) 

TBG 3 6 32 47 62 89 

27 K protein 25 52 61 70 81 92 

*Cells were pulse labeled with [35s]methionine for 10 min and chased 
with excess methionine. 

Table 1 illustrates the kinetics of secretion of TBG and 27 K protein 
from Hep G2 cells. 27 K protein was released earlier than TBG, SO% being 
secreted after only 19 m~n. 

DISCUSSION 

27 K protein is often copurified with TBG from human serum (3). One 
possible explanation for this finding might be that 27 K protein represents 
a fragment of TBG. This does not appear to be the case, since the RNA frac
tionation experiments indicate that two distinct mRNAs direct the synthesis 
of TBG and 27 K protein. 

The latter protein appears to be nonglycosylated and is probably not 
synthesized as a larger molecular weight precursor, since whole-cell and 
cell-free system products had the same molecular weight. The nonglycopro
tein nature of 27 K protein is confirmed by the lack of mannose incorpora
tion and by the observation that tunicamycin caused no change in its mole
cular weight. 

Finally, 27 K protein is not an inert contaminant of TBG preparations. 
As shown by the [125I]T4 precipitation experiments using the medium from 
Xenopus laevis oocytes that had been injected with Hep G2 RNA, the protein 
~s able to bind thyroxine. 

In conclusion, this study provides evidence that the liver synthesizes 
this novel T4-binding protein, readily distinguishable from TBG. Its phy
siological role in thyroid hormone transport remains to be clarified, but 
Hep G2 cells represent a useful tool to further elucidate the mechanism 
regulating the synthesis and secretion of 27 K protein. 
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PARTIAL PURIFICATION OF RAT SERUM THYROXINE-BINDING GLOBULIN 

INTRODUCTION 

Masataka Nanno, Rieko Ohtsuka, Noriyuki Kikuchi, Yutaka Oki, 
Shozo Ohgo, Hiroyuki Kurahachi, Teruya Yoshimi, and Satoshi 
Hamada 
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Rats have been frequently used experimentally in various aspects of 
thyroid research, but their serum-binding proteins for thyroid hormones 
(TH) remain unclear compared with those of human beings. Previous studies 
showed that in rats the major serum TH-binding protein was electrophoret
ically slow migrating prealbumin (R-TBPA) (1). Davis et al. (2) reported 
the presence of rat serum thyroxine-binding globulin (R-TBG) using poly
acrylamide gel slab electrophoresis, but other studies showed little or no 
R-TBG (3,4). In special conditions such as on feeding rats a low protein, 
high carbohydrate diet (4) or on fasting (5), the rats were reported to gain 
clear R-TBG band. Thus, R-TBG has not yet been purified, and its binding 
characteristics have not been determined. We report that R-TBG was partial
ly purified using Sephadex G-200 gel filtration from hypothyroid rat serum 
and its binding characteristics determined by charcoal-binding method. 

MATERIALS AND METHODS 

Hypothyroid rat serum was obtained by puncturing the abdominal aorta 
10 days after thyroidectomy. l25I-T4 with an initial specific activity of 
1200 ~Ci/~g was purchased from New England Nuclear Corp., Boston, MA. 

Sephadex G-200 Gel Filtration 

Descending gel filtrations on 2.6 x 100 em Sephadex G-200 column were 
performed at 4"C. The column was previously equilibrated and eluted with 
0.14 M NaCl-0.01 M phosphate buffer, pH 7.4. 1.5 ml of rat serum was di
luted to 5.0 ml with the same buffer, incubated with 0.16 ~Ci of 125I-T4 
for 30 min at 25"C, and then applied on the column. A constant flow rate 
of 15 ml/hour was maintained, and consecutive 5.0 ml of effluent fractions 
were collected. Radioactivity and asorbance at 280 nm were monitored in 
each fraction. 
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Charcoal-binding Method 

Rat serum T4-binding proteins partially purified by gel filtration 
were diluted adequately w.ith buffer (O.OS M Tris-0.01 M EDTA, pH 7 .4). 
12SI-T4 in SO ~1 of 0.01 N NaOH and graded doses of T4 or its analogues 
in SO ~1 of 0.01 N NaOH were added to tubes containing 2SO ~1 of the di
luted rat serum T4-binding proteins. After incubation overnight at 4•c, 
100 ~1 of a suspension of dextran-coated charcoal (2SO mg/dl Norit A and 
2SO mg/d1 Dextran T 70 in the Tris buffer) was added. The tubes were agi
tated on a Vortex mixer and allowed to stand for 10 min at 4•c. They were 
then centrifuged at 3000 rpm for 10 min. Counting rates of both superna
tant and charcoal pellet were determined. 

RESULTS 

Gel Filtration 

When normal rat serum labeled with 12SI-T4 was fractionated on Sepha
dex G-200 column, the peak of radioactivity was eluted shortly after the 
albumin peak (Peak II) (Fig. 1; upper panel). But when hypothyroid rat 
serum labeled with 12SI-T4 was eluted on the same column, the main peak 
emerged sevetal tubes before the albumin peak (Peak I) with the small Peak 
II (Fig. 1; lower panel). This Peak I was also demonstrated from normal 
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Fig. 2. Scatchard plot of T4 bound to Peak I (left) 
and Peak II (right). Peak I and Peak II 
were obtained by Sephadex G-200 gel filtra
tion of hypothyroid rat serum. 

rat serum which was previously deprived of endogenous T4 by charcoal ad
sorption. Charcoal adsorption of normal rat serum labeled with 125I-T4 (80 
mg/ml Norit A) for 24 hours at 4•c removed about 94% of radioactivity. Es
timation of molecular weight of these two peaks, using a-chymotripsinogen, 
ovalbumin, and lactic dehydrogenase as molecular markers, revealed that MW 
of the Peak I was 10 x 104 daltons and that of the Peak II was 5.6 x 104 
daltons. 

Binding Characteristics 

A Scatchard plot analysis showed that both Peak I and Peak II had high 
affinity-small capacity binding sites for T4 (Fig. 2). For Peak I, the af
finity constant (Ka) and maximal binding capacity (MBC) values were 2.0 x 
1010 M-1 and 3.8 x lo-9 g/mg protein, respectively. As for Peak II, the Ka 
and MBC were 8.9 x 108 M-1 and 3.7 x lo-7 g/mg protein, respectively. The 
relative affinities of T4 analogues for these binders were determined by 
comparing the molar concentrations of L-T4 with those of T4 analogues re
quired to depress by SO% B/Bo ratio of tracer 125I-T4. Relative affinities 
of various T4 analogues for Peak I and Peak II are shown in Table 1, where 
the affinity of L-T4 was assigned a value of 100. Thus, the Peak I had a 
rigid specificity to alanine side chain of T4 molecule, but the Peak II 
showed no specificity to this side chain. 

DISCUSSION 

A previous study on normal rat serum TH-binding proteins by Sutherland 
et al. (2) using Sephadex G-200 gel filtration had demonstrated only one 
high affinity T4-binding protein. They reported that this T4-binding pro
tein eluted shortly after the albumin peak, had aKa of 3.5 x 108 M-1, and 
was electrophoretically R-TBPA. Our Peak II is considered to be the same 
as the T4-binding protein reported by them. Furthermore, our data indi
cates that relative affinities of the Peak II for various T4 analogues 
showed no specificity to the alanine side chain of the T4 molecule. This 
characteristic resembles that of human TBPA (6). 
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Table 1. Relative Affinities of T4 Analogues 
for Peak I and Peak II 

Peak I Peak II 

L-T4 100 100 

D-T4 34.9 9.2 

L-T3 11.1 2.1 

D-T3 1.8 1.0 

rT3 6.8 14.3 

Tetrac 0.25 69 

Triac 0.1 26.3 

In the present study, we reported for the first time that another T4-
binding protein (Peak I) was separated from hypothyroid rat serum. This 
Peak I had aKa of 2.0 x 1010 M-1 for T4 and rigid specificity to alanine 
side chain of T4 molecule. These binding characteristics of the Peak I 
reserr.ble those of human TBG (7 ,8). Thus, Peak I is considered to be rat 
TBG, though we have no data on electrophoretic mobility of Peak I. From 
the fact that this Peak I was also demonstrated from normal rat serum pre
treated with charcoal adsorption, R-TBG in normal rat serum is supposed to 
be masked due to saturation with endogenous T4. The possibility that R
TBG might be increased by hypothyroidism cannot be denied. 
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THYROID FUNCTION TESTS IN SUBJECTS WITH A GENETIC ISOELECTRIC FOCUSING 

VARIANT TBG* 
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A variant thyroxine-binding globulin (TBG) with slower migration on 
isoelectric focusing (TBG-S) has been found in some American Blacks. It 
is inherited as an X-chromosome-linked trait. Hemizygous males with TBG-
S exhibit TBG bands shifted cathodally. Heterozygous females with TBG-CS, 
show the summation pattern of TBG bands corresponding to sera from subjects 
with only TBG-S and those with only the common type of TBG (TBG-C). Because 
the effect of TBG-S on thyroid function has not been studied in detail, we 
compared data of thyroid function tests in sex and age matched subjects be
longing to four TBG genotypes (10 males each with TBG-S vs. TBG-C, and 10 
females each with TBG-CS vs. TBG-CC). The mean serum T4 level of the group 
of males with TBG-S was 6.79 ~ 1.52 (SD) ~g/dl, significantly lower than 
that of the group of males with TBG-C (8.49 + 1.29 ~g/dl, p<0.02). A sig
nificant concomitant reduction in the mean serum TBG concentration was found 
in the group of males with TBG-S as compared to that with TBG-C (1.41 + 0.30 
mg/dl vs. 1.72 ~ 0.29 mg/dl, p<0.05). Mean values of serum free T4 co;cen
trations and other tests of thyroid function, including TSH levels, were not 
significantly different among the four groups matched by age and paired by 
sex. Although the reason for the reduced serum TBG concentration in sub
jects with TBG-S remains unclear the associated reduction of serum T4 levels 
is not accompanied by hypothyroidism. 

INTRODUCTION 

T4-binding globulin (TBG) is the principal T4-binding protein in serum. 
It is an acidic glycoprotein which exhibits three major bands on isoelectric 
focusing (IEF) with pi range of 4.3 to 4.5. A cathodal shift of these bands 
was found in some American Blacks (1,2), Polynesians, Melanesians, and Micro
nesians (3). This variant TBG, termed TBG-S for its slower mobility on IEF, 
is inherited as an X-chromosomal-linked trait. Although previous papers men
tion that subjects possessing the variant TBG-S appear to be euthyroid, their 
tests of thyroid function have not been studied in detail. Since our prelim
inary study showed lower concentrations of serum total T4 in males with the 

*Supported in part by United States Public Health Service Grant AM 15070. 
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Table 1. TBG Types and Gene Frequencies in American Blacks 

Number of Subjects 

Genotype c s cc cs ss 

Males 

Observed 62 8 

Expected* 61.6 8.4 

Females 

Observed 34 9 1 

Expected* 34.1 9.3 0.6 

*Calculated from the Hardy-Weinberg equilibrium assuming X-linked 
alleles. Males were assigned a single allele of TBG-C or TBG-S. 

TBG-S variant, we carried out a systematic evaluation of their thyroid func
tion tests. Results were compared to those of age and sex matched subjects 
with the common type of TBG (TBG-C). 

MATERIALS AND METHODS 

Serum samples from 114 unrelated American Blacks (70 men and 44 women) 
living in the Chicago area were screened by IEF. According to the IEF pat
terns of their TBG and sex, the subjects were divided into five groups: 62 
men with TBG-C, 8 men with TBG-S, 34 women with TBG-CC, 9 women with TBG-CS 
and one woman with TBG-SS as summarized in Table 1. The gene frequencies 
of TBG-C and TBG-S were 0.880 and 0.120, respectively. 

Serum from two more men with TBG-S and two women with TBG-CS were added 
to the study. One subject with TBG-CS found to have positive thyroidal auto
antibodies and a serum TSH level of 52.5 pU/ml was excluded from the study, 
bringing the total number of subjects in each of the two groups with the var
iant TBG (TBG-S and TBG-CS) to 10. These two groups were each age matched 
with 10 subjects randomly selected from the larger number of samples with 
TBG-C (men) and TBG-CC (women). 

IEF was performed on prefocused, horizontal polyacrylamide slab gels. 
Gel concentration was 5% total acrylamide (0.125% bisacrylamide) with 8% 
glycerol and 6.7% ampholines of pH 4.2 - 4.9 (Pharmacia Fine Chemicals, 
Piscataway, NJ). 5 pl serum samples were applied following incubation for 
1 h at room temperature with 5000 cpm [125r]-T4 (New Englan~ Nuclear, Boston, 
MA), sp. act. 1250 PCi/Pg. At the end of the run, the gel was immediately 
dried and exposed to Kodak XAR-5 film with an intensifying screen for 12 h 
at -70"c. 

T4, T3, reverse T3 (rT3), TSH and thyroglobulin (TG) were measured by 
specific radioimmunoassays (RIAs). TBG and denatured TBG (dn TBG) levels 
in serum were measured by specific RIAs as previously described. The T4-
binding capacity of TBG was measured by the single T4 load ion exchange 
resin method (5). Free T4 index (FT41) was derived from the ratio of serum 

486 



total T4/TBG. Serum free T4 was measured by equilibrium dialysis (FT4D). 
Antibodies to thyroglobulin and thyroid microsomes were measured by a hemag
glutination method. 

Grouped data were expressed as the mean + SD and were analyzed using 
the Student's t test. Statistical significance was defined when the p value 
was less than 0.05. 

RESULTS 

The three major TBG bands identified on IEF in male subjects with TBG
C or females with TBG-CC had pis of 4.35, 4.42, and 4.50. Sera from males 
with TBG-S and the single female with TBG-SS exhibited a cathodal pi shift 
of all bands of approximately 0.06. Heterozygous females with TBG-CS showed 
a 6 banded pattern corresponding to the combined pis of TBG-C and TBG-S. 

Grouped data of thyroid function tests are summarized in Table 2. Mean 
serum T4 concentration in the group of men with TBG-S was significantly lower 
than the age matched group of men with TBG-C. However, neither the mean FT4D 
nor the mean TSH levels were significantly different among these two groups. 
Mean TBG concentration in sera with TBG-S was found to be significantly lower 
than that of TBG-C. Serum levels of dn TBG were less than 4 ~g/dl in all 
samples except for 3, in which it was within the normal range. Other tests 
of thyroid function were similar between these two groups. Moreover, the 
two groups of women with TBG-CC and TBG-CS showed no significant differences 
in all determinations including serum T4 and TBG concentrations. None of 
the subjects examined had circulating thyroid autoantibodies. 

When a group of 10 sera with TBG-C were selected to match individual 
TBG concentrations of the 10 serum samples with TBG-S, the statistical dif
ference between the mean T4 levels of these two groups with different types 
of TBG disappeared (Fig. 1). 

DISCUSSION 

Family studies have shown that the TBG-S variant is inherited as an X
chromosome-linked trait (1). This finding is in agreement with the inheri
tance of other congenital TBG abnormalities such as TBG excess, TBG defi
ciency (6), or TBG-A in Australian Aborigines (7). Assuming that the fre
quency of the TBG-S allele is the same in both sexes, the frequency of hemi
zygous males should be the same as the gene frequency of 0.12 in the sample 
population of Black Americans we studied. The frequencies of the TBG-CS and 
TBG-SS genotypes in females are expected to be 2 x 0.12 and (0.12) 2 , respec
tively. Indeed, observed numbers of the subjects with these genotypes were 
close to those expected from this calculation (Table 1). This, and the find
ing of TBG-CS in females, only confirms the X-chromosome-linked mode of in
heritance of the TBG-S variant. 

The finding of significant reduction of T4 concentration in serum of 
subjects possessing the variant TBG-S could be attributed to many factors 
including altered affinity for T4 or associated abnormalities in hormone 
secretion or metabolism. However, it is best explained on the basis of con
comitant reduction in the concentration of circulating TBG. Indeed, the 
FT4I and FT4D were not significantly different between the groups with TBG-S 
and TBG-C. All individual TSH values were in the normal range, and there 
was no significant difference between the mean values for ~he two groups. 
Furthermore, the obliteration of the significant difference in the mean T4 
concentration of the group with TBG-S when matched by TBG concentration to 
a group of subjects with TBG-C proves that the observed reduction in serum 
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Comparison of serum concentrations of T4 and TBG 
between subjects with TBG-S and TBG-C. Ten sub
jects with TBG-S were matched by age or by TBG 
concentration to 10 subjects each with TBG-C. 
Data are given as mean + SD for each group. 
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total T4 is due to quantitative rather than functional differences between 
the two types of TBG. Although the data on TBG concentration is more reli
able owing to the smaller interassay variation, because of the lack of sta
tistical difference in T4-binding capaci ties of TBG between the two groups, 
one might consider that a single molecule of TBG-S could have an additional 
binding site for T4. However, the mean ratio of TBG capacity/TBG concentra
tion was not significantly higher in subjects with TBG-S, as compared to 
that of TBG-C (12.71 + 1.13 vs. 11.93 + 0.74, respectively). As expected, 
the small reduction i; T4 and TBG concentrations associated with TBG-S in 
hemizygous males could not be detected in heterozygous females with TBG-CS. 

The reason for decreased levels of TBG in serum of subjects with TBG-
S is open to speculation. It could be that secretion of TBG-S is reduced. 
Our recent in vitro study using a human hepatoblastoma cell line demonstra
ted that glycosylation of TBG is essential for its secretion (8). The shift 
of the IEF pattern in TBG-S could be the consequence of an alteration in 
glycosylation due to a genetic differenc e in amino acid sequence. This may 
also affect the rate of TBG-S secretion. Nevertheless, an increased rate 
of degradation cannot be excluded without further studies on the metabolism 
of TBG-S in vivo. 

Since a substantial number of American Blacks carries the TBG-S gene, 
Black men found to have low concentrations of serum T4 require a careful 
evaluation to avoid a possible erroneous diagnosis of hypothyroidism. 
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EFFECT OF LONG-CHAIN FATTY ACIDS ON THE BINDING OF T4 AND T3 TO HUMAN 

THYROXINE-BINDING GLOBULIN (TBG)* 

Milton Tabachnick and Ladislav Korcek 

Department of Biochemistry 
New York Medical College 
Valhalla, NY, USA 

Long-chain free fatty acids (FFA) such as oleic and linoleic acids 
have been shown to inhibit the binding of T4 to binding proteins in serum 
(1-3). In a recent report, Chopra and coworkers (4) have presented evi
dence indicating tht circulating FFA, especially oleic acid, makes an im
portant contribution to thyroid hormone binding inhibitor (THBI) activity 
found in sera of certain patients with nonthyroidal illnesses (NTI). Al
though oleic acid and linoleic acid are known to inhibit T4 binding to al
bumin (5), the effect of FFA on T4 binding to TBG, the major thyroid hor
mone-binding protein in serum, has not been studied directly. In the pres
ent study, we compared the effect of different FFA on the binding of T4 to 
pure TBG. 

MATERIALS AND METHODS 

TBG was purified from pooled fresh frozen human serum as described pre
viously (6). [125I] labeled T4 and [125I]-T3 both having SA~ 150 ~Ci/~g 
were obtained from NEN (Boston, MA, USA). Fatty acids (at least 99% pure) 
were obtained from U. S. Biochemical Corp. (Cleveland, OH). Aqueous solu
tions of the sodium salts of the fatty acids were made up as described by 
Goodman (7). Equilibrium dialysis (8) was used to study binding at pH 7.4 
and 37•c (see legend to Fig. 1). 

RESULTS 

Scatchard plots showing the effect of different fatty acids on the 
binding of [125r]-T4 to TBG are given in Fig. lA. In each binding experi
ment the overall strength of binding, as represented by the nK value, was 
determined by extrapolation of the Scatchard plot to the v/A axis (see 
legend to Fig. 1 for definitions). Table 1 shows the degree of binding 
inhibition as calculated from the percent change in nK value in the pres
ence of fatty acid as compared to the control. 

Fasting FFA levels in normal human plasma are of the order of 0.5 mM 
(10). Assuming that the concentration of TBG (Mr = 60,000) in normal serum 

*This work was supported by USPHS Grant AM 28307 from the NIH, Bethesda, 
MD, USA. 
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Fig. 1. A. Effect of long-chain fatty acids on the binding of T4 to TBG at 
pH 7.4 and 37"C. The molar ratio of fatty acid to TBG was 2000:1. 
B. Effect of Oleic acid concentration on the binding of T4 to TBG 
at pH 7.4 and 37"C. Binding was studied by equilibrium dialysis 
performed in 0.06 M potassium phosphate buffer containing 0.7 mM 
EDTA (8). The data were plotted according to the Scatchard equa
tion: v/A = -kv + nk (9) where v is the average number of moles of 
ligand bound per mol of protein, A is the molar concentration of 
free ligand, n is the apparent number of binding sites, and K is 
the apparent association constant for binding. Extrapolation to 
the v/A axis as v approaches zero gives the nK value for binding 
(the dashed lines). The fatty acids were in the form of their 
sodium salts. The data points are averages of duplicate determi
nations. 

is about 2.5 x 10-7M, then a molar ratio of FFA to TBG of 2000:1 as used 
in the binding experiments (Fig. lA) represents a fatty acid concentration 
in serum of 0.5 mM, which is in the physiological range. 

The effect of different concentrations of oleic acid on binding was 
also studied and the results are given in Fig. lB. As can be seen in Fig. 
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Table 1. Inhibition of T4 Binding to TBG by Long-chain Fatty Acidsa 

T4 bound % 

Fatty Acid (% of control) Inhibition 

None, control 

Palmitic acid (16:0) 

Stearic acid (18:0) 

Oleic acid (18:1) 

Linoleic acid (18:2) 

Linolenic acid (18:3) 

24.8 + 2.2 

24.1 + 1.4 

22.7 + 1.9 

5.9 + 0.7 

7.7 + 0.6 

9.8 + 0.9 

100 

100 

100 

24 

31 

39 

0 

0 

76 

69 

61 

aAt pH 7.4 and 37•c in 0.06 M potassium phosphate buffer containing 0.7 
mM EDTA. Binding was determined at a 2000:1 molar ratio of fatty acid 
to TBG. The nK value (mean + SEM) was determined by extrapolation of 
the Scatchard plot as shown Tn Fig. 1. 

lB, oleic acid is capable of inhibiting T4 binding to TBG at the lowest con
centrations studied, 500:1 and 1000:1 molar ratios of TBG, corresponding to 
0.125 and 0.250 mM fatty acid, respectively, in serum. Based on the change 
in nK values at molar ratios of oleic acid to TBG of 500:1, 1000:1, and 
4,500:1 (Fig. lB), binding was inhibited 18%, 48%, and 93%, respectively. 
Oleic acid also inhibits T3 binding to TBG. At molar ratios of oleic acid 
to TBG of 1000:1, 2000:1, and 4000:1, T3 binding was inhibited 24%, 41%, and 
76%, respectively (data not shown). 

DISCUSSION 

The relative inhibitory effectiveness of the FFA used in our study is 
in the same order as that reported by Chopra et al. (3) for inhibition of 
[125I]-T4 binding in normal serum. The data correlates very well with the 
observation that oleic acid is more important to THBl activity of NTI sera 
than other fatty acids (4). It is also of interest to note that fatty acids 
have been found in association with TBG; about 20% of the total is in the 
form of oleic acid (11). 

There is a question as to whether thyroid hormone transport in normal 
individuals can be influenced by changes in FFA levels owing to binding of 
FFA to albumin. However, the possibility exists that transitory surges in 
FFA levels in extracellular fluid may affect T4 transport into certain tis
sues, i.e., adipose tissue. 

SUMMARY 

Unsaturated long-chain fatty acids (oleic, linoleic, and linolenic) 
are potent inhibitors of T4 binding to TBG, whereas saturated fatty acids 
(palmitic and stearic) have little effect on binding. 
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AN UNUSUAL TYPE OF FAMILIAL DYSALBUMINEMIC HYPERTHYROXINEMIA IN A JAPANESE 

FAMILY* 

INTRODUCTION 

Osamu Isozaki, Noriko Okada, Toshio Tsushima, Motoyasu Saji, 
Kunie Kitahara, Yukio Fukuyama, Kazuo Shizume, Yoshimasa 
Shishiba, and Toshiaki Tanaka 

Department of Medicine 2, and Department of Pediatrics 
Tokyo Women's Medical College, and Division of Endocrinology 
Toranomon Hospital, Tokyo, Japan 

Familial dysalbuminemic hyperthyroxinemia (FDH) is a rare entity char
acterized by elevation of serum thyroxine (T4) due to an increase in the 
binding of T4 to serum dysalbumin. Serum T4 levels in affected subjects 
have been reported to be 16-40 pg/d1, while serum free T4 is in normal 
range. Values for serum T3 and reverse T3 are normal in most cases. In 
this communication, we present patients with extremely elevated serum T4 
(111-136 pg/dl) in a Japanese family. 

MATERIALS AND METHODS 

The propositus was a 1.5-year-old boy who was referred to our hospital 
because of a slight growth retardation. He had no signs or symptoms sug
gestive of thyroid disease, but serum total T4 was found to be unusually 
elevated (136 pg/dl). Serum T3 and reverse T3 were also higher than normal 
(Table 1). T3-resin uptake (29.9%) was within normal range, but TBG was 
slightly decreased. Basal serum TSH (1.9 PU/ml) and response to TRH were 
normal. Thyroidal 123I-uptake (24 h) was 33.1%, which was suppressed to 
15.1% after T3 administration (25 pg/day) for 7 days. Serum free T4 was 
significantly elevated when measured by Amerlex kit, but normal by micro
membrane capsule method. Antibodies to thyroglobulin and microsomes were 
negative. 

Serum total T4, T3, and reverse T3 were determined by radioimmuno
assay kits. Serum free T4 was measured by a kit using micro-membrane cap
sule (Liquisol), a kit using 125I-T4-analog (Amerlex) and by equilibrium 
dialysis method. Equilibrium dialysis was performed using Tris/HCl buffer 
as described by Stockigt et al. (1) and magnesium chloride precipitation. 
T4-binding protein was analyzed by reverse flow paper electrophoresis after 
trace-labeling with T4. Serum albumin was prepared from serum using DEAE
Affigel-blue column. Competitive binding of T4 to serum was studied as 
follows: Patient's serum or albumin was incubated with 125I-T4 in the 

*The present work was supported by grants from the Ministry of Health and 
Welfare and from the Ministry of Education. 
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Table 1. Thyroid Function Tests in Affected Family Members 

Grandfather Father Patient Sibling Normal 

T4 (llg/dl) 111 112 136 126 5.1 - 11.4 

T3 (ng/ml) 216 227 292 388 90 - 170 

rT3 (ng/dl) 273 238 405 316 14 - 41 

RT3U (%) 34.8 29.9 23 - 34 

TSH (llU/ml) 2.1 1.2 1.8 2.7 1 - 4 

TBG (llg/ml) 10.6 10.5 15.3 16.9 22 - 30 

Tg (ng/ml) 59 16.3 68.1 154 5 - 35 

free T4 (ng/dl) 

Amerlex 5 5 5 5 1.03 - 2.42 

Liquisol 1.06 1.27 1.44 0.9 0.8 - 2.4 

Dialysis 3.42 1.0 - 3.5 

presence or absence of various concentrations of unlabeled T4, T3, and re
verse T3 at 4"C for 18 h. Protein-bound 125I-T4 was separated from un
bound by adding charcoal-coated dextran as described by White et al. (2). 
Competitive equilibrium dialysis was carried out using patient's albumin 
and 125I-T4 with or without various concentrations of unlabeled T4. The 
procedure was identical to that employed for determination of serum free 
T4. 

RESULTS AND DISCUSSION 

Although serum total T4 was markedly elevated in this 1.5-year-old 
boy, he was considered to be euthyroid judged by physical findin~s, normal 
response of TSH to TRH, and by normal suppression of thyroidal 1 3I-uptake 
after T3 suppression. Marked hyperthyroxinemia along with elevated serum 
rT3 and was also found in the other three family members (Table 1), sug
gesting that the abnormality was inherited by autosomal dominant transmis
sion. None of these affected family members showed signs and symptoms sug
gestive of hyperthyroidism. Hyperthyroxinemia was not due to the presence 
of antibodies to T4. An increase of serum TBG or TBPA was ruled out by 
paper electrophoresis experiments. Serum TBG levels determined by radio
immunoassay were rather decreased. These observations strongly suggest 
that hyperthyroxinemia may be due to FDH, characterized by an increase of 
T4-binding albumin. Serum free T4 levels in the affected subjects were sig
nificantly elevated when determined by Amerlex kit using 125I-T4-analog, but 
the values obtained by micro-membrane capsule method (Liquisol) were normal. 
Furthermore, serum free T4 in propositus was normal when assayed by equilib
rium dialysis. It has been reported that serum free T4 determined by Amer
lex kit was higher than normal in patients with FDH because of binding of 
125I-T4-analog to serum dysalbumin (3). To confirm the diagnosis of FDH, 
we performed reverse flow paper electrophoresis of patient's serum after 
125I-T4 labeling. As expected, most of 125I-T4 migrated with albumin. 
However, when unlabeled T4 was added to normal serum to a concentration 
equivalent to that in patient's serum, 125I-T4 also co-migrated with albu
min. Thus, the results obtained from paper electrophoresis were compatible 
with FDH, but not conclusive. 
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When subjected to equilibrium dialysis, free T4 fraction was 0.0234% 
for normal control serum and 0.0023% for patient's serum. Addition of un
labeled T4 (25 ng) resulted in an increase of free T4 fraction to 0.0644% 
for normal serum and to only 0.0211% for patient's serum, indicating higher 
T4-binding capacity in patient's serum. Remarkably, there was a much 
greater increase of serum free T4 fraction in patient's serum compared to 
normal (0.0639% vs. 0.2681%), when dithiothreitol (DTT) was added in the 
dialysis buffer. These observations are compatible with an earlier report 
on FDH (4). Disulfide bond(s) may be involved in maintaining T4-binding 
activity of dysalbumin. 

We next studied 125I-T4 binding to serum or albumin using charcoal
coated dextran for BF separation. It has been reported that the T4-uptake 
test using charcoal is very specific to FDH (5). The patient's serum (1: 
100 diluted) was incubated with 125I-T4 in the presence of 10-6 M of un
labeled T4. We found that as much as 89.6% of added 125I-T4 bound to serum 
proteins, while the value was only 8.5% for normal serum. We also performed 
similar experiments using serum albumin prepared from patient's serum. As 
shown in Fig. 1, albumin from patient's serum bound 44.5% of added 125I-T4. 
The binding was dose-dependently inhibited by unlabeled T4. Anal~sis of 
binding data revealed T4-binding sites with affinity of 3.6 x 10- M-1 and 
binding capacity of 1.3 mg/g albumin. Affinity of 1.06 x 106 M-1 has been 
obtained when determined by equilibrium dialysis assays. These values are 
similar to those reported for FDH by others (4,6). 

Taken together, these observations strongly suggest that hyperthyrox
inemia found in four members in a Japanese family is due to the presence of 
T4-binding dysalbumin with high binding affinity and capacity. The present 
cases are unique in several respects. First, serum T4 level is the highest 
among the patients so far described. Second, the present cases showed a 
marked increase in serum reverse T3. This could be accounted for by bind
ing of reverse T3 to T4-binding dysalbumin. Supporting this, 125I-T4 bind
ing to albumin was inhibited by reverse T3 in a dose-dependent manner, al
though the potency of reverse T3 to inhibit 125I-T4 binding was only 1/20 
that of T4. Recently, Lalloz et al. (7) have reported a patient having ab
normal albumin with increased affinity for reverse T3. In contrast to re
verse T3, the ability of T3 to bind to T4-binding albumin was much lower as 
shown in Fig. 1. This is consistent with marginal elevation of serum T3 in 
in these patients. Yabu et al. (8) recently proposed that the abnormality 
of serum albumin in patients with FDH might be increase of albumins with 
particularly high affinity for T4 that are present in normal serum at a low 
concentration (8). It is not clear, however, whether T4-binding albumin(s) 
found in sera of the cases under discussion are present in normal serum. 
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PERIPHERAL METABOLISM OF THYROID HORMONES IN CONGENITAL THYROID HORMONE 
TRANSPORT ABNORMALITIES: FAMILIAL DYSALBUMINEMIC HYPERTHYROXINEMIA AND 
TBG INCREASE 

INTRODUCTION 

Romano Bianchi, Giorgio Iervasi, Alessandro Pilo, Nicola 
Molea, Marco Ferdeghini, Franco Cazzuola, and Gianfranco 
Giraudi 

CNR Institute of Clinical Physiology, Cattedra di Patologia 
Medica V, University of Pisa, Pisa, and Institute for 
Analytical Chemistry, University of Turin, Turin, Italy 

Familial dysalbuminemic hyperthyroxinemia (FDH) and inherited increase 
of thyroxine-binding globulin (TBG) in plasma are two very uncommon thyro
nine serum-binding protein abnormalities that cause hyperthyroxinemia with
out hyperthyroidism. In FDH, subjects have an abnormal albumin molecule 
which shows increased affinity only for thyroxine (T4). As a result, serum 
total T4 (TT4) value is increased, while the serum total triiodothyronine 
(TT3) concentration is normal or slightly elevated. Nevertheless, the in
crease in the free T4 index frequently leads to an erroneous diagnosis of 
thyrotoxicosis. On the contrary, in the inherited high TBG syndrome, pro
portionate increments in serum TT4 and TT3 concentrations are seen because 
TBG has a high affinity for T4, as well as T3, whereas the free T4 index 
remains normal. 

The effect of alterations in the affinity or concentrations of plasma
binding proteins on the in vivo distribution and metabolism of thyroid hor
mones in man is not yet well known; few and incomplete kinetic data are 
available (1,2). The recent finding of the bioavailability of the albumin
bound fraction of the thyroid hormones (3) is not in agreement with Mendel's 
results which deny a primary role for albumin in T4 transport into the cells 
(2). The main purpose of the present study was to test the hypothesis that 
the availability of T4 bound to albumin is greater than that of T4 carried 
by TBG; therefore, we have carried out complete kinetic studies of T4 and 
T3 metabolism in five subjects affected by FDH and in two subjects with in
herited increase of TBG serum levels. 

MATERIAL AND METHODS 

A total of 22 turnover studies were performed: 14 euthyroid normal 
subjects served as the control group, five members of three families were 
affected by FDH and two kindred had congenital elevation of TBG. Their 
ages ranged from 37 to 73 years. Serum TT4, TT3, free T3, rT3, TSH, and 
TBG levels were measured with commercial RIA kits. The free T4 fraction 
was measured by equilibrium dialysis. TRH tests were done by IV bolus in
jection of 200 ~g of TRH. Distribution of 12SI-T4 among serum proteins 
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Table 1. Serum Concentrations and Affinity Constants of T4 Carrier 
Proteins (37"C, pH 7 .4, ionic strength 0.15 m) in FDH 

PA TBG KTBG HSA KHSA aHSA KaHSA 

(mg/dl) ( ).lg/ml) (1/mol) (g/dl) 0/mol) % (1/mol) 

Mean (n=S) 35.2 23.2 3.9x1o9 4.5 3.5x1o5 20.4 4.9x1o6 

SD 5.3 2.6 0.8 0.2 2.1 2.9 1.1 

PA = prealbumin (radial immunodiffusion, Behring); TBG =thyroxine-bind
ing globulin (Immophase, Corning); KTBG = affinity constants of T4 to 
TBG; HSA =serum albumin concentration (radial immunodiffusion, Behring); 
KHSA = affinity constants of T4 to HSA; aHSA = abnormal serum albumin 
(percent HSA); KaHSA =affinity constants of T4 to aHSA. 

was determined by po1iacrylamide gel electrophoresis in Tris glycine buffer, 
pH 8.9 

T4 and T3 turnover studies were carried out as previously described 
and the T4 to T3 conversion rate (CR) was computed by the convolution method 
(4). The plasma disappearance curves of IV bolus injected 125I-T4 and 131I
T3 were analyzed by the noncompartmental approach; standard formulas were 
employed to compute total plasma clearance rate (MCR), total plasma equiv
alent distribution volumes (TDV), the production rates (PR), and the extra
thyroidal body pool (Qt). Con A-Sepharose was used to separate TBG from 
prealbumin (PA) and albumin, and to determine the affinity constants (Ka) 
of TBG for T4 according to the technique described (5) (pH 7.4, .15M ionic 
strength, 37"C). Cibacron blue F3 GA-Sepharose and Sephadex partition (pH 
7.4, .15M ionic strength, 37"C) were used to isolate the albumin and to 
determine the T4 affinity to the abnormal binding site in FDH subjects 
(6,7). Data were analyzed according to the Scatchard method. 

RESULTS 

All subjects studied were euthyroid by clinical and laboratory crite
ria. Table 1 gives mean values of the plasma levels and of the measured 
Ka of serum-binding proteins for T4 in the five subjects with FDH. The T4 
and T3 serum concentrations and the main kinetic parameters for all sub
jects studied are reported in Table 2. As previously reported (8), the two 
subjects with congenital elevation of serum TBG showed markedly reduced MCR 
and TDV of both T4 and T3, whereas the respective PR were found to be in 
the normal range, due to the increased serum levels of both hormones. On the 
other hand, a slight but significant reduction of the average T4 MCR was ob
served in the FDH subjects, who also showed a considerable increase in both 
T4 and T3 PR (respectively +57% and +38%), and in the Qt respectively +87% 
and +38%) (Fig. 1). A highly significant inverse correlation (p<O.Ol) was 
observed between T4 MCR and TT4 serum concentration in this condition (Fig. 
2). 

DISCUSSION 

Since the MCR is defined as the ratio between disposal rate and the 
plasma concentration of any hormone, it can be considered as an index of the 
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Fig. 1. Comparison of MCR, PR, and Qt values for normals, 
FDH, and increased TBG subjects. The bars rep
resent mean values and SD of MCR (l/day/m2 bs), 
PR (~g/day/m2 bs), and Qt (~g/m2 bs) for T4 
and T3 in the studied groups. Statistical sig
nificance of differences between normals and FDH 
or increased TBG subjects is indicated (t test). 

availability of the hormone for disposal and, as far as T4 is concerned, for 
its conversion into T3. Therefore, the availability of T4 is markedly low
ered in subjects with congenital TBG elevation (by 53% reduction in compar
ison with normal subjects); the higher T4 plasma levels allow, however, a 
normal disposal rate of T4 and, therefore, a normal peripheral T3 PR. On 
the other hand, the observed reduction of the T4 MCR in FDH subjects (by 
only 25% as compared to the control group) was relatively lower than that 
found in the increased TBG state, indicating that T4 carried by the abnor
mal albumin is more available to peripheral tissues than that T4 carried by 
TBG. This result is in agreement with the finding that the affinity of the 
abnormal albumin-T4 binding site is ten-fold increased in respect to the 
normal T4-albumin binding site but is still about 1000-fold lower than that 
of the TBG binding site (Table 1). It is worth noting that for identical 
values of serum T4 concentration the subjects with congenital elevation of 
TBG show much lower T4 MCR than the FDH subjects (Table 2). The inverse 
correlation observed between T4 MCR and T4 serum concentration suggests the 
existence in FDH of a variability in the affinity and/or capacity of the ab
normal albumin binding sites. At variance with the results previously re
ported (1,2), the T4 PR in all the FDH subjects studied was significantly 
increased in comparison with the control group. In fact, the increment in 
T4 serum concentration was not associated with a proportionate decrement of 
T4 MCR as observed in patients with increased TBG. 

As far as distribution volumes are concerned, we found a significant 
reduction of TDV in TBG subjects, while this parameter was in the normal 
range in FDH subjects. Our TDV values in FDH are similar to those reported 
by Hennemann (1) and Mendel (2) who, however, report TDV values in the con
trol subjects higher than those reported by other authors (9) and by us. 
As most of T3 (about 70%) arises from peripheral T4-monodeiodination, the 
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observation in FDH of a remarkable increase of T3 PR and Qt associated with 
normal values of T3 MCR, T4 to T3 conversion fraction, and T3 thyroidal 
secretion (SR) is compatible with an almost normal T4 availability to the 
peripheral tissues. The underlying mechanism could be a hormone-carrier 
protein interaction in which increased bioavailability of albumin-bound hor
mone results from an intermediate T4-albumin complex that dissociates faster 
than the T4-TBG complex in response to a reduction of serum-free hormone 
levels due to tissue extraction (10). 
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FREE T4 INDEX RESULTS ARE NON-SPECIFIC IN PATIENTS WITH HYPOTHYROXINEMIA 

INTRODUCTION 

Jerald C. Nelson, Ray T. Tomei, and Murugan R. Pandian 

White Memorial Medical Center, Los Angeles, CA, and 
Nichols Institute, San Juan Capistrano, CA, USA 

Hypoproteinemia is well-recognized as a cause of hypothyroxinemia. 
Both hypoproteinemia and hypothyroxinemias are common among patients hos
pitalized for nonthyroidal illnesses, yet the role of T4-binding proteins 
in the hypothyroxinemias of nonthyroidal illness is unclear. T4-binding 
proteins can be measured indirectly by studies of either T3 binding or T4 
binding to serum proteins, or they can be measured directly by protein
specific assays. Discrepancies between T3 binding and T4 binding are 
common in nonthyroidal illness, but it is unknown which, if either, repre
sents T4-binding protein levels. In this study we measured the three T4-
binding proteins by protein assays and compared the levels to the T3 bind
ing activity and the T4 binding activity. We selected 150 hypothyroxinemic 
patients hospitalized for nonthyroidal illnesses solely on the basis of 
their serum T4 concentrations. Albumin was measured colormetrically; pre
albumin (PA) and TBG were measured by immunoassay. T3 binding was ruPasured 
by in vitro T3 uptake or by equilibrium dialysis, and T4 binding was mea
sured by equilibrium dialysis. In 134 of the 150 hypothyroxinemic patients 
one or more of the T4-binding proteins was low. The contribution of these 
hypoproteinemias to the hypothyroxinemias was assessed by calculating the 
overall T4-binding protein level of each serum from the concentrations of 
each of the three individual T4-binding proteins measured by protein-specific 
assays and comparing this overall T4-binding protein level to the protein
bound T4 concentration (i.e., Total T4). The interrelationships between 
overall T4-binding protein levels, tracer T3 binding and tracer T4 binding 
were examined. The biochemical mechanisms of hypothyroxinemia were deter
mined from the free T4 concentration, protein-corrected T4 level, and serum 
TSH without consideration of free T4 index values. The ability of the free 
T4 index to identify different types of hypothyroxinemias was then evaluated. 

METHODS 

Albumin was measured by bromcresol blue colorimetry (Boehringer-Mann
heim), and PA was measured by enzyme immunoassay (Abbott). TBG was measured 
by 125I TBG RIA (Nichols Institute), T4 and T3 were measured by solid phase 
RIA (Clinical Assays), TSH was measured by RIA (Becton Dickinson) or by IRMA 
(Hybritech), in vitro T3 uptake was measured using a barbital buffer with 
talc as the separating agent (Nuclear Medical Laboratories), and the% free 
T4 and % free T3 were measured by equilibrium dialysis. 
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Calculations 

Free T4 =Total T4 x% Free T4: Free T3 =Total T3 x% Free T3 

Free T4 Index = Total T4 x T3 Uptake Ratio 

Overall T4-binding protein level as % of normal 

TBG PA ALB 
-----X 70% + X 18% + X 12% 
Normal TBG Normal PA Normal Alb 

Total T4 
Overall protein-corrected T4 

Overall T4-binding Protein Level 

Normal Ranges 

The expected values in normal subjects were: Total T4 6.1-10.6 pg/dl; 
Total T3 73-153 ng/dl; %Free T4 0.019-0.037%; Free T4 1.6-3.3 ng/dl; Albu
min 3.8-4.9 gm/dl; PA 18-45 mg/dl; TBG 1.5-3.5 mg/dl; T3 Uptake Ratio 0.85-
1.15; Free T4 Index 6.3-1.05; Overall T4-binding Protein 74-134% of normal 
and Overall Protein-corrected T4 6.1-10.4 pg/dl. 

Subjects 

One hundred and fifty hypothyroxinemic subjects hospitalized for non
thyroidal illness were selected for this study solely on the basis of their 
serum T4 concentrations at the time of admission to the hospital. Fifty 
patients were selected in each of three T4 ranges. Group I had serum T4 
levels~ mean -4 SD of normal (~3.7 pg/dl), Group II had T4 levels between 
the mean -3 SD and the mean -4 SD of normal (3.8-4.9 pg/dl), and Group III 
had T4 levels between the mean -2 and mean -3 SD of normal (5.0-6.0 Pg/dl). 
Six individuals with congenital TBG deficiency were also studied. All six 
were healthy euthyroid males with normal serum TSH concentrations. All had 
normal albumin and PA concentrations, and all had TBG concentrations of 0.1 
mg/dl or less. In two of the six subjects no measurable TBG was present. 
One hundred healthy controls were selected from among hospital personnel. 
Fifty were males and fifty were females. Each control subject underwent a 
general physical examination, medical history, screening chemistry panel, 
complete blood count, and serum TBG measurement. All subjects were medica
tion-free at the time their blood sample was obtained. 

To obtain sera with the same albumin, PA, and free hormone concentra
tions but varying TBG concentrations, serum from one healthy male with con
genital TBG deficiency was dialyzed under sterile conditions against serum 
from another healthy male who had congenital TBG excess. These two sera 
were then mixed in varying proportions to given serum samples with varying 
TBG concentrations. Both subjects had normal albumin (4.2 and 4.4 gm/dl) 
and PA (25 and 23 mg/dl) concentrations, as well as normal free T4 (1.9 and 
1.6 ng/dl) and normal TSH levels (1.9 and 1.3 pU/ml by IRMA). 

RESULTS 

In the 150 patients with both nonthyroidal illness and hypothyroxin
emia, serum albumin levels ranged from 1.8 gm/dl- 4.5 gm/dl and averaged 
3.0 + 0.6 (mean~ SD). PA levels ranged from 2 mg/dl- 46 mg/ dl and 
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averaged 17 ~ 11, while TBG concentrations ranged from 0.5 mg/dl- 3.7 mg/ 
dl and averaged 1.8 ~ 0.5. 

To assess the reliability of the calculation of the overall T4-bind
ing protein levels, these were calculated in the six subjects with congen
ital TBG deficiency. The results ranged from 25% - 33% with a mean of 29%. 
Serum T4 levels ranged from 2.4 - 2.9 with a mean of 2.5 pg/dl. This rep
resents 29% - 35% of the mean of normals with an average of 30% of normal. 
Overall protein-corrected T4 values ranged from 7.5- 10.4 with a mean of 
8.7 pg/dl (normal 6.1- 10.4). In these calculations, the TBG concentra
tion was taken as 0.09 mg/dl for the two individuals who had undetectable 
TBG concentrations, since our assay is incapable of reliably distinguish
ing values of 0.09 mg/dl from zero. 

Among the 150 hyothyroxinemic patients, the overall T4-binding protein 
levels ranged from 34- 109% with a mean of 68 + SD 16% (normal 104 + 15), 
the T3 uptake ratio was 0.74- 1.75 with a mea;-of 1.14 + SD 0.18 (normal 
1.00 ~ 0.075), and the% free T4 was .024- .244% with a-mean of .048 ~ SD 
.025% (normal 0.028 ~ 0.0045). As T4-binding protein levels fell, T3 uptake 
values rose, but their increase was proportionately less than the fall in 
T4-binding proteins. As T4-binding protein levels fell, the % free T4 rose, 
but the % free T4 rose proportionately more than the fall in T4-binding pro
teins. The % free T4 rose to a mean of 171% of normal, and the T3 uptake 
rose to a mean of 114% of normal, while the overall T4-binding protein level 
fell 32%. From inspection of the data it appeared that the discordance be
tween T3 uptake and % free T4 was greater when T4-binding protein levels 
were lower, and less when T4-binding protein levels were higher. The dif
ference between T3 binding activity and T4 binding activity (each expressed 
as a % of normal) was inversely correlated with the overall T4-binding pro
tein level (y = 1.95 X+ 193; r = 0.40; p<0.001). Since TBG is the major 
protein contributing to the overall T4-binding protein level, the relation
ship of TBG concentration to the difference between T3 binding activity and 
T4 binding activity was also studied. Again, a significant inverse rela
tionship existed (r = 0.31, p<.001). 

The relationships described above were found in the serum of the sick. 
We next explored these relationships in the serum of the well using two 
healthy males, one with congenital TBG excess and the other with congenital 
TBG deficiency. Their sera were mixed as described above to give serum sam
ples with normal albumin, PA, free T3, and free T4 concentrations but with 
differing TBG concentrations. In this experiment, the dialyzable fraction 
of T3 replaced the T3 uptake as the measure of T3 binding activity. The 
same negative correlation between TBG concentration and the difference be
tween T3 binding activity and T4 binding activity was seen. At TBG con
centrations of 10 mg/dl, the difference between % free T4 and % free T3 
(expressed as the % of normals) was -2. At a TBG concentration of 20 mg/ 
dl (in the normal range) the difference was 3%, while at TBG concentrations 
of <O.l mg/dl, the difference rose to 79%. There was no appreciable change 
in the difference between T3 binding activity and T4 binding activity in 
the range of TBG concentrations between 30 and 100 mg/dl, but there was a 
consistent 1ncrease in the difference as TBG levels fell below 20 mg/dl. 

Since the rise 1n T3 uptake was not proportional to the fall in over
all T4-binding protein levels, we next looked at the classification of hy
pothyroxinemic patients using overall T4-binding protein levels rather than 
the T3 uptake ratios to correct T4 levels for changes in T4 hormone-binding 
concentrations. To do this, we calculated the overall protein-corrected T4 
as total T4 7 overall T4-binding protein level. Hypothyroxinemia due to 
hypoproteinemia was defined as serum with a normal overall protein-corrected 
T4 and a normal free T4 concentration. Hypothyroidism was defined as serum 
with a low overall protein-corrected T4 and a low free T4 concentration. 
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Hypothyroidism was further divided into primary hypothyroidism (when TSH was 
elevated) and apparent TSH deficiency (when TSH was not elevated). Defects 
in the T4 binding activity of serum proteins could then be identified as the 
combina~ion of a low overall protein-corrected T4 with a normal free T4 con
centrat1on. Any other patterns of results represented complex, multifac
toral hypothyroxinemias (these included patients with a low overall protein
corrected T4 but a high free T4 concentration or patients with a high over
all protein-corrected T4 with a normal free T4 concentration). Using these 
criteria, 73 of the 150 patients had hypothyroxinemia due to hypoproteinemia, 
44 had hypothyroidism, 28 had defects in T4 binding activity of their serum 
proteins, and 5 had complex hypothyroxinemia. Twenty-one of the 44 with hy
pothyroidism had primary hypothyroidism, and 23 of the 44 had apparent TSH 
deficiency. 

The free T4 index did not distinguish between the four biochemical 
mechanisms of hypothyroxinemia. It was below the normal range in all 21 
patients with primary hypothyroidism, all 23 patients with apparent TSH de
ficiency, and all 28 patients with defects of T4 binding activity. It was 
also below range in 51 of the 73 patients with hypoproteinemia. In this 
study the free T4 index was of diagnostic value only when it was in the 
normal range, thereby indicating hypothyroxinemia due to hypoproteinemia, 
but this occurred in only 22 of the 150 patients studied. 

DISCUSSION 

Low concentrations of T4-binding proteins were frequent among the 150 
hypothyroxinemic patients studied. Only 16 had normal concentrations of all 
three thyroid hormone-binding proteins. There was a discordance between T3 
binding activity and T4 binding activity. The T3 uptake rose proportion
ately less than the % free T4 as T4-binding protein levels fell. Neither 
the increase in T3 uptake nor the increase in the % free T4 was proportion
al to the decrease in overall T4-binding protein levels. This data indi
cates that T3 binding activity and T4 binding activity are partially sepa
rable characteristics of serum proteins. Low T4-binding proteins are the 
most common cause of hypothyroxinemia in patients with non-thyroidal illnes
ses. These patients cannot be reliably distinguished by their free T4 index 
values. Measures of T3 binding activity provide little information about 
the biochemical mechanisms of hypothyroxinemia and low free T4 index results 
are nonspecific in hypothyroxinemia. 
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MEASUREMENT OF "FREE THYROXINE" IN DRIED BLOOD SAMPLES ON FILTER PAPER BY 

RADIO- AND ENZYME-IMMUNOASSAY FOR MONITORING THYROID FUNCTION 

INTRODUCTION 

Kiyoshi Miyai, Naoshige Hata, Hitoshi Mizuta, Yuichi Endo, 
Masao Ito, and Osamu Nose 

Department of Laboratory Medicine, Department of Pediatrics 
Osaka University Medical School 
Osaka, Japan 

Mass screening for congenital hypothyroidism in newborns has been de
veloped because the irreversible mental retardation caused by this disorder 
can be prevented by early treatment. These programs include measurement of 
thyrotropin or total thyroxine (T4), or both, in dried blood samples. Mea
surement of total T4 is useful for detecting primary, secondary, and terti
ary hypothyroidism, but gives false-positive results for subjects with ab
normal concentrations of thyroxine-binding globulin (TBG), who do not need 
to be treated. Hence, we developed an enzyme immunoassay (EIA) and a ra
dioimmunoassay (RIA) for measuring free T4 (FT4) in dried blood samples on 
filter paper. 

MATERIALS 

T4-galactosidase conjugate: The conjugate was prepared by the method 
of Ito et al. (1). T4 was mixed with 4-(maleimidomethyl)cyclohexane-1-
carboxylic acid succinimide ester, and this mixture was added to D-galac
tosidase solution and applied to a column of Biogel A-Sm. 

125I-T4-analogue: 125I-labeled T4 analogue was from Amerlex Free T4 
RIA kit. 

Free T4 standard in dried blood samples: Heparinized pooled blood from 
normal subJects was centr1fuged and the packed cells were washed with phos
phate buffered isotonic saline (PBS). The washed packed cells were then 
mixed with an equal volume of the serum-based standard FT4. 

PROCEDURES 

EIA for FT4: Two 3-mm,-diameter blood discs, each of which contained 
about 2.7 pl of blood, were punched out from standard or test blood spots 
on filter paper. The discs were soaked in 100 pl of anti-T4 IgG solution 
in a test tube for 30 min at room temperature. Fifty Pl of T4-galactosidase 
conjugate solution were added to the tube and the mixture was incubated for 
5 h at room temperature. After adding 10 pl of normal rabbit IgG and 50 ~1 
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of anti-rabbit IgG goat IgG, the mixture was incubated for 20 h at room 
temperature. Two ml of washing solution were then added to the mixture 
and centrifuged. The resulting precipitates were washed twice with 2 ml of 
washing solution and suspended in 1 ml of a 1 g/1 solution of o-nitrophenyl
B-D-galactopyranoside containing 50 ml of methanol per liter. After incu
bating the suspensions for 2 h at 37"C, we mixed them with 1 ml of 30 g/1 
sodium carbonate solution and measured the absorbance at 405 nm. 

RIA for FT4: Blood spots 9 mm in diameter, equivalent to about 25 ~1 

of blood, were soaked in 300 ~1 of PBS and vortex-mixed for 20 min at room 
temperature. To elute 100 ~1 of the mixture, 150 ~1 of 125r- T4 analogue 
solution and 150 ~1 of solid-phase anti-T4 antibody suspension were added, 
shaken gently, incubated at 37"c for 1 h, and centrifuged. The supernatant 
fluid was discarded and the radioactivity of the precipitate was counted. 

Bindings of 125r-T , 125r-T con·u ate 
to TBG and albumin: Twenty ~1 of were mixed with 200 ~1 of T4-
galactosidase conjugate solution (diluted 150-fold), 200 ~1 of 125r-T4, or 
500 ~1 of 125r-T4 analogue, and incubated for 30 min at room temperature. 
After adding 200 ~1 of anti-TBG antiserum, the bound and free forms of these 
T4 tracers were separated by adding the second antibody. The enzyme activity 
or the radioactivity in the precipitate was measured. After adding various 
amounts of albumin to the T4-galactosidase conjugate, 125r-T4, or 125r-T4 
analogue, and mixing this with anti-T4 antiserum, the second antibody was 
added to precipitate the bound forms, and the enzyme activity or radioactiv
its of the precipitate was determined. 

RESULT 

Binding of T4-galactosidase conjugate to TBG and albumin: Binding of 
125r-T4 to TBG was calculated to be 90% of the total; whereas, bindings of 
the T4-galactosidase conjugate and 125r-T4 analogue to TBG was negligible. 
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Fig. 1. Calibration curves for FT4 in dried blood samples. 
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The bindings of 125I-T4 and 125I-T4 analogue with anti-T4 antiserum decreased 
with the concentration of albumin; whereas, binding of the T4-galactosidase 
complex with anti-T4 was unaffected by concentrations of albumin up to 100 
g/1. 

Calibration curve: Fig. 1 shows typical calibration curves. The mini
mum detectable concentration of FT4 determined by EIA was 1.9 ng/1 of equiv
alent serum (5.1 fg per assay tube) from the point where the 95% confidence 
limit of the response at zero dose intersected the calibration curve, in 
six replicate determinations of FT4 standard blood spots, and the measurable 
range of FT4 was 1.9 to 93 ng/1. The minimum detectable concentration of 
FT4 by RIA was 0.8 ng/1 (4 fg per assay tube), and the measurable range of 
FT4 was 1.8 to 93 ng/1. 

Reproducibility: In both methods, when the blood spots were left to dry 
at room temperature, the changes in FT4 values did not exceed 15% on subse
quent storage at either -2o•c, room temperature, or 37"C. Coefficients of 
variation (CVs) within and between assays of EIA for FT4 were 6.0 to 9.0 
(mean 7.6%) and 5.6 to 7.1 (mean 6.4%), respectively, for dried blood sam
ples stored at -20"C. CVs within and between assays of RIA were 3.8 to 7.0 
(mean 5.3%) and 5.9 to 6.4 (mean 6.2%), respectively. 

Comparison of EIA and RIA: The FT4 concentrations in 47 samples of 
dried blood, as determined by the EIA (x), correlated well with those as 
determined by RIA (y): (y=l.lx; r=0.99; p<O.OOl). 

FT4 concentrations in various subjects: FT4 concentrations determined 
by EIA using dried samples of normal blood were 6.5 to 14.9 (mean 10.7) ng/1 
for adults, and 9.8 to 20.7 (mean 15.2) ng/1 for neonates (Fig. 2). Those 
determined by RIA were 8.5 to 20.3 (mean 14.3) ng/1 for adults, and 9.7 to 
22.9 (mean 16.3) ng/1 for neonates. Using both methods, the FT4 concentra
tion in blood spots was low in cases of primary and secondary hypothyroid
ism, high in cases of hyperthyroidism, and within normal range in case of 
low TBG. In cases of pregnancy (25th to 36th weeks of pregnancy), FT4 con
centrations determined by EIA were all within normal range, but two of those 
determined by RIA were slightly lower than the normal range. 
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Fig. 2. Concentrations of FT4 in dried blood spots from various subjects 
determined by EIA (left) or by RIA (right). 
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DISCUSSION 

It was demonstrated that the present EIA and RIA for FT4 in dried 
blood samples could detect clearly hyper- and hypothyroidism even in sub
jects with alteration of TBG concentration. However, the slightly lower 
values of FT4 were observed in pregnancy by the present RIA. It may be 
due to changes in albumin concentration, because the T4 analogue used in 
RIA does not bind to TBG, but binds to albumin. On the other hand, in the 
present EIA, the binding of T4-galactosidase conjugate to anti-T4 antibody 
is unaffected by the concentration of serum albumin. Furthermore, it can 
be done in a routine laboratory since isotope is not employed. Since a 
small amount of blood samples can be easily taken on filter paper and the 
properly dried samples may be sent by mail even at room temperature, the 
present methods were found to be useful for monitoring thyroid disorders 
in newborns. 

SUMMARY 

We described the developments of EIA and RIA for determining FT4 in 
dried blood samples on filter paper. The measurable ranges of FT4 were 1.9 
to 93 ng/1 in EIA and 1.8 to 93 ng/1 in RIA. The precisions were proven by 
sufficient reproducibilities of within and between assays, and a good cor
relation between FT4 levels determined by EIA and RIA. FT4 in dried blood 
samples was stable for at least four weeks when kept dry. The present 
methods clearly differentiated patients with hyper- and hypothyroidism from 
normal subjects and those with abnormal concentrations of TBG. 
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EFFECT OF DILUTION ON FT3 and FT4 CONCENTRATION IN SERUM CONTAINING 

SUBSTANCES THAT INTERACT WITH THYROID HORMONE-BINDING PROTEINS 

INTRODUCTION 

Niels Boye, Hans Orskov, and Jorgen Weeke 

Second University Clinic of Internal Medicine 
Kommunehospitalet 
Aarhus C, Denmark 

Almost all available methods for FT3 and FT4 determination include a 
dilution step of serum. Even in the direct determination using dialysis, 
a method that has been regarded as a reference technique, dilution is un
avoidable. The effect of dilution will be more pronounced on an interact
ing but weakly bound substance than on the binding of thyroid hormones to 
the transport proteins. This means that, in serum that contains such com
pounds, the free concentration of thyroid hormones will be underestimated, 
if dilution is employed. 

We, therefore, undertook to develop a method capable of separating 
free and protein-bound thyroid hormone without dilution of plasma and at 
circumstances as near in vivo conditions as possible. This method enabled 
us to determine the tr~ concentration of free hormone also in the presence 
of an interacting substance. 

The method is cumbersome and more expensive than existing methods, and 
~s designed mainly for research and reference purpose. 

MATERIALS AND METHODS 

The method is based on ultrafiltration by centrifugation of undiluted 
serum through an especially prepared cellulose membrane (Visking seamless 
dialysis tube, 0.25 inch, Union Carbide Corporation, Chicago, USA). The 
T3 or T4 contents in the ultrafiltrate were determined with radioimmuno
assays. 

Preparation of the Visking Tube 

The tube was initially boiled in distilled water for 10 min, there
after rinsed in 0.1 M NaOH, then in 0.1 M HCL, and finally in 0.1 M phos
phate buffer, pH 7.4. After cutting the Visking tube into suitable pieces, 
it could be stored at s•c for one week in modified Krebs-Ringer bicarbonate 
buffer (KRB), pH 7.4. 

513 



Ultrafiltration 

Serum was adjusted to pH 7.4 at 37•c with C02 and 2 ml of serum was 
introduced into a loop of Visking tube and placed in a glass tube gassed 
with 5% C02 just before plugging. The glass tube was incubated for 60 min 
at 37•c. After incubation, the Visking tube was transferred to a PYREX® 
glass tube (104 x 16 mm). The test tubes were centrifuged at 37.7 + 0.3•c 
(mean ~ SD, N = 9) at 260 G for 120 min. -

Each 2 ml centrifuged in this way yields approximately 200 ~1 of ul
trafiltrate, meaning that FT4 and FT3 RIA had to be performed on separate 
ultrafiltrates. 

Radioimmunoassays 

Radioimmunoassay for FT3 and FT4 was performed as previously described 
for serum dialysates (1) with modifications. 

Albumin in ultrafiltrates was determined with a sensitive radioimmuno
assay, described by Christensen and Orskov for urine analysis, with modifi
cation in employed tracer quantity only (2). 

Serum 

Serum for the various controls, inter- and intraassay CV determination 
and for use in the fenclofenac experiments was pooled from more than five 
healthy blood donors. 

Sera from myxoedematous and thyreotoxic patients were obtained from 
inpatients. Their metabolic state was estimated by standard biochemical 
and clinical tests. 

Blood was drawn from pregnant women within one month prior to expected 
delivery. All had normal pregnancy and absence of thyroid illness. 

Serum for determination of normal range and serum from women on oral 
contraceptive therapy were obtained from healthy medical or physiotherapy 
students. 

RESULTS 

The manufacturer recommends that the Visking tube should be boiled and 
rinsed in distilled water before use. If this treatment is applied solely, 
the Visking tube will liberate substances which give crossreactions and 
spurious values in both T3 and T4 radioimmunoassays. Adsorption of hormone 
to the tube and a substantial binding of both thyroid hormones to ordinary 
plastic- and glassware made it also mandatory to find other ways of pre
treatment of the Visking tube before use. Data to illustrate these three 
problems is given in Table 1. 

The liberation of crossreacting substances could be abolished by 
flushing the Visking tube with large volumes of NaOH followed by HCL, and 
finally phosphate buffer, pH 7.4, to retain physiological pH. Apparently, 
substances bound by ion-dependent force were washed away by this procedure. 
This procedure did not change the ability of the Visking tube to retain 
proteins. 

The prepared dialysis tube bound 125I-tracer hormones to the same 
extent as unprepared dialysis tube, when ultracentrifugation was performed 
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Table 1. Changes in Measured Levels of T3 and T4 Dissolved in KRB After 
After Two Hours of Centrifugation Through a Visking Tube 

1) 2) 3) 4) 
Added hormone 
concentration Retentate Ultrafiltrate Glass tubes 

T3 (pmol/1) 0.0 9.8 12.4 0.1 

6.1 21.5 19.4 4.8 

12.3 26.7 25.8 9.5 

24.6 24.0 20.6 20.0 

49.2 42.4 36.9 40.9 

T4 (pmol/1) 0.0 0.6 0.6 0.6 

20.6 10.3 7.7 14.2 

41.2 23.2 21.7 37.3 

82.4 43.8 46.3 66.9 

164.7 95.2 94.0 127.4 

Visking tube prepared solely by boiling and flushing with distilled 
water. Concentration is given for added standard (column 1), in the 
retentate (column 2), and in the ultrafiltrate (column 3). Furthermore, 
the measured concentrations are shown after two hours of incubation in 
ordinary glass test tubes (column 4) (mean, N = 3). 

in KRB (without serum). But this binding is no problem when the protein
bound concentration of hormone is high inside the Visking tube. In normal 
serum diluted 1:100, the binding of hormone was less than 2%. The total 
hormone concentrations in 1:100 diluted normal serum are far less than total 
hormone concentrations in undiluted serum from any pathophysiological condi
tion. The binding process is in equilibrium within one hour. 

Another problem was binding of thyroid hormones to ordinary glassware. 
The only glass tube quality that could be used was Pyrex, that bound less 
than 1% during an incubation time of 2 hours. 

Leakage of microquantities of binding proteins during the centrifuga
tion will obviously give rise to spurious high FT3 and especially FT4 
values. 

Fig. 1 shows the T4 or T3 contents versus the albumin concentration 
in the ultrafiltrate. To illustrate the problem of leaking Visking tubes 
more clearly, 4 ml instead of the usual 2 ml were introduced into the Visk
ing tubes and run by approximately double the G-force (470 G) than ordinary 
samples. On the basis of such experiments, the cutoff value for albumin in 
ultrafiltrate for FT4 determinations was set at 0.03 pmol/1 and, for FT3, 
at 0.3 ~mol/1. Every ultrafiltrate was tested and approximately 10% of FT4 
and 2.5% of FT3 determinations were falsely too high, because the Visking 
tube had been unable to retain proteins, but there was great difference be
tween different batch numbers of Visking tube. 

The intraassay CV for the whole procedure was: FT4: 11.0% (mean 31 
pmol/1, N = 12); FT3: 8.7% (mean 6.4, N = 12). The intraassay CV for two 
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Fig. 3. A normal serum pool was spiked with fenclofenac in high thera
peutic concentration (200 vg/ml). Values of measured FT4 and 
FT3 by ultrafiltration versus dilution of serum with modified 
KRB. Solid lines indicate serum with fenclofenac (A); dotted 
lines indicate unspiked serum (B). (Mean+ SE, N = 6). Heavy 
solid lines indicate ratio of spiked to un~piked serum for FT4 
and FT3, respectively (A/B). 

control sera (FT4: 19 and 60 pmol/1, FT3 9.8 and 24.6 pmol/1) was between 
8.8 and 11.4%. 

Fig. 2 gives the mean and range for various groups of subjects. 

As an example of application of the ultrafiltration method to serum 
containing an interacting substance, the effect was studied by adding 200 
vg/ml fenclofenac to normal serum. Fenlofenac is a potent anti-inflamma
tory drug with a high degree of binding to serum proteins. Data are shown 
in Fig. 3. 

Fenclofenac has a more pronounced effect on T4 binding to proteins 
than on T3 binding. The relative amount of displaced T4 was approximately 
120% higher in undiluted than in diluted (1:28) serum, when fenclofenac was 
present in both. 

DISCUSSION 

Our aim with the present study was to develop a method capable of coping 
with the drawbacks of the current standard method for estimating free thyroid 
hormones in serum. Furthermore, the method should be usable as a reference 
for evaluation of new methods. These requirements implied that the separa
tion of free and bound hormones should be without dilution, that it should 
take place in a milieu as near in vivo as possible, and that the binding be
tween an interacting substance and thyroid hormone-binding proteins should 
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be as undisturbed as possible. The method described in this study fulfills 
these requirements. In the last years, many new and rapid methods have been 
introduced. These methods are devised for daily routine purposes, but in
sufficient in a number of cases (3), and for many research purposes. 

During treatment with the anti-inflammatory drug fenclofenac, total 
hormone concentrations are drastically reduced and free hormone levels as 
assayed by equilibrium dialysis fall to low normal levels, after an acute 
minor rise at the start of the treatment (4). The 120% increase of FT4 in 
serum spiked with a therapeutic concentration is in accordance with these 
data. At the start of medication, the FT4 level is probably elevated more 
than the 20% found by Taylor et al., resulting in a reset of TSH secretion 
and a new level of thyroid hormones in the blood determined through the 
negative feedback mechanism. The patients had probbly normal FT4 but due 
to different dilution effects on fenclofenac and thyroid hormone binding 
to serum proteins, this could not be demonstrated by equilibrium dialysis. 

CONCLUSION 

By using the present methods, drawbacks of the equilibrium dialysis 
method can be avoided, and a new standard for research purpose, evaluating 
exact thyroid hormone status and for evaluation of the increasing number 
of commercial analog methods is established. 
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EVIDENCE FOR DUAL PERIPHERAL S'DEIODINASES (S'D) REGULATING CIRCULATING 

T3 LEVELS IN MAN* 

Ananda Nimalasuriya, Steven Lin, Jonathan LoPresti, Alan 0. 
Marcus, Carole A. Spencer, and John T. Nicoloff 

Department of Medicine, University of Southern California 
School of Medicine and the Los Angeles County/USC Medical 
Center, Los Angeles, CA, USA 

The majority of circulating T3 in euthyroid man appears to be derived 
from conversion of T4 to T3 via S'deiodinase (S'D) systems located in pe
ripheral tissues. Recently, we have reported that a progressive reduction 
in the efficiency of T4 to T3 conversion occurs when circulating T4 levels 
rise from subnormal to supraphysiological concentrations (1,2). As shown 
in Fig. 1 (left panel), the greatest change in conversion efficiency of T4 
to T3 is seen over the span of T4 values ranging between 0 and 5 ~g/dl in 
eu-TBG-emic subjects. These data were obtained in 254 patients who had been 
placed on varying doses of chronic T4 therapy. Some of the T3 values in pa
tients with identical serum T4 levels have been averaged in order to obtain 
a better overview of the mean pattern of the T3 response in the study popu
lation. In separate T4 tracer kinetic studies, we have found that a 50% 
conversion efficiency of T4 to T3 occurs at low serum T4 values which pro
gressively drops to less than 15% at T4 levels in excess of 20 ~g/dl (3). 
It is of interest that no apparent alteration in the efficiency of T4 to 
rT3 was detected over this same range of serum T4 values (2). 

We initially chose to describe this variable T4 to T3 conversion as an 
"autoregulation" phenomenon in that there is a tendency for serum T3 values 
to remain within the normal physiologic range despite widely varying T4 
levels. It is noteworthy that several studies have previously described 
this blunting in the rise of the serum T3 response to exogenously adminis
tered T4 when going from physiologic to supraphysiological T4 concentrations 
(4-6). It has also been speculated that this failure of T3 levels to pro
portionately rise may be responsible for the lack of development of thyro
toxic symptoms in patients who habitually receive excessive doses of exog
enous T4 (7). 

ENZYME KINETIC ANALYSIS 

The initial goal of the present study was to attempt to linearize the 
serum T3 response curve at varying T4 concentrations in order to be able 
to more accurately predict the serum T3 level at any given serum T4 value. 
Reasoning that the serum T3 response to elevation of the circulating T4 

*Supported in part by USPH Grant AM11727, USPH Training Grant AM07119, and 
DRR General Clinical Research Center Grant RR-43. 
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Left panel displays comparison of serum T3 (ng/dl) on the 
ordinate and serum T4 ( ~g/dl) on the abscissa in 254 sub
jects on T4 therapy. Serum T3 values were averaged where 
serum T4 was the same. Right and bottom panels display the 
same data on Lineweaver-Burk and Hanes plots, respectively. 

level should be, in part, a reflection of the S'D system(s) responsible con
version process, we applied standard double reciprocal plot analysis, (line
weaver-Burk and Hanes plots), to the data, as shown in the middle and right
hand panels of Fig. 1. In this analysis, we assumed that S (substrate) = 
serum T4 concentration and V (velocity) = serum T3 concentration. These 
assumptions are valid if serum T4 production is constant and the clearances 
of T3 and T4 remain unaffected over the T4 dosage range employed or are in
fluenced in the same direction and by the same degree. It has previously 
been shown that T3 and T4 clearances are affected in the same direction by 
alterations in thyroid status (8), although T3 clearance is altered to a 
greater degree than T4. Efforts were made to minimize this disparity in 
clearances resulting from changes in metabolic status by withdrawing exog
enous T3 therapy a few days prior to study. Inspection of the Lineweaver
Burk plot (Fig. 1, middle panel) and the Hanes plot (Fig. 1, right panel) 
reveals an excellent correlation with both forms of analysis. The Hanes 
plot and the Lineweaver-Burk plot are derived from the same Michaelis-Menten 
equation. The principal advantage of the Hanes plot is that data is more 
evenly spread over the T4 dose range, thereby reducinc errors at low sub
strate concentrations (9). 
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The close correlation seen between these two graphical methods for 
analyzing enzyme kinetics is suggestive that the serum T3 to serum T4 re
sponse curve is regulated by a process, possibly enzymatic in nature, that 
follows Michaelis-Menten kinetics. That is, that under steady-state condi
tions, the conversion of circulating T4 to T3 is subject to a rate-limiting 
first-order kinetic process (9). It is recognized that this rate-limiting 
step could represent a transport phenomenon, as well as an enzymatic process. 

ENZYME INHIBITION STUDIES 

To address the question as to whether the curvilinear response relating 
circulating T4 and T3 levels is enzymatic or not, studies were performed on 
an individual subject who was given a large oral load of T4, (3.0 mg). After 
allowing two days for the oral T4 load to equilibrate, serum T4 and T3 values 
were measured on a daily basis for the subsequent two week period, during 
which time, circulating T4 levels returned to the normal range. This pro
tocol was then repeated in the presence of oral PTU, (200 mg/q 6 h). The 
Lineweaver-Burk analysis of the T4 and T3 relationship following the T4 load, 
with and without PTU, demonstrated nonparallelism between the PTU and control 
studies, as shown in the right panel of Fig. 2. Parallelism would have indi
cated that PTU produced an uncompetitive inhibitory effect, as has been shown 
for S'D systems in rat liver homogenate systems (10). The lack of parallel
ism in the Lineweaver-Burk analysis was thought to be either 1) due to the 
variability of the data base, (r = 0.64, p<0.002), resulting from the short 
half-life of PTU in the circulation, or 2) might reflect the involvement of 
more than one enzyme system in the generation of circulating T3 from T4. 
This latter view is consistent with the observation that two major S'D sys
tems appear to exist in peripheral tissues (10). The Type I enzyme posses
ses a low affinity and a high Km, (Michaelis constant or the substrate con
centration at which one half maximal velocity of the reaction occurs), for 
T4 and is inhibited by PTU, while the Type II system has a high affinity and 
low Km for T4. A further suggestion that two enzyme systems are responsible 
for T4 to T3 conversion, was that the serum T3/T4 ratio values seen on the 
Hanes plot (right panels of Fig. 1 and 3 and the left panel of Fig. 2) were 
consistently below the projected line for values <4 vg/dl. 
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Fig. 2. Left panel shows an enlargement of the Hanes plot at low concentra
tions in the population study. Right panel shows the Lineweaver
Burk plot on an individual subject before and after propylthioura
cil (PTU) therapy. 
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Fig. 3. Left panel shows a theoretical model of low and high Km enzyme 
systems which may be responsible for generating circulating T3. 
The right panel shows a comparison of the theoretical (solid line) 
and mean observed (dotted line) values on the Hanes plot of the 
large population data. 

Working on the assumption that two enzyme systems are likely to be 
involved in the generation of circulating T3 from T4, we were able to con
struct a hypothetical model from our large population data. The results 
of this analysis are graphically shown in the left panel in Fig. 3. This 
model indicates that the Km values were 240 and 1.5 ~g/dl for the Type 1 
and Type II enzyme systems, respectively. It is also noteworthy that the 
apparent Km (right-hand panel of Fig. 2) changed from 4.3 to 1.2 ~g/dl fol
lowing FTU therapy. This decline in the apparent Km is consistent with 
PTU's known selective inhibition of the Type I enzyme system and possibly 
indicates that the Km of a high affinity system is in the range of 1-2 ~g/ 
dl of T4. Other preliminary data (not shown) indiates that acute fasting 
may selectively inhibit the Type II enzyme system as shown in the apparent 
increase in Km from 5.2 to 28 ~g/dl. 

By employing Michaelis-Menten kinetic analysis, it can be concluded 
that serum T3/T4 values can be accurately predicted in human subjects on 
T4 therapy. This correlation is especially strong in individual subjects, 
(Fig. 2, right control, r = 0.93). Analysis of data at low T4 concentra
tions shows that this is the product of two first-order rate limiting steps 
which may or may not be enzymatic in character. Although obvious caution 
must be exercised in interpreting such data with respect to whole body pro
cesses, it is hoped that by employing selective inhibitors of the enzymatic 
conversion of T4 to T3, the mechanisms regulating circulating T3 will be 
elucidated in the future. 
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EVIDENCE FOR PERIPHERAL AUTOREGULATION OF THYROXINE CONVERSION* 

INTRODUCTION 

Fritz S. Keck, Ulrich Loos, Leonidas Duntas, Siegfried 
Wieshammer, and Ernst F. Pfeiffer 

Department of Internal Medicine 
University of Ulm 
Ulm, Germany 

The reciprocal changes of triiodothyronine (T3) serum concentrations 
and (SC) and thyroxine (T4) SC observed in patients with varying degrees 
of primary hypothyroidism are well known. T3 SC are often still within 
normal limits, when T4 SChave already reached low-normal or subnormal 
levels. The patients do not have clinical evidence of hypothyroidism at 
that time (1). Considering the other extreme of the spectrum, most athy
roid patients have a negative TRH test only if T4 SC are raised to levels 
beyond the normal range by large doses of T4. This is associated with T3 
SC in the upper normal range. These patients do not appear to be clini
cally hyperthyroid (2). These findings suggest that a non-thyroidal mech
anism accounts for the reciprocal changes in T4 SC and T3 SC. The purpose 
of this clinical study was to clarify the role of these non-thyroidal mech
anisms in regulating T3. 

METHODS 

The study population consisted of 22 athyroid patients, who had under
gone thyroidectomy and radioiodine therapy for thyroid cancer at least one 
year before. All patients were found to be free of metastases at regular 
follow-up examinations. Substitution therapy with T4 was discontinued at 
least four weeks, and T3 was withdrawn at least eight days before the ini
tial TRH test was carried out. Substitution therapy with T4 was then re
started. The dose was 0.7 ~/kg body weight per day in the first week, in
creasing by increments of 0.7 pg/kg body weight per day every week until 
the TRH test became blunted (~TSH ~3 mU/1). The TRH test was carried out 
at the seventh day of each level of substitution therapy. Blood samples 
were obtained at the time of the TRH test. The specimens were frozen at 
-20°C and SC of TSH, T4, T3, and reverse T3 (rT3) were determined by radio
immunoassay. (T4 and T3 kits from Bayer-Diagnostic, sensitivity 0.5 pg/dl 
for T4 and 20 ng/dl for T3, respectively; rT3 kit from Serono Diagnostics 
Inc., sensitivity 2 ng/dl; TSH kit from Henning Berlin.) In order to detect 
any alterations in thyroid hormone binding, the T4-uptake was measured and 

*Supported by the Deutsche Forschungsgemeinschaft, Bonn - Bad Godesberg, 
Germany; SFB 87/ H 1. 
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the free thyroxine equivalent (FTE) was determined. The ratios of T3 SC 

and T4 SC (T3/T4) and of rT3 SC and T4 SC (rT3/T4) were calculated from 

gram concentration units. Conversion into molar concentration ratios can 

be performed by multiplying these values with the factor 1.194. Regression 

analysis was done by the method of least squares. Looking for mathematical 

funtions of curvilinear relations, several mathematical functions were ap

plied to the data and their correlation coefficients were considered a mea

sure of the goodness of fit. 

RESULTS 

The thyroxine doses per day required to render the TRH test negative 

varied between 2.1 and 5 ~g T4/kg b.w. The protocol resulted in a total 

of 141 studies. Each patient had 4 to 8 studies until the TRH test became 

negative. During the study period, T4 SC ranged from 0.5 ~g/dl to 18.9 

~g/dl (normal range 4 to 12 ~g/dl), T3 SC from 20 ~g/dl to 294 ~g/dl (80 

to 180 ng/dl), and rT3 from 2 ~g/dl to 59 ~g/dl (16 to 40 ng/dl). Basal 

TSH SC varied from >SO mU/1 to <O.S mU/1. FTE values correlated highly 

with T4 SC (r = 0.92, p<<O.OOl). Fig. 1 illustrates the relationship be

tween T3 SC and T4 SC. The data can be fitted to an exponential function 

(y = 29.6 x0.68, r = 0.88, p<<0.001). When calculating this regression 

for each subject, the correlation coefficient varied between 0.84 and 0.99. 

The relation between T3/T4 ratio and T4 SC was found to be an exponential 

one too (y x-0.32, r = 0.74, p<<0.001, Fig. 2). The latter equation cor

responds closely to a first derivative of the former one. As illustrated 

in Fig. 3, the association between rT3 SC and T4 SC was less stringent (r= 

0.79, p<<O.OOl). No correlation could be established between rT3/T4 and 

T4 SC (r = 0.11, p>0.2, Fig. 4). 
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Fig. 1. Association between the serum concentrations of T3 and T4 
in 22 athyroid patients, treated with varying doses of T4. 
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DISCUSSION 

This study describes a non-thyroidal system which regulates T3 SC in 
T4 states varying from deficiency to excess. Since the study population 
consisted of athyroid patients, T3 and rT3 are produced by peripheral con
version of the administered T4 only. The association between T3 SC and T4 
SC is slightly superior to the association between rT3 SC and T4 SC. As 
illustrated in Fig. 3, the relation between T4 SC and rT3 SC is almost pro
portional. This does not apply to the relation between T4 SC and T3 SC. 
As evidenced by Fig. 1, increments and decrements in T4 SCare not accom
panied by alterations in T3 SC to the same extent over a wide T4 SC range. 
In the very low T4 range, the increase in T3 SC is pronounced, while it is 
flattened at the other end of the spectrum of T4 values. These data sug
gest a mechanism besides the pituitary-thyroid axis for the maintenance of 
normal T3 SC. This mechanism appears to be operative at both ends of the 
T4 SC spectrum. As to rT3 SC, the data provide no evidence for the exis
tence of an analogous mechanism. The different character of the relation
ships between T4 and its conversion products is further elucidated by cal
culating the ratios of the SC of T3 and T4, and rT3 and T4, and by relat
ing these values to T4 SC. As to T3, this ratio becomes markedly increased 
when related to T4 SC in the subnormal T4 range. This ratio decreases ex
ponentially with rising T4 SC and has a slightly decreasing tendency in 
the normal and beyond the normal range. Obviously, the rT3/T4 ratio lacks 
this systematic relationship. 

If these ratios reflect peripheral T4 conversion activity, T4 to T3 
conversion activity is markedly enhanced in T4 deficiency states and 
slightly suppressed in T4 excess. Therefore, it may be hypothesized, that 
the fore-mentioned non-thyroidal mechanism is brought about by the periph
eral 5'-deiodination of T4. Conversely, T4 to rT3 conversion activity ap
pears to be unaffected by the available T4. 

528 



It is conceivable that other factors are involved in mainta1n1ng T3 
SC normal. The altered metabolic states, per se, associated with T4 defi
ciency and excess may cause the reciprocal changes in T3 SC and T4 SC. The 
data reported in the literature on this point are controversial. Inada et 
al. (3) found the metbolic clearance rate (MCR) of T4 and T3 to be reduced 
to about the same extent in hypothyroidism. This finding is at variance 
with a previous paper from Nicoloff and colleagues (4), who found the MCR 
of T3 to be slightly decreased in comparison to T4. This divergence in 
serum T3 and T4 clearance rates, however, is too slight to account for the 
steep increase in T3/T4 ratio. The MCR of T3 and T4 are changed in the 
same direction and to the same extent by treatment with T4 in hypothyroid
ism (3). Moreover, the administration of large doses of T4 in euthyroid 
persons resulting in T4 SC beyond the normal range predominantly increases 
the MCR of T4, while the MCR of T3 is raised to a lesser extent (5). 

The correlation between T4 and the FTE as a measure of thyroid hor
mone binding was found to be linear and close. Thus, alterations in hor
mone binding with changing T4 levels are highly unlikely to account for 
that mechanism of maintaining T3 normal. 

The administration of high doses of T4 is accompanied by a decrease in 
the T3/T4 ratio. This phenomenon is well known and has been recommended as 
a diagnostic criterion in thyrotoxicosis factitia (6). Braverman et al. (5) 
showed a reduction of T4 to T3 conversion in euthyroid volunteers treated 
with T4. Administration of T4 results in a reduction of the extrathyroidal 
T4 to T3 conversion rate, as demonstrated by Maguire et al. (7) in hypothy
roid subjects. The findings of Shimizu et al. (8) suggest that the T4 to 
T3 conversion rate changes inversely with T4 SC. The authors also found a 
good correlation of the serum T3/T4 ratios obtained by both chromatography 
and radioimmunoassay, if the T4 SC was above the lower limit of detection 
of the T4 assay. As demonstrated recently in man (9), the peripheral con
version rate appears to be independent of TSH SC. The results of the pres
ent study agree with recently reported findings of Nicoloff and colleagues 
(10,11). The current study provides some additional information with re
spect to rT3 studied in the same subjects. 

The above mentioned studies support the hypothesis that T3 SC are main
tained normal by altered peripheral T4 conversion activity in states of T4 
deficiency or excess. From a teleological point of view, this mechanism can 
be considered another regulation system for the maintenance of normal thy
romimetic activity. The peripheral system is subordinate to the pituitary
thyroid axis and operates independently from and complementary to the cen
tral system. The existence of two regulation mechanisms underlines the im
portant physiologic role of thyroid hormones. 
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SITES OF T4 TO T3 CONVERSION IN THE RAT 

Jaap van Doorn, Daan van der Heide, and Ferdinand Roelfsema 

INTRODUCTION 

Department of Endocrinology 
University Hospital 
Leiden, The Netherlands 

Enzymatic T4 5'-monodeiodination has been demonstrated in a variety 
of rat tissues (1,2) and may be an important factor in the regulation of 
T3 concentrations in several target sites of thyroid hormone action. As a 
consequence, under various (patho)physiological conditions, the total T3 
content of tissues which exhibit T4 to T3 conversion in vivo may be affect
ed to an extent not disclosed by alterations in circulating T3 levels. In 
the present study, we evaluated the relationship between T3 in several ex
trathyroidal tissues and plasma T3 for both euthyroid and hypothyroid rats. 

MATERIALS AND METHODS 

The study was carried out with two groups of six adult male Wistar rats 
bred in our laboratory and weighing about 440 g at death. They received a 
modified AIN diet (3) and drank distilled water, both being available con
tinuously. One group of rats was rendered hypothyroid by 131I thyroid 
ablation (RTx) two months before the experiments began. 

RTx rats received a continuous iv infusion of 0.75 ~g T4/day in order 
to create a defined hypothyroid state. Five days after the start of T4 in
fusion, the animals also received 125I-T4 (26 ~Ci/day). On the fourth day 
of the 125I-T4 infusion, carrier-free 13II-T3 (40 ~Ci/day) was added to the 
infusion fluid. The same infusions, but without carrier T4, were adminis
tered to intact, euthyroid rats. For both groups of rats, the 125I-T4 and 
131I-T3 infusions lasted 10 and 6 days, respectively, which is sufficient 
to achieve isotopic equilibrium (4). To prevent re-use of 125I- or 131I
by eventual thyroid remnants in RTx rats and by the thyroid of intact rats, 
KI (400 ~g/day) was added to the food the week before the infusion. During 
the iv infusion, KI was administered exclusively via the infusion. The in
fusions were prepared as described previously and administered iv continu
ously (4). 

At the end of the infusion period, the rats were bled and perfused with 
saline containing 35 ~M iopanoic acid and 0.1 mM PTU (5). The liver, kid
neys, skeletal muscle (thigh), cerebral cortex, cerebellum, anterior pitui
tary gland, thymus, testis, and brown adipose tissue (interscapular) were 
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excised, weighed, and homogenized in ice-cold saline (0.1 mM PTU). Measured 
aliquots were taken of the plasma and each tissue homogenate, and their 125r 
and 131I contents counted. The 125I-T3 and 13lr-T3 levels (expressed as the 
percentage of the daily infused dose of 125I-T4 and 131I-T3 , respectively), 
and the 125r-T3/13lr-T3 ratios for plasma and the tissue homogenates, were 
determined according to methods described previously in detail (4-6) involv
ing extraction with ethanol/ammonia and thin layer chromatography. The cor
responding concentrations (per g) of total T3 and T3 derived from local T4 
to T3 conversion (LcT3(T4)) were calculated according to procedures used in 
our laboratory (4-6). 

Table 1. Concentration of Total T3 and T3 Generated Locally from T4 
(LcT3(T4)), and the Percentage Contribution of LcT3(T4) to 
Total Tissue T3 in Various Tissues from Euthyroid (Eu) and 
Hypothyroid Rats (Hypo), as Determined at Isotopic Equilibrium 

T3 (ng/g) 
% Contribution 

Total LcT3(T4) LcT3(T4) 

Liver Eu 4 .so + 1.00 1.76 + 0.66 39.9 + 10.6 

Hypo 0.91 + 0.3la 0.14 + o.o9a 15.0 + 7.sa 

Kidney Eu 6.58 + 1.66 0.63 + 0.33 9.6 + 5.0 

Hypo 1.22 + 0.3la o.os + o.o6a 3.6 + 3.6f 

Sk. Muscle Eu 0.69 + 0.10 0.04 + 0.03 4.4 + 3.4 

Hypo 0.19 + o.o6a o.o1 + o.o1f 1.5 + 3.7 

Ant. Pit. Eu 5.67 + 1.31 1.47 + 0.57 23.4 + 4.7 

Hypo 1.90 + 0.38a 0.95 + 0.13 49.8 + 0.8a 

ex Eu 1.68 + 0.33 1.06 + 0.26 65.3 + 7.2 

Hypo 0.70 + 0.16a 0.52 + 0.13b 75.0 + 1.8c 

Ce Eu 2.12 + 0.65 1.09 + 0.34 51.3 + 3.4 

Hypo 1.02 + 0.22b 0.62 + 0.13d 61.1 + 1. 7a -
Thymus Eu 0.98 + 0.16 0.19 + 0.07 19.1 + 5.9 

Hypo o.3o + o.o9a o.o9 + o.o4d 30.7 + 9.sf 

Testis Eu 0.43 + 0.09 0.13 + 0.05 29.1 + 8.3 

Hypo 0.16 + o.o4a o.o1 + o.o3f 43.8 + 8.4d 

BAT Eu 1.01 + 0.23 0.28 + 0.14 27.1 + 8.7 

Hypo 0.68 + 0.2oe 0.46 + o.o9e 65.3 + 12.9a 

Plasma Eu 0.44 + 0.05 (RIA) 

Hypo 0.17 + o.o4a 

Results are the mean + SD, n=6 for both groups of rats. Ant. Pit. = 
anterior pituitary gland; ex = cerebral cortex; Ce = cerebellum; BAT 
brown adipose tissue. Eu vs Hypo: ap < 0.001; bp < 0.005; cp < 0.01; 
dp < 0.02; ep < 0.025; fp < 0.05. 
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The plasma T4 and T3 levels were determined by radioimmunoassay (RIA) 
using 131I-labeled T4 and T3, respectively (4). 

The results for euthyroid and hypothyroid rats were compared with the 
Student's two-tailed t test for unpaired variates. 

RESULTS 

At the end of the infusion period, the mean ~ SD plasma T4 and T3 
levels (RIA) found for T4-maintained RTx rats (1.5 ~ 0.8 ~g/dl; 15 ~ 5 ng/ 
dl) were significantly lower (p<O.OOl) than those for euthyroid rats (5.2 
+ 0.5 ~g/dl; 44 + 5 ng/dl). The plasma T3 levels in hypothyroid rats, as 
calculated from the known SA of infused 125I-T4 (Table 1), were in close 
agreement with those derived from RIA. 

Tables 1 and 2 summarize the results of our T3 measurements. In both 
euthyroid and hypothyroid rats, T3 was most abundant in the kidney and 
anterior pituitary gland, and least abundant in the testis and skeletal 
muscle. Hypothyroidism led to a substantial loss of total T3 in the liver, 
kidney, and muscle. In the other tissues, the decrease in T3 was less. In 
both experiments, locally produced T3 was the main source of cellular T3 in 
the cerebral cortex and cerebellum, while in the kidney and muscle, only a 
very small proportion of the total T3 was derived from T4 to T3 conversion. 
The relative contribution of LcT3(T4) to the total T3 in the anterior pitui
tary gland, cerebral cortex, cerebellum, thymus, testis, and brown fat was 
greater in the hypothyroid than in the euthyroid state. The reverse was 

Table 2. Tissue/plasma Ratios of Total T3 and 131I T3 in Euthyroid (Eu) 
and Hypothyroid (Hypo) Rats 

Liver 

Kidney 

Sk. Muscle 

Ant. Pit. 

Cx 

Ce 

Thymus 

Testis 

BAT 

T3 
(ng/g) 

Eu Hypo 

9.35 + 1.56 5.36 + 0.53a . 
13.94 + 5.46 9.43 + 4.29 

1.58 + 0.30 1.28 + o.o6e 

11.87 + 4.26 12.70 + 2.50 

3.92 + 0.69 4.86 + 0.86 

4.88 + 1.43 7.13 + 1.4od 

2.26 + 0.37 1.68 + 0.12b 

1. 01 + 0.24 0.86 + 0.05 

2.34 + 0.59 3.92 + 1.2oc 

131I T3 

(% daily dose/g) 

Eu Hypo 

6.48 + 1.21 4.54 + 0.32b 

14.80 + 3.00 9.34 + 5.24 

1.54 + 0.25 1.28 + o.o3e 

10.44 + 3.29 8.70 + 3.20 

1.40 + 0.30 1.26 + 0.25 

2.38 + 0.74 2.84 + 0.60 

1. 83 + 0.25 1.15 + 0.15a 

0.70 + 0.10 0.47 + o.o7a 

1.65 + 0.39 1. 22 + 0.16e 

Data represent the mean+ SD (n=6 for both groups of rats). Ant. Pit. 
anterior pituitary gland; Cx = cerebral cortex; Ce = cerebellum; BAT = 
brown adipose tissue. Eu vs Hypo: ap < 0.001; bp < 0.005; Cp < 0.02; 
dp < 0.025; ep < 0.05. 
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found for the liver and kidney. With the exception of the anterior pitui
tary gland and brown fat, the amount of LcT3(T4) in the various tissues had 
decreased significantly during hypothyroidism. 

Although the plasma and tissue 131I-T3 (infused as such) levels in 
hypothyroid rats were higher than in euthyroid animals (data not shown), 
the tissue/plasma ratios of 131I-T3 (Table 2) for liver, skeletal muscle, 
thymus, testis, and brown fat were lower in the hypothyroid animals. This 
would mean that during hypothyroidism, relatively less T3 is taken up from 
the circulation which accounts, in part, for the lower T3 content in these 
tissues. 

DISCUSSION 

It has been demonstrated repeatedly that cerebral cortex, cerebellum, 
anterior pituitary gland, and brown fat exhibit predominantly type II (i.e., 
PTU-insensitive) T4 5'-monodeiodinating activity in vitro, which increases 
from the euthyroid to the hypothyroid state. In liver and kidney, both con
taining mainly a PTU-sensitive type I deiodinase, opposite changes in enzyme 
activity occur (1,7-9). Thus, our in vivo data complement the in vitro 
findings. The marked increment in the~unt of LcT3CT4) in brown~of 
hypothyroid rats may support the concept that this tissue participates in 
the extrathyroidal production of plasma T3 during hypothyroidism (10). The 
hypothyroid-induced increase in the relative contribution of LcT3CT4) in the 
thymus and testis may have been secondary to an accelerated local T3 pro
duction, which then would suggest that these tissues contain a type II T4-
converting enzyme too. In contrast to the liver, kidney, or anterior pitui
tary gland, no direct thyroid hormone-responsive mtabolic process has yet 
been identified in the brain tissue, thymus, or testis of adult rats. 
Hence, the eventual benefit from the increased contribution of LcT3CT4) in 
the latter tissues remains unclear. 

At pres~nt, we do not know which factors caused the decrease in the 
tissue/plasma ratios of 131I-T3 for liver, muscle, thymus, testis, and 
brown fat in hypothyroid rats. It could have been the result of a relative 
decrease in the number and/or affinities of cellular binding sites for T3. 

In summary, the data reported in this paper strongly suggest that hy
pothyroidism affects the source and quantity of T3 in the various tissues 
differently, both quantitatively and qualitatively. Several tissues seem 
to control, at least in part, their own T3 levels. Since the relationship 
between circulating T3 and cellular T3 appears to vary from one organ to 
the next, interpretation of measurements of plasma T4 and T3 concentrations 
should be approached with caution. 
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EVALUATION OF OLEIC ACID, ARACHIDONIC ACID, AND VARIOUS DRUGS AS 

COMPETITORS FOR SERUM BINDING OF THYROXINE* 

Jan R. Stockigt, Chen-Fee Lim, Yao Bai, Kenneth N. Wynne, 
and Duncan J. Topliss 

Ewen Downie Metabolic Unit 
Alfred Hospital 
Melbourne, Australia 

Numerous drugs can displace thyroid hormones from plasma protein bind
ing (1,2), and it has been suggested that substances of endogenous origin 
can also inhibit binding, particularly in severe non-thyroidal illness (3-
5). The potency of a competitor is influenced by at least three factors: 
total circulating concentration, free fraction in undiluted serum, and rel
ative affinity for T4 binding sites. From these three factors, a predic
tion of inhibitory potency can be made. This prediction can be tested by 
measuring the effect of circulating concentrations of potential inhibitors 
on 125r T4 binding in undiluted serum at 37"C. In this study, we examine 
these predictions for furosemide, various nonsteroidal anti-inflammatory 
drugs, and free fatty acids (FFA), which have been assessed because they 
appear to be promising candidates as thyroid hormone-binding inhibitors 
(THBI) (3). Recent studies suggest that oleic acid may contribute more 
importantly to THBI of non-thyroidal illness than other FFA (4). In these 
studies (3-5), binding was assessed using diluted serum in a competitive 
ligand binding assay. We have examined the effect of serum dilution on 
the apparent inhibitory potency of added FFA in order to evaluate effects 
seen in such assays. 

METHODS 

Total plasma concentrations of drugs were taken from standard litera
ture (6,7). The free fraction of drug competitors was established by equi
librium dialysis at 37"C of undiluted serum either using 14c preparations, 
or by spectrophotometric measurement of drug transit from dialysate to 
serum. For long chain FFA, serum free fraction was measured by the heptane/ 
H20 partition method of Goodman (8). Relative competition for T4 binding 
was measured in serum diluted 1:10,000 using 125r T4 <lo-ll M and dextran
charcoal separation at 4"c (2). At this serum dilution, )90% of competitor 
is unbound. Relative inhibitory potency was predicted from the product: 

Circulating Concentration x Free Fraction x Relative Affinity 

*This work was supported by grants from the National Health and Medical 
Research Council of Australia and the Australia-China Council. 
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Equilibrium dialysis of l25I T4 in undiluted serum (2) was used to 
directly examine the effect of various competitors. Drugs were added to 
the dialysate in amounts calculated to achieve the intended serum concen
trations at equilibrium. FFA was added in the serum compartment by appro
priate dilution of FFA-enrii:hed serum with normal serum. Oleic acid was 
added to serum by celite transfer from hexane (9). FFA transfer monitored 
using l4c oleic acid was 78, 53, and 34% efficient from 20, 40, and 80 mM 
solutions of oleic acid in hexane. Measurement of total FFA was by the 
method of Novak (10). Oleic acid and arachadonic acid were from Sigma 
Chemical Co., St. Louis, MO. Results were comparable with sodium oleate 
from the same source. 

RESULTS 

The values for circulating concentration, free fraction, and relative 
affinity for T4 binding sites of various drugs are shown in Table 1, pre
dicted potency being calculated as the product of the three variables. The 
predicted potency has been compared to the percent increase in 125I T4 free 
fraction by equilibrium dialysis at 37•c at the appropriate final concentra
tions of inhibitor. While the general relationship is similar, there are 
substantial discrepancies. In particular, phenylbutazone and aspirin are 
more potent in undiluted serum at 37•c than predicted, while furosemide 
appears to be less potent. 

At normal concentrations of oleic and arachidonic acids, both the pre
diction and direct dialysis at 37•c showed little inhibitory activity. A 
substantial increase in total concentration and/or free fraction would be 
required to achieve an inhibitory effect. The effect of increments of oleic 
acid, added to a normal serum pool, on free fraction of l25I T4 in undiluted 
serum at 37•c is shown in Fig. 1. There is only a slight increase in T4 
free fraction with addition of l and 2 mM oleic acid and a 2-3 fold increase 

8 
Total FFA 

mM 4 

0 

.040 ... 
IT4 

300 

.030 Percent 

Percent 200 
.020 Control 

Free 

.010 
100 

0 0.4 1.0 2.0 5.0 
Added Oleic Acid mM 

Fig. l. Effect of added oleic acid on free 
fraction of 125I T4 in undiluted 
serum, measured by equilibrium 
dialysis at 37•c (n=6, mean+ SD). 
In the top panel, solid bars-show 
endogenous total FFA (0.8 mM), the 
hatched bars show added oleic acid. 
*p<O.Ol, **p<O.OOl. 
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400 

12siT• 300 

Free Fraction 

Percent 
Control 200 

100 

Control 

• 

0.2 0.5 1.0 2.0 5.0 

Oleic Acid Added mM 

Fig. 2. Effect of various concentrations of oleic 
acid, added to undiluted serum and serum 
diluted 1:5, 1:10, and 1:15 on 125I T4 free 
fraction by equilibrium dialysis at 37"C. 
Mean control free T4 fraction was 0.011, 
0.063, 0.109, and 0.173% for undiluted, 1:5, 
1:10, and 1:15 serum, respectively. 

at 5 mM. The marked influence of serum dilution on the increase in 125I T4 
free fraction produced by particular increments of added oleic acid in shown 
in Fig. 2. The effect of 5 mM addition to undiluted serum is reproduced by 
0.5 mM addition to serum diluted 1:10. 

DISCUSSION 

In this study, we have evaluated a number of drugs by assessing their 
relative affinity for T4 binding sites in a highly diluted system, using 
this together with an estimate of free fraction in undiluted serum and total 
circulating concentrations, to make a prediction of relative potency. While 
While the predictions are generally in accord with the effect on T4 binding 
in undiluted serum at 37"C, some major discrepancies are seen, which are so 
far unexplained and require further study. 

Binding competitors have often been assessed using diluted serum. The 
free fraction of competitor is then disproportionately high and the concen
tration of T4 binding sites reduced by dilution. Such studies will gener
ally over-estimate potency if interpreted without regard to dilution of the 
test serum. 

The results for oleic and arachidonic acids, based both on predicted 
potency and direct addition experiments, suggest that concentrations well 
outside the physiological range are required in order to raise the T4 free 
fraction in undiluted normal serum, a finding in accord with the previous 
study of Braverman et al. (11). The 'ifery high degree of albumin binding 
of oleic and arachidonic acids (8,12) is a key factor in limiting their 
potency as binding competitors in vivo. The competitive ligand-binding 
assay (3-5) used to assess inhibitors of T4 binding in sera from patients 
with severe non-thyroidal illness gives a rapid and reproducible assessment 
of competitor activity, but suffers from the disadvantage that the serum 
used in the detection system must be diluted, (~1:17 in the system described 
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by Chopra). Measurement of the effect of added oleic acid on T4 binding by 
undiluted serum suggests that the addition of >1 mM is required to displace 
T4. Detection systems with diluted serum show an effect at much lower con
centrations, but the significance of such effects remains in doubt. If FFA 
are responsible for the subnormal T4 levels seen in non-thyroidal illness, 
they may exert this effect by actions unrelated to displacement of T4 from 
serum binding sites. 
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ALTERATIONS IN THYROID FUNCTION PARAMETERS FOLLOWING ADMINISTRATION OF 

FATTY ACIDS* 

Inder J. Chopra, Tien-Shang Huang, David H. Solomon, and 
Guadalupe N. Chua Teco 

Department of Medicine 
UCLA Center for the Health Sciences 
Los Angeles, CA, USA 

Recent studies suggest that a thyroid hormone binding inhibitor (THBI) 
is detected frequently in sera of patients with systemic non-thyroidal ill
ness (NTI) (1-3). There is at present a paucity of information concerning 
the role of THBI in thyroid hormone abnormalities observed commonly in NTI. 
THBI appears to be a lipid moiety and unsaturated fatty acids are promising 
candidate THBis (1). Serum concentrations of some unsaturated fatty acids 
(e.g., oleic acid) are markedly increased in NTI (4). In this study, we 
have examined the effect of the parenteral administration of unsaturated 
fatty acids on serum thyroid hormone and TSH concentrations in the rat. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats weighing about 150 g were maintained on Purina 
Rat Chow and water ad libitum. Fatty acids were obtained from Sigma Chemi
cal Co. (St. Louis, MO). Arachidonic acid (sodium salt) was dissolved in 
saline and the resulting solution was clear. Other fatty acids were dis
solved in ethanol and concentrations for injection in animals were diluted 
with water or saline; the injection material was in a fine suspension. 
Groups of rats were injected with vehicle or the solution of fatty acid in 
the vehicle. Animals were sacrificed by decapitation. Blood was collected 
from the trunk for measurement of thyroid hormones and TSH. Serum T4, T3, 
and TSH were measured by their respective radioimmunoassays (RIAs, 5-7). 
Reagents for rat TSH RIA were obtained from the National Institutes of 
Health, Bethesda, MD. Free fraction of T4 (or T3) was determined by equi
librium dialysis (8,9). Resin uptake of T3 (RT3U) was measured by Res-0-
Mat kits available commercially from Mallinckrodt Inc., St. Louis, MO. 

RESULTS 

Fig. 1 shows the data on serum thyroid hormone and TSH concentrations 
for 18 h after intravenous administration of 10 mg sodium arachidonate. 
There was a progressive fall in serum concentration of total and free T4. 
There was little or no change in the dialyzable fraction of T4 (DFT4). 

*Supported by USPHS Grant AM16155 from the National Institute of Health, 
Bethesda, MD. 
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TOTAL T4 DIALYZABLE FRACTION OF T 4 FREE T 4 CONCENTRATION 
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Fig. 1. Serum thyroid hormone and TSH levels during 18 hours after intra-
venous administration of sodium arachidonate (10 mg) to the rat. 

Serum T3 concentration showed a little fall, but it was not significant sta
tistically. Serum TSH dropped significantly at 2 h and increased gradually 
thereafter to or toward baseline value. Similar changes were also observed 
after intravenous administration of 20 mg oleic acid, with the difference 
that serum T3 concentration decreased significantly at 8 h after oleic acid 
administration (Fig. 2). Dose-response studies were conducted with 2.5-10 
mg arachidonic acid and 3.12-25 mg oleic acid, showing that a significant 
(p<O.OS) decrease in serum T4 occurred 18 h after i.v. injection of all 
doses tested for both fatty acids. There was also a trend of increasing 
effect of increasing dose of fatty acids. 

Fig. 3 depicts serum thyroid hormone and TSH levels at 18 h after 
intravenous administration of the vehicle (0.5 ml of SO% ethanol), or the 
unsaturated fatty acid, oleic acid (20 mg), or the saturated fatty acid, 
palmitic acid (20 mg) in the vehicle. Serum total and free T4 concentra
tions decreased significantly after administration of oleic but not pal
mitic acid. 

We next studied the response of serum TSH to thyrotropin-releasing 
hormone (TRH) 18 h after intravenous administration of either saline or 
arachidonic acid (10 mg) or oleic acid (20 mg) in saline. TRH (1 ~g) or 
saline was injected i.p. and blood taken 30 min later. Neither the mean 
(+ SE, ng/ml) serum TSH value of 773 + 251 in arachidonic acid-injected 
rats nor that of 1010 + 292 in oleic acid-injected rats differed signifi
cantly from the mean of 1025 + 295 in control rats. We also studied the 
effect of two i.p. injections-12 h apart of saline, arachidonic acid (20 
mg per injection) or oleic acid (40 mg per injection) on the TRH response 
12 h after the last dose. The mean (+ SE, ng/ml) serum TSH 30 min after 1 
~g TRH i.p. was 1200 + 166 in the control group, 876 + 536 (N.S.) in the 
arachidonic acid-treated group, and 400 ~ 333 (N.S.) Tn the oleic acid
treated group. 
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Fig. 2. Serum thyroid hormone and TSH levels during 18 hours after intra
venous administration of oleic acid (20 mg) to the rat. 

We next studied serum thyroid hormone and TSH l evels for 24 hours 
after a singl e large i.p. dose of the unsaturated fatty acids, a rachidonic 
or oleic (Fig. 4 for o leic acid). The re was a s i gni f i cant fall in serum 
total and free T4 16 to 24 h aft e r oleic acid administration. The DFT4, 
T3, and TSH did not change. Following arachidonic acid administration 
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Fig. 3. Serum thyroid ho rmone and TSH levels at 18 hours aft e r i ntrave nous 
administration of veh icle (0 . 5 ml 50% ethanol, control) o r oleic 
ac id (20 mg) or palmitic ac id (20 mg) in vehic le . 
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Fig. 4. Serum thyroid hormone and TSH levels during 24 hours after intra
peritoneal administration of oleic acid (80 mg) to the rat. 

(data not shown), we observed a significant fall in serum total T4 and 
total T3 at 24 h and a significant increase in DFT4 at 16 h. Serum con
centration of free T4 and TSH decreased modestly, but the changes were not 
significant sta tistically. 

We next studied serum thyroid hormone and TSH l eve ls of rats given r e
peated doses of arachidonic acid (15 mg twice daily i.p. for 3 days). The 
results are shown in Fig. 5. There was a significant increase in DFT4 and 
a significant fall in the serum concentration of T4, free T4, T3, free T3, 
T3 resin uptake index, and free T4 index, but serum TSH was not affected 
significantly. 
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Fig . 5. Se rum thyroid hormone and TSH level s in rats injected with sodium 
arachidonate (15 mg twice daily) f or three days. 
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DISCUSSION 

Thyroid function abnormalities in NTI include low or high T4, low T3, 
high DFT4, high reverse T3 (rT3), high DFT3, and a discrepancy between 
free T4 index and free T4 concentration (3,10-12). Serum TSH may be low 
in NTI and it may increase moderately during the recovery from NTI (13,14). 
Serum TSH response to TRH is often subnormal in NTI. We did not study serum 
rT3, and we did not detect high T4, high DFT3, or high TSH in the present 
study. Serum TSH response to TRH was quite variable; the mean values in 
fatty acid-injected rats tended to be low but the decrease did not attain 
statistical significance. All the other abnormalities of NTI were demon
strable to a variable degree in rats injected with the polyunsaturated fatty 
acids, arachidonic acid and oleic acid (Fig. 1-5). The discrepancy between 
DFT4 and RT3U (i.e., a much greater increase in DFT4 than RT3U) was also 
similar to that observed in NTI patients. The smallest i.v. dose of oleic 
acid that was associated with a significant reduction in serum total T4 was 
3.12 mg. Assuming a plasma volume of a 150 g rat to be about 7.5 ml, the 
plasma concentration of oleic acid following i.v. administration of 3.12 mg 
oleic acid would approximate 416 pg/ml or about 1.39 mM, which is similar 
to the mean oleic acid concentration of 1.3 mM actually observed in a group 
of NTI patients (4). These data suggest that an elevation of polyunsatura
ted fatty acids could contribute to the thyroid functional abnormalities in 
NT I. 

The mechanisms by which fatty acids may affect thyroid function tests 
are not known. Data showing a fall in serum TSH within 2 h after i.v. in
jection of oleic or arachidonic acids (Fig. 1 and 2) suggest that fatty 
acids importantly influence TSH secretion or release or both. It is likely 
that the fall in serum TSH led to the subsequent fall in serum T4 which was 
maximal 16 to 24 h after the injection of fatty acids. 

Oleic and arachidonic acids are known potent inhibitors of serum bind
ing of T4 in vitro in human (1) or rat serum (unpublished data). However, 
we were not able to demonstrate an increase in DFT4 rats acutely injected 
with fatty acids. This may reflect avid binding of fatty acids by normal 
albumin in rat serum, a rapid clearance of fatty acids from the circulation 
or a combination of these effects. However, increased DFT4 was demonstra
ted when fatty acids were injected twice daily for 3 days (Fig. 5). It is 
possible that persistent elevation of unsaturated fatty acids in circula
tion is associated with a compromise in the function of organs (e.g., liver) 
that clear fatty acids and this, in turn, may result in a sustained eleva
tion of fatty acids and associated increase in DFT4. Alternatively, fatty 
acids may not affect DFT4 directly, and the increased DFT4 observed after 
repeated fatty acid administration (Fig. 5) may be an effect of unknown 
factors that emerge as a result of systemic toxicity of intravenous unsat
urated fatty acids. In either case, the available data are consistent with 
our impression that an elevation of unsaturated fatty acids contributes im
portantly to the thyroid functional abnormalities in NTI. 

SUMMARY 

Intravenous (i.v.) administration of arachidonic acid (10 mg) to the 
rat caused a progressive fall in serum total concentration of T4, no sig
nificant change in dialyzable fraction of T4 (DFT4), and a progressive fall 
in free T4 concentration. Serum total T3 changed minimally, while serum 
TSH decreased significantly at 2 h but returned to normal thereafter. The 
i.v. administration of oleic acid (20 mg) produced similar effects. How
ever, i.v. palmitic acid (20 mg) did not affect thyroid function. Serum 
T4 fell significantly after i.v. administration of as little as 2.5 mg 
arachidonic acid or 3.12 mg oleic acid. The response of serum TSH to TRH 
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fell somewhat after parenteral administration of fatty acids, but not sig
nificantly. Intraperitoneal (i.p.) administration of arachidonic acid or 
oleic acid was associated with a progressive reduction in serum total T4, 
no change in DFT4, a moderate fall in free T4, a significant fall in total 
and free T3, and no change in TSH. Repeated i.p. administration of arach
idonic acid (15 mg twice daily for three days) was associated with a rise 
in DFT4, and a fall in total and free T4, total and free T3, a discrepancy 
between DFT4 and RT3 (i.e., a rise in DFT4 and a fall in RT3U) while serum 
TSH did not change significantly. The various alterations in thyroid func
tion induced by injection of unsaturated fatty acid in rats resemble those 
observed in patients with systemic non-thyroid illnesses (NTI). These data 
suggest that high circulating levels of unsaturated fatty acids (e.g., oleic 
acid) may contribute importantly to the thyroid functional abnormalities of 
NTI. 
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A NEW FORM OF X-CHROMOSOME LINKED TBG ABNORMALITY WITH NO DEMONSTRABLE 

T4-BINDING ACTIVITY* 

Yoshiharu Murata, Junta Takamatsu, and Samuel Refetoff 

Thyroid Study Unit, Departments of Medicine and Pediatrics 
The University of Chicago 
Chicago, IL, USA 

Diagnostic work-up for short stature uncovered TBG deficiency in an 
11 year old girl (propositus) with XO Turner's syndrome. Studies on mem
bers of the family revealed that the two hemizygous affected subjects (pro
positus and father) had, compared to the mean normal levels, 1.5% native 
(n) TBG and 9-fold to 10-fold increased denatured (dn) TBG, both measured 
by specific RIAs. The heterozygous sister had 30% nTBG and 5.6-fold in
creased dnTBG, while the mother had normal levels (Table 1). 

Characterization of the TBG abnormality gave the following results. 
First, nTBG in serum on the propositus and father showed: a) no demonstrable 
T4-binding under conditions in which even lower concentrations of normal TBG 
exhibited binding; b) increased lability (initial t 1/2 of 3 hr at 37•c, a 
temperature not affecting normal TBG); c) failure of added T4 to protect TBG 
denaturation at 56•c, when normal TBG demonstrated full protection; and d) 
when denatured in vitro, immunological identity with similarly denatured 
normal TBG. Se~ndly, nTBG in serum from the propositus and father: a) re
acted only with anti-dnTBG serum; b) was immunologically indistinguishable 
from in vitro denatured normal TBG; c) did not bind T4; and d) focused be
tween pH 4.66 and 4.09 (4.18 and 4.54 for normal TBG) as shown by the West
ern blot technique. Finally, serum from the affected subjects did not alter 
the stability of added normal TBG. 

These data are compatible with an inherited defect in TBG structure 
with loss of hormone binding and stability leading to its rapid in vivo 
denaturation and clearance. This defect is unique since sera fr~ members 
of five families with inherited partial TBG deficiency had normal dnTBG 
levels. 

*Supported in part by United States Public Health Service Grant AM 15070. 
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NORMAL CELLULAR UPTAKE OF THYROXINE (T4) FROM SERUM OF PATIENTS WITH 
FAMILIAL DYSALBUMINEMIC HYPERTHYROXINEMIA (FDH) OR ELEVATED THYROXINE
BINDING GLOBULIN (TBG): T4 BOUND TO ALBUMIN IS NOT PREFERENTIALLY 
TRANSFERRED TO TISSUE* 

David H. Sarne and Michael Weinberg 

Department of Medicine 
The University of Chicago 
Chicago, IL, USA 

Only free thyroid hormone is thought to enter cells and be metaboli
cally active while protein bound thyroid hormone, in equilibrium with the 
free fraction, remains in the intravascular compartment (1). Evidence that 
albumin-bound T4 preferentially enters hepatocytes (2) and that subjects 
with FDH have increased hepatic T4 delivery (3) have challenged this con
cept. We examined the in vitro cellular uptake of T4 by human hepatocytes, 
Rep G2 (4), from serum of subjects with FDH. Results were compared to those 
from sera matched to the FDH sera by total T4 concentrations and obtained 
from individuals with high TBG or thyrotoxicosis. 

METHODS 

Samples from nine FDH subjects were provided by Drs. L. Braverman and 
B. N. Premachandra. Samples from high TBG and thyrotoxic subjects were ob
tained from the clinical laboratory. 

TT4 and TBG were measured by RIA. A free T4 index (FT4I) using a resin 
T4 uptake (RT4U) (5), free T4 by equilibrium dialysis (DT4), and the uptake 
of T4 by Rep G2 cells (CT4) (4) were determined. 

RESULTS 

Group means are reported in Table 1. DT4, CT4, and FT4I were normal 
in FDH and high TBG subjects and elevated in thyrotoxic patients. The re
lationship between DT4 and CT4 for all groups was similar to that in normal 
controls (4). The relationship between FT4I and CT4 was normal for FDH and 
thyrotoxic subjects, but FT4I was lower in high TBG subjects. Despite sim
ilar DT4 and CT4 values, FT4I values were lower in high TBG than FDH sub
jects. 

DISCUSSION 

The normal relationship between DT4 and CT4 indicates that T4 uptake 
by liver cells in FDH and high TBG is related to the free T4 concentration. 

*Supported in part by United States Grant AM 15070. 
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FDH 

High TBG 

Thyrotoxicosis 

Normal Range 

Table 1. Results of Study Groups 

15.8 + 2.1 8 

15.6 + 1.8 

15.9 + 2.2 

5.5 + 12.0 

TBG 

(mg/dl) 

1.8 + 0.4 

3.4 + 0.2b 

1.6 + 0.2 

1.1 - 2.0 

FTI 

10.3+1.7 

8,6+1.7C 

17.2 + 2.4b 

6.0 - 10.5 

DT4 

(ng/dl) 

1.8 + 0.4 

1.8 + 0.2 

3.4 + 0.7b 

0.9 - 1.9 

8 Mean ~ SD; bp < 0.001; cp < 0.05 vs FDH patients. 

CT4 

(pg/plate) 

29 + 4 

28 + 4 

48 + 5b 

14 - 30 

If protein-bound T4 was preferentially taken up, the CT4 value would have 
been high compared to the DT4. 

Unlike the RT3U (6), the FT4I value appears to be clinically useful 
in FDH. The lower RT4I value in some subjects with high TBG suggests re
duced affinity of TBG for T4. 
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CARRIER-MEDIATED TRANSPORT OF THYROID HORMONE (TH) INTO RAT HEPATOCYTES 

IS RATE LIMITING IN TOTAL CELLULAR UPTAKE AND METABOLISM 

Eric P. Krenningi 1,2 Roel Docter,l Martine Polhuys,l 
Bert F. Bernardi Theo J. Visser,l, Jan A. Mol,l and 
Georg Hennemann 

!Department of Internal Medicine III and Endocrinology 
and 2Department of Nuclear Medicine, Academic Hospital 
"Dijkzigt", Rotterdam, The Netherlands 

TH has a wide spectrum of activities on several tissues, most impor
tantly those related to the economy of energy production and expenditure. 
The main secretory product of the thyroid, thyroxine (T4) has little, if 
any, intrinsic metabolic activity (1). Most of the in vivo effects of T4 
can be explained by its conversion to 3,3' ,5-triiodothyronine (T3) in pe
ripheral tissues (2). Another product of the peripheral deiodination of 
T4 is the biologically inert 3,3' ,5 1 -triiodothyronine (reverse T3, rT3) 
(3). Normally, extrathyroidal conversion accounts for approximately 80% 
of total T3 production and an even greater fraction of total rT3 production 
in humans, as well as in rats (4,5). Most of the action of T3 is initiated 
by binding to a nuclear, chromatic-associated receptor (6), although direct 
effects on mitochondria (7) and plasma membranes (8-10) have also been re
ported. Recent studies have pointed to differences between tissues with 
regard to the origin of nuclear T3 (11). Thus, in the pituitary 50% and 
in the central nervous system 80% of nuclear T3 is derived from local T4 
---> T3 conversion, the remainder being taken up from the circulation. 
Probably due to the rapid exchange between the plasma and tissue compart
ments, most of nuclear T3 in the liver and the kidneys is derived from the 
circulation with a negligible contribution from local T4 ---> T3 conver
sion (11,12), despite the fact that the latter tissues are more important 
sites for the total body production of T3 (13). Thus, passage of T4 and 
T3 through the plasma membrane plays an important part in the ultimate de
livery of T3 to nuclear receptors. 

According to "the free hormone hypothesis" (14), the free hormone con
centration in serum governs hormonal delivery to the cell and ultimately 
regulates hormonal action. Therefore, the free T4 concentration should be 
more closely correlated with the T4 turnover rate than the total concen
tration. This hypothesis has been challenged; however, as no correlation 
was found between serum free T4 concentration and T4 turnover in a group 
of healthy euthyroid individuals (15). Other examples are: normal T4 turn
over in non-thyroidal illness despite increased serum free T4 levels (16, 
17), and similarly normal T4 turnover in the postoperative state in which 
decreased T4-binding pre-albumin with elevated free T4 concentrations can 
be encountered (18). Two non-related clinically euthyroid subjects have 
been reported who showed abnormal patterns of thyroid hormone levels. 
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Hyperthyroxinemia (both total and free hormone concentrations) was accom
panied by elevated rT3 and normal T3 serum levels, while TSH responses to 
TRH were normal (19). In all these examples, it has been postulated that 
factors directly related to cellular handling of T4 may be operative, such 
as plasma membrane translocation and intracellular degradation (e.g. de-
iodination). ' 

Recently, we were able to demonstrate that in the state of caloric 
deprivation, T4 transport into tissue cells is inhibited in humans (20). 
Consequently, T3 production from T4 and serum T3 levels are lowered. In 
itself, the "low T3 syndrome" during semi-starvation can be explained by 
diminished cellular T4 uptake, especially in the liver. The hepatic clear
ance of plasma rT3 - derived from other tissues - may be impaired similar
ly. Any decrease in intracellular deiodination of T4 and rT3 would poten
tiate the observed changes elicited by diminished uptake. 

On the basis of circumstantial evidence, studies from different lab
oratories (21-31) have shown that iodothyronines are transported into tis
sues through saturable, energy-dependent systems. Direct proof for the in
volvement of a plasma membrane protein has been obtained only recently by 
the production of a monoclonal antibody (ER-22) directed against a plasma 
membrane protein with a molecular weight of 52000 dalton, which antibody 
inhibits the transport of iodothyronines into rat hepatocytes in monolayer 
(32). 

The purpose of this study is to investigate the consequences on deio
dination and conjugation, if iodothyronine transport is inhibited by ER-22. 

METHODS AND MATERIALS 

The source of most materials and procedures for the isolation and cul
ture of rat hepatocytes have been previously described (24,25). Cultured 
rat hepatocytes in monolayer were incubated in the presence or absence of 
ER-22 (final dilution 1:1000), 100 pM PTU, 5 mM ouabain (uptake inhibitor), 
or ER-22 plus PTU (E+P) and tracer iodothyronine or iodothyronine sulfate 
(THS). Percentages of conjugated iodothyronines (sulfates (S) plus glu
curonides (G)), iodothyronine and iodide in medium were analyzed by LH-20 
chromatography (33) after acidification of the media. T3-sulfate (T3S) 
was obtained according to (34). Incubations were done for 20 h (T3, T4, 
T3S) or 90 min (rT3) at 37"C in culture medium plus 0.5% BSA. Number of 
experiments is 2-6, carried out at least in duplicate. Statistical analy
sis has been performed using one-way analysis of variance. 

RESULTS AND DISCUSSION 

The percentage distribution of conjugates (CJ), iodothyronine (TH) 
and I- in supernatants of primary cultures of rat hepatocytes incubated 
with various compounds as illustrated in Table 1. Uptake and metabolism 
of T3S in our system is also markedly hampered by PTU or ouabain (data not 
shown). With these drugs, I- formation and T3S clearance are significantly 
decreased, whereas intracellular formed T3 by hydrolysis of T3S is measur
able in the medium. 

Monoclonal antibody ER-22 inhibits the clearance of iodothyronines to 
the same extent as ouabain in a system with primary cultures of rat hepato
cytes. Concomitantly, a decrease in I- production has been observed. Since 
ER-22 and ouabain do not affect deiodination per se (data not shown) and do 
specifically bind to membrane proteins, these data indicate that the uptake 
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Table l. Distribution of Iodothyronines and Metabolites in Medium 
of Cultured Rat Hepatocytes; Effects of Inhibitors 

T4 T3 rT3 

I- Conj TH I- Conj TH I- Conj TH 

Contr 12.7 1.9 82.9 51.5 10.3 32.0 54.1 1.8 45.8 
ER-22 6.9* 1.3 90.8# 24.6* 9.8 64.8* 36.9* 1.9 62.8* 
PTU 3.8* 3. 84f 92 . 0* 12.2* 41. 7* 46. 24f 5.4* 5.4* 87.6* 
Ouabain 6.9* 1.8 92. 24f 21.5* 10.6 66.2* 41.0* 1.7 56.6* 
ER-22 + PTU 4.0* 2.3 93.2* 8.0* 24 .5* 65.1* 4.3* 5.5* 91.6* 

*p<O .001, 4fp<0.005 vs. control 

mechanism(s) of TH can regulate intracellular TH availability and, therefore, metabolism . Conjugates in the medium are not decreased by these compounds, probably due to inhibition of uptake of conjugates after cellular release, as has been found with labeled T3S. PTU inhibits both deiodination (leading to conjugate accumulation) and clearance. As is illustrated in Fig. 1, inhibition of T3 deiodination (via T3S) should lead to a more pronounced conjugate accumulation as compared to T4 or rT3. Our data agree with this current concept of intracellular metabolism (33,34). The apparent diminished clearance of TH with PTU can be explained by 1) intracellular accumulation of TH (and therefore also in the medium) as a consequence of inhibition of deiodination (rT3), 2) hydrolysis of intracellularly formed and accumulated conjugates with subsequent release of free TH into the medium (T3) and 3) a combination of both (T4). Hydrolysis of TSH to TH has indeed been found with T3S (vide supra). Since 100 ~M PTU almost completely blocks TH deiodination in this system, only slight effects have 

I 

Fig. 1. Schematic representation of hepatic 
uptake and metabolism of iodothyro
nines by rat hepatocytes. 
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been found on I- formation by the addition of ER-22 to PTU (E+P). However 
since only T3 is predominantly conjugated prior to deiodination (Fig. 1), ' 
the addition of ER-22 (thus inhibiting T3 uptake) to incubation with PTU 
results intracellularly in a decreased substrate availability and subse
quently diminished T3S production. 

It can be concluded that inhibition of carrier-mediated transport of 
TH in equilibrium is a rate-limiting process for total TH cellular uptake 
and metabolism. 
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ENHANCED RATE OF CELLULAR UPTAKE OF THYROXINE (T4) FROM SERA OF SUBJECTS 

WITH FAMILIAL DYSALBUMINEMIC HYPERTHYROXINEMIA (FDH) 

B.N. Premachandra, I.K. Williams, B.C. Nisula, and 
J. Wortsman 

VA Medical Center and Washington University, St. Louis, MO 
NIH, Bethesda, MD, and SIU Medical School, Springfield, IL 
USA 

Recent investigations in our laboratory have shown that in several 
individuals with familial dysalbuminemic hyperthyroxinemia (FDH) and with 
normal serum free thyroxine (FT4) concentration, sex hormone-binding glob
ulin (SHBG) levels were significantly elevated in relation to normal sub
jects (1). The elevation in serum SHBG was not an estrogen-mediated 
effect, as these subjects were either in post-menopausal state or other
wise had normal levels of serum cortisol-binding globulin (CBG). Since 
SHBG is sensitive to thyroid hormone (TH) action and has been observed to 
increase in hyperthyroidism (2), the SHBG increase in FDH subjects sug
gested the possibility that an enhanced rate of T4 uptake might occur in 
this syndrome, particularly in those tissues which have direct access to 
protein-bound T4 (e.g., liver). To further test the hypothesis of in
creased T4 tissue availability in FDH syndrome, T4 uptake from normal and 
FDH sera studied using red blood cells, lymphocytes, and an anionic resin 
sponge. 

METHODS 

The techniques used to characterize sera for dysalbuminemic hyperthy
roxinemia syndrome by conventional and reverse flow electrophoresis have 
been previously published from our laboratory (3,4). The use of the resin 
sponge for thyroid hormone (TH) uptake measurements has also been previ
ously noted (5). Briefly, in the present investigations, 1 ml of appro
priately diluted (1/10 or 1/25) serum was equilibrated with 125I-T4 and 
was incubated at 37" with a resin sponge (Abbott Laboratories) ranging 
from 1 min to 30 min in separate experiments. The radioactivity in a few 
tubes was counted to represent initial activity. At the end of the incu
bation, the sponges were washed with deionized water 4 times as previously 
described, and the radioactivity in washed sponges determined (final activ
ity). The percent sponge uptake of radioactivity was obtained by dividing 
final by initial X 100. 

Cellular Uptake of 125I-T4 

For measuring red cell uptake of 125I-T4 from sera, out-dated whole 
blood was obtained from the American Red Cross and the cells were washed 
4 times with saline. Equal volumes of washed cells were then incubated 
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with 1/25 diluted normal or FDH sera that had been previously equilibrated 
with 125I-T4. The incubation was allowed to continue either for 1 min or 
2 hr. After incubation, the cells were washed again 4 times with saline 
and radioactivity of the cell pellet was measured in a scintillation coun
ter. Similar procedures were used to determine the 125I-T4 uptake from 
labeled normal or FDH sera utilizing freshly isolated lymphocytes obtained 
by the Ficoll-Hypaque technique. Sera from 10 FDH subjects representing 4 
families were included in this study. 

RESULTS 

Sera used for the studies of cellular uptake of 125I-T4 were appro
priately characterized for FDH as previously published (3,4). In FDH sera, 
the T4 concentrations varied from 12.0 to 21.6 ~g/dl (normal 5.5 - 12.0 ~g/ 
dl), whereas FT4 concentration ranged from 1.4 to 2.1 ng/dl (normal= 
0.9 - 2.3 ng/dl). 

The percent, as well as absolute resin sponge T4 uptake from normal 
and FDH sera at various intervals after incubation, are noted in Table 1. 
The absolute T4 uptake from FDH sera was significantly higher than normals 
at all intervals after incubation (Table 1). 

Similarly, when washed red blood cells were incubated with 125I-T4 
labeled sera, the 1 min and 2 hr absolute T4 uptakes from FDH sera were 
significantly higher than that noted in normals (Table 2). Although there 
was a decrease in percent T4 uptake in FDH sera because of the presence of 
abnormal T4 binding albumin, it was not commensurate with the increase in 
total T4, so that the absolute T4 uptake was greater than that observed in 
normal sera. Similar results were also noted when T4 uptake from FDH sera 
was examined using lymphocytes. The absolute T4 uptake from FDH sera both 
at 1 min and 2 hr after incubation was significantly greater than that ob
served in normal sera (Table 2). The relative differences in lymphocyte 
125I-T4 uptake between normal and FDH sera were also confirmed using vary
ing lymphocyte cell populations. Finally, that the cellular and resin 
sponge uptake of T4 was sensitive to variations in FT4 in the system was 
documented by the demonstration of the expected increase in both percent 
and absolute T4 uptake from hyperthyroid sera in comparison to FDH sera 
(Tables 1 and 2). 

DISCUSSION 

The results presented clearly indicate that the rate of T4 dissocia
tion from FDH sera, as manifested by absolute T4 uptake, is greater than 
that noted from control sera. This was demonstrated using red cells and 
lymphocytes, as well as in a cell-free system (anionic resin sponge). It 
should be underscored that the greater rate of cellular T4 uptake from FDH 
sera relative to controls 1 min after incubation occurred in a time inter
val during which T4 egress from the cell can be considered negligible. 

The observations suggesting supranormal T4 extraction by red cells 
and lymphocytes from patients with FDH syndrome are significant and chal
lenging in relation to the currently accepted ideas concerning cellular 
hormone transport. As FT4 concentrations in FDH and normal human sera are 
not significantly different, the increase in celluar T4 uptake from FDH 
sera suggests the possibility that there is an increase in T4 flux from 
TBP toward serum. The elevated T4 flux would allow for local increase in 
cellular uptake without change in serum free thyroxine concentration. It 
has been noted recently that T4 bound to normal albumin (6) and human pre
albumin (7) is available for hepatic uptake in the rat. It has also re
cently been hypothesized that in tissues served by capillaries which are 
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permeable to TBPs, hormone delivery rate is markedly dependent on the serum 
level of bound hormone (8). In the case of elevated TBG in pregnancy, in
creased concentration of bound T4 may allow more T4 for placental passage 
(8). As in FDH with increased plasma serum T4 binding, elevated T4 bind
ing in inherited TBG excess (or in pregnancy) does not render the subject 
hyperthyroid since enhanced availability of T4 occurs only in tissues whose 
capillaries are highly permeable to TBP. 

The observations of elevated cellular T4 uptake from FDH sera (as de
termined by total T4 X % uptake) are of particular interest in light of 
elevated SHBG concentrations found in some FDH subjects. If these findings 
can be confirmed by additional in vivo and in vitro indices of TH action, 
they could then be of importance-for further-clarification of the FT4 hy
pothesis of T4 availability for cellular uptake. It might even be that the 
nonequilibrium measures of T4 uptake (Tables 1 and 2) more accurately re
flect TH action in some tissues than equilibrium dialysis serum FT4 concen
tration in subjects with FDH. 

SUMMARY 

In view of our previous observations of elevated sex hormone-binding 
globulin (SHBG) in some clinically euthyroid subjects with familial dysal
buminemic hyperthyroxinemia (FDH), the possibility of selective increase in 
tissue uptake of T4 was examined by determining T4 extraction from normal 
and FDH sera using red blood cells, lymphocytes and an anionic resin sponge. 
Red blood cells were incubated at 37"C with 125I-T4 equilibrated FDH sera 
and the 1 min and 2 hr cellular T4 uptakes (T4 concentration X % uptake) 
were 0.95 + 0.18 and 3.54 + 0.67, respectively, and these values were sig
nificantly-higher (p<O.Ol)-than respective control values (0.52 + 0.08 and 
2.4 ~ 0.32). Similar differences in T4 uptakes between normal a~d FDH sera 
were also noted when lymphocytes were incubated with 125I-T4 equilibrated 
sera (the 1 min and 2 hr cellular uptake of T4 = 1.08 ~ 0.019 and 1.35 ~ 
0.5, respectively; the control T4 uptakes at 1 min and 2 hr = 0.27 ~ 0.01 
and 0.76 ~ 0.08, respectively). In addition, when an anionic resin sponge 
was incubated with 125I-T4 equilibrated FDH sera, T4 uptakes at 1 min and 
30 min were 0.92 + 0.08 and 4.74 + 0.47, respectively, which were also sig
nificantly higher-(p<O.Ol) than the control values of 0.54 + 0.12 and 3.1 
~ 0.44. These results indicate that the presence of excess-serum T4 pro
tein binding in FDH may allow an increased cellular uptake of T4 through 
enhanced net dissociation of albumin-bound T4, despite a normal serum FT4 
concentration. Absolute T4 uptake is probably accentuated in tissues which 
have direct access to protein-bound T4. 
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ELEVATION OF SEX HORMONE BINDING GLOBULIN (SHBG) LEVELS IN SOME SERA WITH 

INHERITED INCREASE IN THYROXINE BINDING GLOBULIN (TBG) 

J. Wortsman, I.K. Williams, B.C. Nisula, W. Rosner, and 
B.N. Premachandra 

SIU Medical School, Springfield IL, NIH, Bethesda, MD, St. 
Luke's/Roosevelt Hospital, New York, NY, and VA Medical 
Center and Washington University, St. Louis, MO, USA 

Previous observations reported from this laboratory have shown that 
there is often an elevation of sex hormone-binding globulin (SHBG) in sera 
with excess thyroxine (T4) protein binding (e.g., familial dysalbuminemic 
hyperthyroxinemia (FDH) (1). The elevation of sex hormone transport pro
tein was apparently not an estrogen-mediated effect, as cortisol-binding 
globulin (CBG) levels in sera with elevated SHBG were normal. Since SHBG 
is a thyroid hormone (TH) sensitive protein, the possibility was enter
tained that the elevation of SHBG in subjects with excess T4 protein bind
ing (as in FDH) may have been due to the availability of a greater than 
normal amount of T4 for tissue uptake (despite a normal level of free thy
roxine (FT4)). In view of these observations, SHBG determinations, as 
well as in vitro T4 uptakes from sera, were studied in another hyperthy
roxinemic syndrome caused by an excess of T4 transport protein, viz. in
herited TBG increase. 

METHODS 

The presence of high TBG in sera was suggested by an elevated total 
T4 and low T3 uptake, and was further characterized by conventional and 
reverse flow electrophoresis techniques, as well as by measuring TBG-RIA 
concentrations. For the determination of red cell uptake of 125I-T4 from 
sera, out-dated whole blood was obtained from the American Red Cross, and 
the cells were washed 4 times with saline. Equal volumes of washed cells 
were then incubated with 1/25 diluted normal or high TBG sera that had been 
previously equilibrated with 125I-T4· The incubation was allowed to con
tinue for either 1 min or 2 hr. After incubation, the cells were washed 
again 4 times with saline and radioactivity of the cell pellet was measured 
in a scintillation counter. T4, T3, as well as TSH measurements, were per
formed by conventional RIAs. SHBG and CBG concentrations were also deter
mined by RIA procedures. T3 resin uptakes were measured in a clinical lab
oratory. FT4 was determined by equilibrium dialysis techniques. 

RESULTS 

The data on thyroid parameters in subjects with TBG excess from six 
different families are shown in Table 1. As expected, individuals positive 
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Table 1. Thyroid Function Data in Sera from Six Families with High TBG 
Inheritance 

Resin 

Sample FT4 T4 T3 Uptake TSH 

Number (ng/dl) (llg/dl) (ng/dl) (%) (1Junits/ml) 

Family 4fo1 

1.6 14.5 237 20 1.5 

2 1.8 15.0 184 21 1.5 

Family #2 

3 2.0 26.2 452 16 1.4 

Family 4fo3 

4 2.1 15.5 224 21 1.3 

5 7.5 159 30 1.9 

6 7.8 118 29 1.3 

7 1.8 20.0 318 16 4. 7 

8 7.2 119 29 1.1 

Family 4fo4 

9 1.6 13.7 186 31 < 1 

10 1.5 14.1 180 29 < 1 

Family #5 

11 1.8 19.0 304 17 2.3 

Family 4fo6 

12 1.3 11.0 206 25 3.1 

Normal range (0.9 - 2.3) (5 - 12) (80 - 200) (25 - 35) (0 - 10) 

for the TBG excess trait exhibited the typical pattern of elevated total T4 

low T3 resin uptake, T3 levels in the upper normal or hyprthyroid range, and 
normal concentrations of TSH and FT4. In five out of nine female subjects 

with TBG excess, SHBG concentrations (116 + 42 nM) were elevated. Two of 

these subjects had an SHBG elevation 100% ~bove the normal mean. In the 
one male subject with TBG excess, SHBG concentration (57 nM) was above the 

normal range (12-52 nM). These data suggest that there might be sub-groups 

of subjects with TBG excess exhibiting normal or significantly elevated 
serum SHBG concentration. Although SHBG concentrations in sera with TBG 
excess were elevated, CBG levels were in the normal range with one excep
tion (Table 2). 

Despite a significant decrease in fractional T4 uptake because of 

excess protein binding, the absolute RBC T4 uptake (total T4 X % uptake) 
in high TBG sera was greater than in normals after a 2 hr incubation, but 
not at 1 min due presumably to a higher degree of statistical variability 
(Table 3) in the latter. The relative differences in RBC uptake of 125r-T4 

between normal and TBG excess sera were also sustained when varying red cell 

populations were utilized in the assay. The red blood cell assay system 

564 



Table 2. SHBG Concentrations in Sera of Subjects with 
Inherited or Congenital TBG Excess 

TBG SHBG CBG 
Sera Sex (mg/dl) (nM) (nM) 

1 F 6.6 57 808 

2 F 4.4 80 898 

3 F 5.6 169 652 

4 F 7.9 131 953 

5 F 3.4 40 707 

6 F 3.8 52 

7 F 3.5 58 

8 F 6.7 80 

9 F 4.6 70 

Mean 5.1 + 1.6 81.9 + 41.8 804 + 126 

10 M 7.0 57 

Normal Range: 
Females 2.0 + 0.3 64 + 15 415 + 941 
Males 1.8 + 0.3 32 + 10 415 + 941 

used for studying T4 extraction was sensitive to variations in available 
FT4 in the system as demonstrated by the expected marked increase in both 
fractional and absolute T4 uptakes from hyperthyroid sera in comparison to 
FDH sera. 

DISCUSSION 

The elevation in SHBG concentration in sera with TBG excess is in
triguing and represents the second instance where SHBG elevations are ob
served in sera with excess T4 binding (the other case being FDH) (1). The 
observed increase in SHBG in subjects with TBG excess was apparently not 
the result of an increase in circulating estrogen, since these patients 
were either post-menopausal, or otherwise had normal CBG levels. These 
observations are of interest, as they suggest that in subjects with TBG 
excess, there might be a common genetic abnormality affecting both of the 
hepatic glycoproteins, TBG and SHBG; or, alternately, in view of the demon
strated sensitivity of SHBG to thyroid hormone (TH), the increase in SHBG 
in inherited TBG excess may have been due to a greater than normal amount 
of thyroid hormone available (i.e., through increased TBG-T4 dissociation) 
for hepatocyte uptake than can be gauged from serum free thyroxine concen
tration alone which is usually in the normal range in subjects with T4 
transport protein-induced hyperthyroxinemia. That this indeed might be the 
case was shown in preliminary RBC uptake measurements which were greater in 
TBG excess sera in comparison to controls, despite the fact that serum FT4 
concentration in the former was in the normal range. 

The observations indicating that there might be increased T4 cellu
lar uptake from sera with TH transport protein excess take on added signif-
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icance in view of the recent observations which suggest that T4 bound to 
albumin (2), as well as pre-albumin (3), is readily extractable by hepato
cytes in vivo. Ekins (4) has suggested that in tissues served by capillar
ies which are permeable to thyroxine binding proteins, hormone delivery rate 
is markedly dependent on the serum level of bound hormone. In the case of 
elevated TBG in pregnancy, increased concentration of bound T4 may allow 
more T4 for placental passage. As FT4 concentrations are normal in TBG 
excess sera, this suggests that there is an increase in the net dissocia
tion of T4 from T4 binding proteins. As in FDH with increased serum T4 
binding, elevated T4 binding in inherited TBG excess (or in pregnancy) 
does not render the subject hyperthyroid, since enhanced availability of 
T4 probably occurs only in tissues whose capillaries are highly permeable 
to TBP. 

SUMMARY 

Previous observations from our laboratory have shown that in sera with 
excess thyroxine (T4) protein binding (as in familial dysalbuminemic hyper
thyroxinemia) there is often a corresponding elevation in serum SHBG. In 
further studies, sera from ten subjects with TBG excess were examined for 
serum SHBG levels. The TBG excess subjects represented one male and nine 
females with TBG-RIA concentration varying from 3.4- 7.9 mg/dl (normal 
range for both male and female= 1.2- 2.6 mg/dl). Total T4 concentration 
varied from 11.0- 26.2 ~g/dl (normal 5.5 - 12.0 ~g/dl); whereas, free thy
roxine (FT4) concentration (1.3 - 2.1 ng/dl) was within the normal range 
(0.9- 2.3 mg/dl). In five out of nine female subjects, SHBG concentra
tion was 106 + 42 nM which was higher than normal controls (64 + 15 nM). 
In the one male subject with TBG excess, SHBG concentration was-57.5 nM 
which was above the normal range for males (12 -52 nM). The parallel in
crease of SHBG and TBG concentrations does not appear to be an estrogen
mediated effect, as this correlation was also noted in a male and in two 
post-menopausal women. The increase in SHBG level in six out of ten sera 
with TBG excess may have been due to enhanced hepatic T4 uptake due to in
creased net T4 dissociation from serum T4 binding proteins, despite normal 
serum FT4 concentration. Alternately, the parallel increase in transport 
proteins might repreent a genetic abnormality affecting both of the hepatic 
glycoproteins TBG and SHBG. 
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IDENTIFICATION AND REGULATION OF THYROPEROXIDASE: USE OF SPECIFIC ANTISERUM 

M.A. Christine Pratt-Carlin, Margaret C. Eggo, and Gerard 
N. Burrow 

C.H. Best Institute and Department of Medicine 
University of Toronto 
Toronto, Canada 

Thyroid peroxidase is the hemoprotein enzyme involved in catalyzing 
the iodination and subsequent coupling of tyrosyl residues in thyroglobulin 
(Tg) to form thyroid hormone (1-13). 

Proteolytic purification of this tightly membrane-bound enzyme has 
yielded fragments whose characteristics, including molecular weight, have 
depended on the method of solubilization (4,13,15). Molecular weight esti
mations of the trypsinized enzyme have ranged from 45,000 in beef (4) to 
64,000 in hog (6) to larger fragments of molecular weight of 92,000 and 
greater in both beef and hog thyroid preparations (5,12,16). 

Since thyroperoxidase is clearly an essential enzyme in the biosynthe
sis of thyroid hormone, we have attempted a more accurate characterization 
of this hemoprotein enzyme by immunoprec~p~tation. To this end, we have 
obtained anti-thyroperoxidase from Dr. A. Taurog at the University of Tex3c 
Health Science Center. There has not been a successful preparation of this 
antisera prior to this because of the problems associated with purification 
of thyroperoxidase, as well as lack of sufficient quantities for immuniza
tion purposes. The antiserum was made against a partially purified highly 
active preparation of thyroperoxidase from a porcine source and was found 
to react with the immunizing antigen in an Ouchterlony immunodiffusion assay 
at a dilution of 1:64. We performed three different experiments to assess 
the specificity of the antiserum. The first involved a test of its ability 
to immunoprecipitate the iodinating activity from a crude solubilized thyra
peroxidase enzyme preparation. Tg was used as a substrate and the results 
were expressed in the form of acid precipitable counts of 125I incorporated 
into Tg. When thyroperoxidase antibody was used to immunoprecipitate the 
active enzyme from these assays, the amount of iodinated Tg was reduced 80% 
to background level (Table 1). Antibodies against intestinal peroxidase, 
horseradish peroxidase, and normal rabbit serum did not remove this activity. 
A second experiment was then performed in which poly (A)+ RNA from sheep 
thyroid (i.e., mRNA) was used to program the cell-free translation of thyroid 
specific polypeptide products. When these polypeptides (products) were re
acted with anti-thyroperoxidase serum and electrophoresed, a single band of 
molecular weight 77,000 was detected which confirmed that the antiserum has 
a single detectable specificity (Fig. 1). Finally, since Tg is the major 
protein constituent of the thyroid, we also considered the reactivity of 
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Table 1. Immunoprecipitation of Iodinating Activity 
from a Crude Solubilized Thyroperoxidase 
Preparation 

Antiserum 

Intestinal peroxidase 

Horseradish peroxidase* 

Thyroperoxidase 

NRS 

Pansorbin only 

No serum 

No enzyme 

*This antiserum is directed against 
of horseradish peroxidase. 

CPM x 10-3 + S.D. 

10.162 1.299 

8.892 .732 

2.614 .086 

9.195 .143 

9.465 .618 

12.758 .849 

3.785 .318 

the active site 

The ability of various antisera against peroxidase 
to immunoprecipitate iodinating activity from a crude 
solubilized TPO preparation was tested. Non-serum 
controls were included. Values represent the mean of 
triplicate determinations from trichloracetic acid 
precipitable counts incorporated into substrate Tg. 

anti-thyroperoxidase with Tg which may have been a contaminant in the immu
nizing antigen but we found no reactivity between thyroperoxidase antiserum 
or normal rabbit serum with 125I-Tg (Table 2). 

We then used the antiserum to study the immunoreactive products present 
in the ovine thyroid cell culture. For these experiments we collected two
week cultures of thyroid cells which had been labeled overnight with 33s
methionine. These cells' membranes were lysed and the membrane and cyto
solic proteins were incubated with anti-thyroperoxidase. Immunoprecipitates 
were collected and electrophoresed under reducing conditions on an SDS-poly
acrylamide gel and subjected to autoradiography. Anti-thyroperoxidase pre
cipitated a protein with molecular weight 104,000 which was most abundant 
in those cells cultured in the presence of TSH (Fig. 2). The difference in 
molecular weight between the translation product and the native enzyme can 
be explained by the fact that thyroperoxidase is glycosylated and contains 
a heme prosthetic group. Also noted on this autoradiograph was a doublet 
of proteins with molecular weights of 58,000 and 60,000 which were of great
est intensity in the lane containing immunoprecipitate from cells cultured 
without TSH. Since the appearance of the higher molecular weight form of 
the enzyme in TSH-stimulated cultures corresponds well with the ability of 
these cells to iodinate thyroglobulin, we have concluded that this repre
sents the active form of the enzyme. Furthermore, the presence of the two 
lower molecular weight species, most prevalent in unstimulated cells, and 
their concurrent decrease in iodinating activity suggests that thyroperox
idase is indeed synthesized in these cultures but may be rapidly broken 
down into two smaller, possibly inactive species. The molecular weight of 
the active enzyme agrees well with that determined by other investigators. 
We have have detected the smaller molecular weight species because our de
tection was based on immunoreactivity and not peroxidase activity. The 
58,000 and 60,000 molecular weight species are unlikely to be non-related 
contaminants identified by the antiserum due to their presence in the anti
gen preparation because of their TSH dependence, as well as the singular 
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2 3 4 , 

Fig. 1. Autoradiogram depicting 
the cell-free translation 
products of sheep thyroid 
poly (A+) RNA. RNA was 
prepared from frozen 
glands and poly (A+) RNA 
selected on oligo dT cel
lulose then translated in 
a rabbit reticulocyte 
lysate in the presence of 
35s-methionine. Aliquots 
were reacted with anti
body then subjected to 
SDS-PAGE, dried, and the 
autoradiogram obtained. 
Lane 1: immunoprecipita
tion with anti-TPO anti
serum. Lane 2: antithyro
globulin immunoprecipitate. 
Lane 3: NRS. Lane 4: re
ticulocyte lysate endoge
nous background. Lane 5: 
total poly (A+) trans
lation products. Non
specific bands determined 
by reference to lane 3 
are associated with the 
serum components. 

Table 2. Reactivity of Antithyroperoxidase with 
125r-thyroglobulin 

Antise rum 
TPO NRS Tg* Total (TCA) 

cpm 369 233 5686 6110 

*Tg-thyroglobulin. 
Thyroglobulin was iodinated in vitro by incubation 
of 125r with TSH-stimulated ~eep thyroid cells in 
1• culture then immunoprecipitated with the indi-
cated antiserum. 
TCA precipitable 
cipitate (n=3). 

Total cpm represents the mean 
125r available in each immunopre-
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2 3 4 

104 -

5 6 

Fig. 2. TPO reactive cytosolic 
proteins from sheep 
thyroid cell culture. 
Thyroid cells were 
grown overnight in the 
presence of 35s
methionine and with or 
without TSH. Immuno
precipitation was per
formed and the products 
were subjected to SDS
PAGE followed by auto
radiography. Lanes 1 
and 2: TPO immunopre
cipitate (+ and - TSH, 
respectively). Lanes 
3 and 4: NRS immunopre
cipitate (+ and - TSH, 
respectively). Lanes 
5 and 6: total cytosolic 
protein (+ and - TSH, 
respectively). Back
ground bands at 200,000 
and 43,000 are cell 
culture protein con
taminants of all 
immunoprecipitates. 

gen preparation because of their TSH dependence, as well as the singular 
specificity demonstrated by the translation product immunoprecipitation. 
This experiment also shows that native peroxidase is a single polypeptide 
with no intermolecular disulphide bonds. 

In order to study the accumulation of anti-thyroperoxidase reactive 
products over time, we performed a Western immunoblot of electrophoresed 
TSH-stimulated cell lysates from two-week ovine thyroid cell cultures. When 
electrophoresis was performed under non-reducing conditions, poorly resolved 
material was evident (probably thyroperoxidase aggregates) in the region at 
and above 100,000 daltons. Also present were two sharp bands of molecular 
weight, 54,000 and 58,000. The aggregates almost completely disappeared 
with reduction, leaving only a band at about molecular weight 100,000 and 
increasing the intensity of the two smaller species. We have interpreted 
these results as signifying a basal level of synthesis and breakdown of 
thyroperoxidase both in the TSH-stimulated and unstimulated ce lls. The 
inducibility of iodination in thyroid cell cultures upon addition of TSH 
may involve not only an increase in the synthesis of the enzyme, but also 
its stabilization. Such an effect would explain the apparent short life 
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span of active thyroperoxidase in the absence of TSH in the cell cultures 
and would provide the basis for a finely tuned response to TSH modulation 
of the synthesis of thyroid hormone. 
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IRREVERSIBLE INACTIVATION OF LACTOPEROXIDASE BY EXCESS HYDROGEN PEROXIDE 

INVOLVING CLEAVAGE OF THE CATALYTIC HEME MOIETY* 

Heinz Kohler, Martin Huwiler, and Herbert Jenzer 

University Clinic of Medicine 
Inselspital 
Bern, Switzerland 

Iodination of tyrosyl residues and the coupling reaction to produce 
the thyroid hormones are catalyzed by one single enzyme, the thyroid per
oxidase. In addition to the two substrates, tyrosine and I-, the presence 
of H202 is required. Though the overall pathway for the two reactions has 
been known for a long time, the molecular mechanism, and especially the 
regulatory functions of I- and H202, are still a matter of debate. In this 
report we present evidence that H202 and I- are not merely essential sub
strates but, in addition, they may be involved in the regulation of enzyme 
activity. 

RESULTS AND DISCUSSION 

Since thyroid peroxidase and lactoperoxidase (LPO) have been shown to 
behave very similarly (1,2), we have used LPO as a model enzyme in all ex
periments. The prosthetic group of this hemoprotein has been reported to 
be Fe-protoporphyrin IX (3). In the ground state the iron is in the ferric 
(+III) form. A catalytic cycle proceeds as follows (4). 

LPO cpd I (1) 

cpd I + AH cpd II + A· (2) 

cpd II + AH LPO + A· (3) 

+ A· ~) 

Oxidation with H202 results in formation of cpd I (reaction 1). Al
though opinions on the exact chemical nature of this compound are still 
controversial, it is generally accepted that it retains the two oxidizing 
equivalents from H202, thus being capable of accepting two electrons from 
an electron donor (2). If cpd I reacts with a !-electron-donor (reaction 
2), cpd II and an A· radical are produced. In a second 1-electron trans
fer (reaction 3), cpd II is reverted to the ground state and the two A· 
radicals may terminate the cycle as shown in reaction 4. In the absence 
of an exogenous electron donor, H202 may function as a reductant. This 

*This work was supported by the Swiss National Science Foundation, Grant 
No. 3.987.-084. 
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Fig. 1. Formation and decay of cpd II (A) and cpd III (B) from LPO 

in the presence of excess H202 were followed by serial over

lay recordings of spectrophotometric rapid scans in the 

Soret region. Time intervals between scans: 1 min. Some 

of the cycle numbers are indicated in the figure. 

1s shown in Fig. lA, where LPO by addition of 20 ~M H202 is converted into 

cpd II. Cpd I cannot be detected under these experimental conditions due 

to a rapid spontaneous conversion into cpd II (2). The peak of cpd II then 

decreases slowly with a simultaneous recovery of the native enzyme. The 

curves going through an isosbestic point on the original peak (421 nm) sug

gest nearly full recovery of the native enzyme. If the H202 concentration 

is increased to 1 mM, cpd II reacts with excess peroxide whereby cpd III 

is formed (Fig. lB). The peak of cpd III decreases very sluggishly with 

time. However, in contrast to the decomposition of cpd II, no compensatory 

recovery of the native enzyme can be observed during that time. Only when 

almost all of the excess H202 is used up does cpd III shift back into cpd 

II which is then reconverted into native peroxidase. The difference be

tween original and final peak heights is directly proportional to the loss 

of enzyme recovery (5). 

Finally, if the H202 concentration is increased to 10 mM, cpd III com

pletely disappears over a period of several hours without any recovery of 

the native enzyme (Fig. 2). This total loss of absorption in the Soret 

region suggests destruction of the heme moiety corresponding to irrevers

ible inactivation of LPO . 
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Fig. 2. Total decay of cpd III (3 
~m) in the presence of 10 mM 
HzOz. No compens atory for
mation of native LPO occurs. 

This hypothesis was experimentally confirmed by determining enzyme 
activity which was zero after loss of the Soret spectrum (5). Moreover, 
when such a sample was treated with trichloracetic acid and the fractions 
analyzed by atomic absorption spectroscopy , the heme iron was detected in 
the supernatant, whe r eas i t was f ound in the precipitate when native LPO 
was treated simi lar ly. All expe riment s presented so "far were carr i ed out 
in the absence of an exogenous elec tron donor. In order to evaluate the 
effect of such a reductant on compound formation and enzyme inactivation, 
I- was added to the otherwise unchanged incubation mixture. A catalytic 
cycle in the presence of iodide proceeds as follows: 

LPO + HzOz ~ cpd I ( 5) 

HzOz HzOz 

1 : c pd II cpd III 
cpd I (6) 

LPO + I+ 
I 

r- I-
I + Iz I) (7) 

mol ecul a r Oz 
Iz/I+ + HzOz supe roxide anion o2 (8 ) 

singl e t oxygen 16g Oz 
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Fig. 3. Addition of 10 ~M I- to an 
otherwise identical incuba
tion mixture as described in 
Fig. 2 accelerated the over
all reaction rate. After 
about 20 minutes, cpd III 
shifted back via cpd II into 
native LPO. 

The following reactions deserve special attention. First, reaction 6 

indicates that H202 and I- may compete for the active site of cpd I. H202 

produces cpd II in a 1-electron transfer, which is converted into cpd II 

in a 1-electron transfer, which is converted into cpd III with additional 

H202, whereas I- reacts in a 2-electron transfer with cpd I resulting in 

the production of iodinium cation I+ and native enzyme (4). These two 

pathways do not exclude each other, but may occur simultaneously. One or 

the other reaction may be favored depending on the concentrations of the 

reactants. The second point to consider is that I+ and/or I2, but not I3, 

can oxidize H202 and produce molecular oxygen, singlet oxygen, or superox

ide anions as indicated in reaction 8 (6). 

In Fig. 3 the results of a typical experiment are shown. Whereas in 

the absence of I- cpd III was degraded slowly but completely (Fig. 2), 

even small amounts of I- accelerated the reaction including inactivation 

as shown in separate experiments (5). However, after about 20 minutes, 

the peak of cpd III shifted back via cpd II to the ground state and thus 

preserved the enzyme activity to some extent. 

Experiments to establish the nature of the substance which irrevers

ibly inactivates peroxidase are presently underway. All data obtained so 

far indicate that the damaging component is not H202, as often assumed, but 

a reaction product thereof such as superoxide radicals or singlet oxygen, 

which are produced possibly in a catalatic or pseudocatalatic pathway from 

LPO + H202 or from H202 and I2 (6). Although superoxide anions or radicals 

respectively (pKa 4.8) are not believed to be directly involved in the pro

cess of irreversible enzyme inactivation, they may react with H202 in the 

following way: 
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(9) 

In this pathway, known as the Haber-Weiss reaction, hydroxyl radicals 
OH· are produced (7). Whether this radical is the actual damaging species, 
however, remains to be established. 

SUMMARY 

We have presented evidence that: 

1. Excess H202 converts LPO into cpd III followed by irreversible 
inactivation of the enzyme. 

2. I- in low concentrations accelerates the overall reaction rate 
including inactivation but partially preserves enzyme activity. 

3. Irreversible inactivation of peroxidase involves decomposition of 
the heme moiety and liberation of heme iron. 

4. Although the exact nature of the damaging substance is not yet 
established, there is strong evidence that it is not H202, but a reaction 
product thereof which is generated in a catalatic or pseudocatalatic reac
tion. 
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RESIDUAL CAPACITY FOR IODIDE ORGANIFICATION IN HUMAN THYROID SLICES 

PROVOKED BY HYDROGEN PEROXIDE 

Toshiro Nakashima,1 Shiro No~uchi,2 Ken Okamura,3 
Akiyo Shiroozu,3 Kaoru Sato, Hiroshi Ikenoue,3 and 
Masatoshi Fujishima3 

1The Kaita Hospital, Kaita, Kaho Pref., Fukuoka, 2Noguchi 
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Iodination of tyrosyl residues in thyroglobulin is one of the essen
tial steps of biosynthesis of thyroid hormones. In 1944, Dempsy demonstra
ted a peroxidase in the thyroid histochemically (1). Since then, the study 
concerned with thyroid hormone production has progressed greatly. So far, 
evidence has been provided, indicating that thyroid peroxidase is the key 
enzyme for iodide organification in the thyroid. Subsequently, it was also 
demonstrated that the process of thyroid hormone synthesis involves hydrogen 
peroxide. 

Ahn and Rosenberg observed H202 generation in canine thyroid, which was 
increased by adding TSH (2), whereas Johansson and Bjorkman provided cyto
chemical evidence of H202 generation (3). Benard and Brault showed that 
100 mg of hog thyroid slices generated 7 ng of H202 per min by a method using 
homovanilic acid (4,5). Thus, there have been several reports demonstrating 
that the thyroid itself generates hydrogen peroxide, which is a sine qua non 
for hormone synthesis. Yet, we are not certain as to whether hydrogen per
oxide generation is the rate-limiting step of hormone synthesis in the human 
thyroid, as suggested by results from Chiraseveenuprapund and Rosenberg using 
calf thyroid (6). The purpose of the present study, therefore, was to fur
ther investigate this problem. 

MATERIALS AND METHODS 

Thyroid tissues were obtained at surgery. The thyroid tissue was cut 
immediately with an ice cooled slicer. Two thyroid slides weighing 20-40 
mg were placed in a prewarmed 100 ml Erlenmeyer flask for 60 min preincuba
tion at 37"C, which contained 5 ml of Eagle's solution with 5 mU of TSH and 
500 pmole of iodide. 

After preincubation, the tissues were transferred into another flask 
containing a solution similar to that for preincubation but with addition 
of 5 ~Ci of 125I and hydrogen peroxide. Postincubation was performed for 
another 60 min at 37"C. Each tissue was weighed after incubation and homog
enized in a glass homogenizer with 1 ml of 0.067 M phosphate buffer, pH 7.0, 
containing 1 ~mole of methimazole. 0.8 ml of homogenate was precounted in 
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a Y counter and mixed with 2 ml of 10% TCA solution. The mixture was cen
trifuged at 3,000 rpm for 5 min. The supernatant was discarded, and the ac
tivity of the precipitate counted. In the case of medium, 0.3 ml of medium 
was precounted and added with 0.1 ml of carrier serum for TCA precipitation. 
The precipitate was washed twice with TCA solution. In order to observe the 
effect of hydrogen peroxide, 2.5 vmole (1.7 vg/0.1 ml/hr) of H202 was added 
to the postincubation medium. The duplicated thyroid tissues were then 
pooled for homogenization, and 2 ml of the methimazole phosphate buffer was 
used instead of 1 ml of the buffer as in the case mentioned above. TCA pre
cipitable iodine (considered as PBI) was expressed in pmole/0.1 g thyroid 
tissue/hr. 

The effect of 500 nmole/ml of H202 was examined with 13 surgical spec
imens; 9 Graves' disease, 2 perinodular, and 2 adenoma tissues. 

RESULTS 

Incubation Method 

The aim of the present experiment, as indicated above, was to demon
strate that hydrogen peroxide is the rate-limiting step of thyroid hormone 
synthesis, by showing a residual capacity for iodide organification in human 
thyroid slices upon the addition of hydrogen peroxide. To achieve this aim, 
the incubation technique in this type of experiment must be excellent, i.e., 
yielding thyroid hormone production close to an in vivo pattern. Our data 
with the present incubation method already describedllrf), is shown in Fig. 
1. The pattern and yield of iodoamino acid in rat thyroid by this in vitro 
technique are fairly close to those obtained by in vivo injection of'iodide. 
Thus, this incubation technique appears to be appropriate to conduct this 
type of experiment. 

Effect of Various Doses of H202 (0-5 x 105 nmole/ml) on Iodination 

Thyroid tissue was obtained from a 12 year old female patient with 
Graves' disease, who was treated with 10 mg of methimazole and 30 mg of 
propranolol per day for a long time, and with I2 administration during the 
last nine days. Various doses of H202 were added to the postincubation 
media. The highest PBI was obtained with 5 x 102 nmole/ml of H202, which 
was approximately 450% that of without H202. On the other hand, PBI with 
104 nmole/ml of H202 was still 60% above the value of the control. How
ever, more than 5 x 104 nmole/ml of Hz02 depressed the PBI, suggesting that 
the thyroid might be damaged by a high dose of H202 (Fig. 2). 

Effect of 0-104 nmole/ml of H202 of Iodination (Fig. 3) 

The tissue was obtained from a 13 year old female patient with Graves' 
disease, who was treated with 10 mg of methimazole and 20 mg of propranolol 
per day for a long time, and with I2 administration for the last 12 days. 
Total PBI and intrathyroidal PBI with 5 x 102 and 103 nmole/ml of H202 made 
a plateau. However, the PBI or TCA precipitable iodine found in the medium 
after incubation did not make a peak. The precipitable iodine in the medium 
seemed to rise gradually with graded doses of HzOz, implying that higher 
doses of H202 might damage the tissue. These data, therefore, suggest that 
intrathyroidal PBI reflects the synthesis of thyroid hormone better than 
total PBI, including PBI in the medium. 

PBI without H202 and that with 10 nmole/ml of Hz02 showed a good agree
ment between duplicated samples. Otherwise, there were fairly large dis
crepancies between duplicated values with high doses of H202. No PBI at 
the higher doses of H202 was lower than the values with 0 or 10 nmole/ml 
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Fig. 2. Effect of various doses (0-5 x 
105 nmole/ml) of H202 on iodin
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highest PBI was obtained with 5 
x 102 nmole/ml of H202. PBI was 
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with graded dose of H202. 

of H202. As mentioned above, 10 nmole/ml of H202 was not sufficient to 
overcome a catalatic activity in the thyroid to stimulate iodination. Based 
on the above data, 5 x 102 nmole/ml of H202 was used in subsequent experi
ments with patients, and duplicated samples were pooled for homogenization 
to minimize fluctuation of data. 

Study of Clinical Cases 

Effect of H202 on iodination of Graves' disease thyroid (Fig. 4). 
Nine patients w1th Grav~ d1sease were treated w1th MMI, propranolol, and 
I2 except for one case treated only with 20 mg of KI per day. All patients 
were euthyroid at surgery. Exogenous hydrogen peroxide significantly en
hanced PBI synthesis in all nine cases with Graves' disease. PBI expressed 
in percent of the control ranged from 123% to 1,245%. Thus, residual capac
ity for iodination is demonstrated in the thyroid of patients with Graves' 
disease. 

Effect of H202 on iodination of two perinodular and two adenoma tissues 
(Fig. 5). Two morpholog1cally normal per1nodular t1ssues showed s1gn1f1cant 
increase in PBI formation by exogenous H202, but the adenoma tissues did not 
respond to H202. Results indicate that perinodular thyroid tissue, as well 
as Graves' thyroids, have a residual capacity for hormone production, ~hich 
can be elicited by adding H202, but adenoma tissues do not. 

DISCUSSION 

In the present experiment, less than 10 nmole/ml of H202 did not at 
all enhance iodination, implying that this concentration of H202 in the 
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medium is too low to reach an iodination site beyond an H202 destructive 
system in the thyroid. Since the work of Leblond and Gross in 1948 on the 
iodination site in the thyroid (8), many studies have been published. Most 
reports recognized morphological evidence of iodination in the follicular 
lumen close to the apical plasma membrane in the very early phase of the 
experiments, so that H202 added to the medium must cross the follicular 
cell against decomposing activity. However, 102 - 103 nmole/ml of H2o2 in 
Fig. 3 seems to overcome a catalatic activity in the thyro i d to stimulate 
PBI production. On the other hand, PBI or TCA precipitable iodine in the 
medium does not seem to reflect synthetic ability of the thyroid, but to 
be derived from destructed tissue. Thus, in the in vitro system including 
H202, intrathyroidal PBI should reflect better th~PBI synthetic activity 
of the thyroid than PBI in the medium or total PBI. 

Hydrogen per oxide enhanced i odina t i on in all cas es with Graves' di s 
e as e , as well as in normal t i s sues . Th is r esult suggests tha t the H202 
supply is the rate-determining step in thyroid hormone s ynthesis and that 
the peroxidase enzyme is used for the reaction repeatedly , while the H202 
generated is probably decomposed in a very short time. 

In contrast to tissues from Graves' disease or normal tissues, adenoma 
t issues d i d not respond a t all t o H202 . One possible explanation i s t h a t 
H202 could not r each the i od i nat i on sit e due to strong decomposing ac tiv
ity i n the ade noma t is sue. The othe r i s tha t the ade noma t i ssue genera t es 
large amounts of H202, stimulating iodination to a maximum level. If H202 
would be supplied excessively, the rate-determining material could be iodide 
rather than H202, which might be trapped or restrictedly by the adenoma 
tissue. Attention should be paid then t o H202 generation as an important 
factor in the mechani sms o f exces s i ve hormone production of thyrotoxi cosi s 
i n Graves ' disease. 
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In conclusion, H202 generation seems to be the rate-determining step 
of hormone synthesis of the thyroid which has suffic ient amounts of the 
othe r materials for hormone production, namely iodide, peroxidase and thy
roglobulin sufficiently. 
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T3 AND rT3 GENERATION FROM EXOGENOUS AND ENDOGENOUS T4 IN PERFUSED DOG 

THYROIDS 

Peter Laurberg and Hans Orskov 

Second University Clinic of Internal Medicine 
Kommunehospitalet 
Aarhus C, Denmark 

In previous studies, we found evidence for intrathyroidal deiodina
tion of T4 released from thyroglobulin (endogenous T4) to T3 and rT3 by 
iodothyronine deiodinases similar to those found in the liver (1). This 
is the major mechanism behind the relative hypersecretion of T3 and rT3 
compared to T4 observed in thyroid perfusion studies (1). 

The aim of the present study was to evaluate if the thyroid may also 
produce T3 and rT3 from exogenous T4, i.e., T4 entering the thyroid gland 
via the vascular bed. 

MATERIAL AND METHODS 

Purified T4 was obtained from Henning, West Berlin, FRG. Simulta
neous perfusions of the two separate thyroid lobes of dogs (2) were em
ployed in all experiments. One lobe served as a control. T4, T3, and rT3 
were measured by radioimmunoassays (3-5). Special precautions were taken 
when measuring T3 and rT3 in samples containing serum or high T4 combina
tions. Iodothyronine-free dog serum was prepared by treatment with char
coal (6). Student's t test for paired comparisons was employed for sta
tistical evaluation using a 5% limit of statistical significance. 

RESULTS 

In a series of experiments, both lobes were perfused with buffer 
medium (Krebs-Ringer bicarbonate buffer with 5 nmol/1 glucose, 4.6% dex
tran, and 0.2% bovine serum albumin) for 200 min. One lobe received, in 
addition, 200 ng/ml of T4 during the period 60-200 min. This gave a grad
ual increase in T3 and rT3 concentrations in effluents to levels several 
times higher than the controls. Results from individual experiments are 
shown in Table 1. 

To investigate the effect of the presence of thyroid hormone binding 
proteins in perfusates on T3 and rT3 generation, one lobe was perfused with 
the buffer medium, and the other with iodothyronine-free dog serum during 
the period 60-200 min. Both lobes received 200 ng/ml T4 during the period 
60-200 min. Perfusion with serum caused a decrease in T3 and rL3 genera
tion from exogenous T4 (Fig. 1). 
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Table 1. T3 and rT3 Production from Exogenous T4 in Perfused Dog Thyroid 
Lobes 

Exp. 

+T4 

Control 

2 +T4 

Control 

3 +T4 

Control 

4 +T4 

Control 

5 +T4 

Control 

6 +T4 

Control 

Mean +T4 

+ SE 

Mean Control 

+ SE 

P% 

T4 ng/ml 
30-60* 170-200* 

23.0 193.0 

15.0 4.5 

3.3 158.5 

4.6 4.9 

3.6 152.2 

3.3 3 .1 

15.4 174.1 

28.0 12.3 

29.0 231.7 

24.9 18.4 

42.6 169.9 

69.2 6.5 

19.5 179.9 

6.2 11.9 

24.2 8.3 

9.9 2.4 

NS 

T3 ng/ml 
30-60* 170-200* 

3.59 7.00 

2.69 1.39 

0.67 12.62 

1.04 1.03 

0. 76 9.81 

1.34 0.97 

2.51 6.39 

3.59 2.47 

3.38 5.97 

3.35 2.21 

3.80 1. 27 

5.43 0.97 

2.45 7.18 

0.58 1.57 

2.91 1.51 

0.66 0.27 

NS 1.8 

rT3 ng/ml 
30-60* 170-200* 

0.57 1.87 

0.60 0.22 

0.11 2.39 

0.16 0.18 

0.08 1.45 

0.11 0.12 

0.35 0.83 

0.37 0.27 

0.72 1.72 

0.68 0.43 

0.92 0.88 

1.60 0.30 

0.46 1. 52 

0.14 0.25 

0.59 0.25 

0.22 0.04 

NS 0.4 

*Mean of three effluent samples obtained during the minute interval 
indicated. Both lobes were perfused for 200 min. One lobe (+T4) 
received 200 ng/ml T4 during the period 60-200 min. 
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Fig. 1. Effect of perfusion with serum on 
T3 and rT3 generation from exoge
nous T4 in perfused dog thyroid 
lobes. Both lobes were perfused 
with buffer medium for 60 min. 
From 60-200 min, one lobe received 
200 ng/ml T4 in the buffer medium 
(control), and the other received 
200 ng/ml T4, added to iodothyro
nine-free dog serum. Shown are 
the concentrations of iodothyro
nines in effluent from lobes per
fused with serum in percent of 
corresponding control lobes at 
the end of the perfusion (170-200 
min); mean+ SE, n = 6. Hatched 
columns: p<O,OS vs control. 
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Fig. 2. Left: one lobe received 10-5M iopdate 
during the interval 60-200 min. Both 
lobes received 100 ~U/ml TSH during the 
interval 100-200 min. Ipodate lobe in 
percent of control lobe (results from 
( 7)). 

Right: one lobe was perfused with iodo
thyronine-free dog serum during the in
terval 60-200 min. Both lobes received 
100 ~U/ml TSH during the interval 100-
200 min. Serum lobe in percent of con
trol lobe (170-200 min). Mean+ SE, n = 
5. Hatched columns: p<0.05 VS control. 

To evaluate if some of the intrathyroidal generation of T3 and rT3 
from endogenous T4 (liberated from thyroglobulin) originated from T4 reup
take following secretion, one lobe was perfused with buffer medium for 200 
min and the other with iodothyronine-free dog serum during the period 60-
200 min. Both lobes received 100 ~U/ml bovine TSH during the period 100-
200 min (Fig. 2). Perfusion with iodothyronine-free dog serum did not in
fluence the generation of T3 from endogenous T4, while the generation of 
rT3 was significantly lowered. For comparison, the secretion pattern ob
served when deiodination of endogenous T4 to both T3 and rT3 is inhibited 
by lo-5 M ipodate, as studied previously (7), are shown (Fig. 2). 

DISCUSSION 

Thyroid perfusion studies in rats (8) and dogs (l) have shown that 
thyroid secretions contain relatively more T3 and rT3 compared to T4 than 
should be expected from the iodothyronine content of thyroglobulin. The 
major mechanism behind this disparity is that some of the T4 released from 
thyroglobulin (endogenous T4) is deiodinated to T3 and rT3 before leaving 
the thyroid (1). This deiodination is catalyzed by enzymes similar to those 
found in some other organs such as the liver (9-11). The enzyme capacity is 
increased by prolonged hyperstimulation of the thyroid (11-13). This, how
ever, influences only slightly the T4/T3 ratio in thyroid effluent from per
fused dog thyroids (14). In vivo studies in humans employing measurements 
of the venous-arterial diff;rence in iodothyronine concentrations across the 
thyroid, and the T4 and T3 content of thyroglobulin, have shown a relatively 
high rate of release of T3 from the intact human thyroid (15). Such a rela
tively high T3 difference across the thyroid, compared to T4, could be due 
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to deiodination of both endogenous T4 from thyroglobulin, and of exogenous 
T4 taken up from the blood passing through the gland and released again as 
T3. 

The present study shows that the thyroid can produce T3 from circula
ting T4. This T3 production was inhibited considerably by the presence of 
T4 binding proteins, probably due to a decrease in thyroidal uptake of T4. 
The production of T3 from endogenous T4 was not influenced by the presence 
of T4 binding proteins in the perfusate. This may suggest that in vivo in 
the normal thyroid, T3 production from endogenous T4 is more important than 
T3 production from plasma T4. However, in the hyperplastic, hyperstimula
ted thyroid, T3 production from plasma-borne T4 may well be of considerable 
quantitative importance. 

CONCLUSION 

The thyroid may produce T3 and rT3 by several mechanisms, including 
synthesis in thyroglobulin, deiodination of T4 released from thyroglobulin, 
and deiodination of T4 entering the gland via the vascular bed. The T3 
production from plasma-borne T4 may be of considerable quantitative impor
tance in certain types of goiter. 
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EFFECTS OF SYNTHETIC IODOLIPIDS ON THYROID FUNCTION "IN VITRO": POSSIBLE 

ROLE IN THYROID REGULATION* 

Mario A. Pisarev, t Gregorio D. Chazenbalk, Leon Krawiec,t 
Renata M. Valsecchi, Priscila Busse Grawitz, Guillermo J. 
Juvenal, and Gerardo Burtont 

Division Bioquimica Nuclear, Comision Nacional de Energia 
Atomica; Facultad de Ciencias Exactas y Naturales 
Universidad de Buenos Aires and Consejo Nacional de 
Investigaciones Cientificas y Tecnicas, Buenos Aires 
Argentina 

The inhibitory effects of iodine on the thyroid are mediated by an 
iodine organic intermediate (see review, 1), whose chemical nature is not 
known. Although thyroid hormones have been proposed to be such intermedi
ates, their role is still controversial (see ref. 2 for discussion). It 
is known that, in addition to thyroid hormones, the gland is capable of 
synthesizing iodolipids (see review, 3), another type of organic iodocom
pounds. We have recently shown that iodinated free fatty acids comprise 
most of the iodolipids (4). The results obtained with different inhibi
tors of arachidonic acid metabolism suggested that iodinated derivatives 
of arachidonic acid may be a component of iodinated free fatty acids. 
Moreover, recent data from our laboratory has shown that in calf thyroid 
slides incubated with 125I, the incorporation of radioiodine into 15-iodo-
14-hydroxy- and 15-hydroxy-14-iodo-eicosatrienoic acid (I-OH-A) and the 
corresponding lactones was observed (to be published). Boeynaems and 
Hubbard (5) have also shown that rat thyroid produces the acid 5-iodo-6-
hydroxy-eicosatrienoic 8,11,14 delta lactone (IL-o). In a previous pub
lication, we have demonstrated that a semi-purified preparation of iodo
arachidonate inhibits in vitro different thyroid parameters (6). We have 
also shown that studie~with pure preparations of I-OH-A and another de
rivative with an iodine atom in position 6 (IL-o). 

Calf thyroid slices were incubated as already described (6,7), and 
the following parameters were determined: 

Iodine uptake: T/M ratios were measured in slices incubated with 1 
mM MMI and pulse-labeled with 125I. Addition of 10-4M I-OH-A caused a 
69% inhibition, while no change was observed in slices treated with 10-4 
MIL-o. Dose-effect studies showed that I-OH-A was effective up to 10-6 
M. 

Time-course studies showed that the inhibitory effect of I-OH-A was 
evident when slices were preincubated for only 15 min with this compound. 
Arachidonic acid at lo-4 also inhibited iodine uptake. 

*Supported by grants from the Argentine National Research Council (CONICET). 
tEstablished investigators from the CONICET. 
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Iodine organification: The PB 125I was measured under similar condi
tions as above, except that MMI was omitted. Incubation with lo-4 M I-OR-
A caused a 64% inhibition while lo-6 M decreased PB by 12%. IL-Q was again 
less potent, since at lo-4 M it impaired this parameter by 45%. Arachidonic 
acid, lo-4 M, had no effect. TSH (20 mU/ml) caused a 35% stimulation, while 
simultaneous incubation of this hormone with lo-4 M and lo-5 M I-OH-A de
creased this value to 100% and 75%, respectively. Iodothyronines failed 
to change iodine organification. 

In order to further evaluate the possible mechanisms involved, the 
influence of actinomycin D and puromycin on I-OH-A action was assessed. 
Incubation with these compounds failed to alter the inhibitory effect of 
I-OH-A. 

Total RNA biosynthesis: Slices were labeled with 3H-uridine and its 
incorporation into total RNA was measured as already described (8). Incu
bation with lo-4 M I-OR-A caused a 52% inhibition in 3H-uridine uptake by 
the slices. A similar degree of inhibition was observed when RNA specific 
act~v~ty was measured. Therefore, we have concluded that I-OH-A mainly 
affects the uptake of this RNA precursor, and arachidonic acid was without 
effect. 

RNA transcription was measured by the incorporation of 3H-UTP into 
RNA by purified thyroid nuclei. Total activity, alpha amanitin sensitive 
(RNA polymerase II) and resistant activities (RNA polymerases I + II) were 
determined (9). Two experimental protocols were utilized: a) incubation of 
slices + I-OR-A, isolation of nuclei and determination of the activities; 
and b) preincubation of purified nuclei with I-OH-A and measurement of 
transcription thereafter. No influence of I-OR-A was observed under these 
conditions. 

Cyclic AMP formation: As already described, TSH (10 mU/ml) caused a 
significant stimulation of cAMP formation by calf slices. Addition of 10-5 
M I-OH-A blocked this action by 41%. 

Uptake of 14c-AIB: Incubation with 1o-5 M I-OH-A induced a signifi
cant decrease ~n the entry of the label to a greater degree than with KI. 
Addition of MMI did not influence this inhibition. Arachidonic acid had 
no significant effect. 

The present data demonstrate that an iodinated derivative of arachi
donic acid exerts a direct inhibitory effect of different thyroid parame
ters, thereby mimicking the effect of iodine. Although these findings 
strongly support our hypothesis that such compounds play a role in the 
mechanism of action of iodine and thyroid autoregulation, further studies 
will be required to determine their precise physiological significance. 
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FORMATION OF DIIODOTYROSINE (DIT) BY ETHER-LINK CLEAVAGE OF T4 IN RAT 

LIVER HOMOGENATE AS MEASURED BY DIT RADIOIMMUNOASSAY 

Harald Meinhold and Jorg Schwander 

Thyroid Research Group, Department of Nuclear Medicine and 
Endocrine Department, Klinikum Steglitz, Free University of 
Berlin, Berlin, Fed. Rep. Germany 

Recent studies clearly demonstrate that extrathyroidal formation of 
diiodotyrosine (DIT) by cleavage of the ether bridge of T4 is an existing 
pathway of T4 metabolism. Tracer techniques demonstrated DIT production 
by this pathway in vitro in phagocytosing human leukocytes (1) and both in 
vitro and in vivo-in the rat (1,2). Further evidence was provided by very 
recent in vivo studies on the turnover of DIT and T4 in thyroidectomized 
T4-substituted rats (3). The present paper describes studies on this meta
bolic process in rat liver homogenate using a sensitive radioimmunoassay for 
direct measurement of T4-derived DIT. Initial preliminary results have been 
reported elsewhere (4). 

METHODS 

Livers of female Wistar rats were homogenized in four volumes of ice
cold 0.12 M Tris buffer, pH 7.4, containing 0.03 M tetraethylethylendiamine. 
After addition of one volume of buffer, used for washing the homogenizer, 
the crude homogenate was centrifuged at 1500 g for 30 min. The supernatant, 
referred to hereafter as the homogenate, was used for subsequent incuba
tions. Protein concentration was determined by the method of Bradford (5) 
using the Bio-Rad protein assay kit. Homogenates not used immediately after 
preparation were stored at -2o•c. 

In a typical experiment, 100-150 ~1 of homogenate, conta1n1ng 2-6 mg 
protein, were incubated in a final volume of 0.5 ml with 1 ~M T4 as the 
substrate in the absence or presence of 50 mM 3-amino-1,2,4-triazole (AT) 
and other additives at 37•c for 60 min under oxygen. Reactions were stop
ped by adding 1 ml of ice-cold ethanol. After centrifugation, 20-50 ~1 of 
ethanol extracts were directly assayed for DIT. For DIT measurement, the 
RIA method described previously was used without prior immunoextraction of 
DIT from the sample (6). Control experiments were performed by the incuba
tion of T4 without homogenate and homogenate without T4, as well as the ad
dition of T4 to ice-cold homogenate without incubation (time-zero tubes). 
DIT concentrations measured in test samples were corrected for the amount 
of DIT in the time-zero tubes. 
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Fig. 1. DIT formation from T4 in rat 
liver homogenate under anaero
bic (Nz) and aerobic (Oz) con
ditions. 

A significant generation of DIT from its substrate T4 was observed 
only under aerobic conditions (Fig. 1). In an atmosphere of nitrogen, DIT 
production was undetectable or slightly above the detection limit of our 
assay system, even in the presence of the catalase inhibitor aminotriazole 
(AT). Fig. 2 presents data about the influence of the incubation time on 
the production of DIT from T4. Without AT, DIT increased up to 30 min and 
then remained unchanged up to 90 min of incubation. In the presence of 50 
mM AT, DIT increased progressively and, after 90 min, reached a mean value 
approximately 5-fold higher than the plateau values observed without AT. 
As shown in Fig. 3, a rise in AT concentration of up to 30 rnM was associated 
with an increased formation of DIT. DIT production was constant at AT con
centrations ranging from 30 to 60 rnM and tended to decrease at higher AT 
levels. Preincubation of homogenate at temperatures above 22°C resulted in 
a marked deactivation of the DIT-forming system. Preincubation for one hour 
at 37°C reduced DIT production to about 1/2, at 46°C to 1/10, and at 56oC 
to almost undetectable values in comparison to samples preincubated at 0°C 
(Fig. 4). T4 conversion to DIT was optimal at pH 7 to 8. The recovery of 
known amounts of DIT (5 and 12 . 5 nM) added to homogenate before incubation 
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ranged between 91.2% and 96.0%. There was no statistically significant deg
radation of DIT (0.1 and 10 nM) added at varying incubation periods from 10 
to 120 minutes. 

Table 1 presents data on the effects of metal ions and the chelating 
agent EDTA on AT-stimulated DIT formation. Two mM concentrations of cal
cium, magnesium, and zinc did not markedly influence DIT production, where
as bivalent manganese ions caused an almost complete inhibition of the re
action. A strong inhibition of the DIT-forming process was also observed 
after addition of 5 mM EDTA. Studies on the effects of propylthiouracil 
(PTU) yielded non-uniform results. Initial experiments using relatively 
low substrate (0.3-0.7 ~M T4) and high protein concentrations (6 mg per 
incubation vial) showed a dose-dependent inhibition of DIT formation. In 
later experiments (Table 2), PTU had no clear effect on DIT production 
either in the absence or in the presence of AT. Addition of the H202-
generating system glucose and glucose oxidase (GOD) surprisingly led to a 
reduction of basal, as well as AT-stimulated DIT formation. As shown in 
Table 2, this inhibitory effect was completely abolished by combination of 
glucose and GOD with PTU in the presence, but not in the absence, of AT 
stimulation. 
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Fig. 4. Effects of temperature and 
preincubation time on the 
viability of the DIT-form
ing act~v~ty. Homogenates 
were preincubated without 
T4 for 1 h at varying 
temperatures. Thereafter, 
incubation was carried out 
in the presence of the 
substrate T4 for 1 h at 
37•c. Inset: preincubation 
of homogenates for varying 
periods at 37•c followed 
by incubation with T4 sub
strate as above. 
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Table 1. Effects of Metal Ions and EDTA on the Aminotriazole
stimulated DIT Formation from T4 

Additivesa 

Control 
ca2+ 
Mg2+ 
Mn2+ 
zn2+ 

DIT production 
(pmol/nmol T4/mg protein/h) 

without EDTA with EDTA 

18.3 1.7 
22.4 2.2 

18.6 3.9 

0.7 1.4 
22.4 8.7 

a)concentration of additives: Aminotriazole 50 mM, EDTA 5 mM, 
and metal ions 2 mM. 

Studies using iodothyronines other than T4 as substrates for DIT for
mation by ether-link clevage in the rat liver yielded the following results 
(values as pmol DIT/nmol substrate/mg protein/h): T4 10.2; T3 6.3; 3,5-T2 
3.0; 3,3'-T2, and rT3 undetectable. 

DISCUSSION 

Our results confirm recent findings by Balsam et al. (2) that the rat 
liver degrades T4 to DIT in vitro. Balsam and co-workers (2), as well as 
Burger et al. who utilized human leukocytes as the in vitro system (1), used 
tyrosyl ring-labeled 125I-T4 as the precursor and chromatographic techniques 
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Table 2. Effects of Propylthiouracil (PTU), Glucose/glucose Oxidase 
(GOD), and Aminotriazole (AT) on the DIT Production from 
T4 in Rat Liver Homogenate 

DIT production 
(pmol/nmol T4/mg protein/h) 

Additives Experiment without AT with ATa 

Control I 6.9 46.2 

II 8.6 38.2 

I 5.4 46.2 

II 9.8 82.0 

Glucose/Gone I 2.5 5.5 

II 2.4 6.0 

Glucose/GOD and PTU I 1.7 52.2 

II 3.3 63.2 

a)Aminotriazole 50 mM, b)PTU 1 mM, c)Glucose (2 g/1)/GOD (1500 U/1). 



for separation of reaction products and detection of 125I-labeled DIT. How
ever, the present study has employed a sensitive radioimmunoassay for direct 
quantification of DIT generated from its unlabeled substrate T4 by the rat 
liver. In agreement with observations of the above mentioned authors, in 
vitro DIT formation from T4 was found to be an oxygen-dependent and temp
erature-sensitive process. Heat inactivation of the DIT-forming system in
dicated its enzymic nature. Inhibition of the HzOz-decomposing liver enzyme 
catalase by aminotriazole consistently led to a profound enhancement of DIT 
production. DIT generating act1v1ty seems to require polyvalent metal 
ions, since it was markedly inhibited by the chelating agent EDTA. 

PTU is known to inhibit most peroxidase-catalyzed reactions, although 
its activity is not limited to this effect (7). The substance has been 
shown to inhibit ether-link cleavage of T4 in phagocytosing leukocytes (1). 
In the present study, PTU in combination with AT abolished the suppressive 
effect of the HzOz-generating system glucose/GOD on DIT formation. This 
preliminary finding is difficult to interpret and, although obtained in two 
independent experiments, requires further investigation for confirmation 
and elucidation of the underlying mechanism. Apart from the unclear effect 
of PTU, our results support the suggestions of Burger et al. (1) and Balsam 
et al. (2) that DIT formation by clevage of the diphenyl ether bridge of the 
T4 molecule is a peroxidase-mediated enzymatic process. 
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IS IODIDE REQUIRED FOR PEROXIDASE-CATALYZED COUPLING IN THYROGLOBULIN? 

L. Lamas 

Departamento de Endocrinologia Experimental, Instituto de 
Investigaciones Biomedicas, Facultad de Medicina, C.S.I.C. 
Madrid, Spain 

There is controversy regarding the possible role of iodide in the cou
pling reaction. We first reported (1,2) that chemically iodinated thyro
globulin (Tgb), containing almost no iodothyronines and dialyzed to remove 
the remaining excess of iodide, would give rise to a significant amount of 
thyroid hormones when incubated in the presence of a peroxidase system 
(thyroid or lactoperoxidase and glucose, glucose oxidase as H202 genera
ting system) in the absence of added iodide, presumably by coupling of the 
preformed iodotyrosines. It was subsequently reported (3) that chemically 
iodinated Tgb releases iodide when incubated with peroxidase, suggesting 
that iodide is needed for coupling to occur and that maximal coupling rates 
are obtained with an iodide concentration as high as 100 ~ M. More recently 
(4), it has been reported that free iodide is an inhibitor of iodothyronine 
synthesis in vitro and that, in the presence of limiting H202, it act;vely 
regulates the efficiency of coupling. 

Thus, it was of interest to study the subject further. Since, in 
vitro, Tgb iodination and coupling take place almost simultaneously, -.e 
must first completely separate both reactions. We have been able to do so 
by either chemical iodination, which yields a very little amount of iodo
thyronines, or by enzymatic iodination with low iodide concentrations (5). 
By so doing, two phases can be distinguished: 1) iodination proceeds rapidly 
until completion and coupling also takes place, and 2) coupling alone pro
ceeds once iodination has been completed, followed by peroxidase-catalyzed 
coupling with or without prior removal of the remaining iodide by either 
gel filtration or dialysis, and comparison of the efficiency of T4 forma
tion. 

The results obtained show that coupling takes place with similar effi
ciency in samples where the iodide has or has not been removed. However, 
when iodide is removed prior to incubation with the peroxidase system, the 
enzyme regenerates minute amounts of iodide during the incubation, most 
likely by deiodination of Tgb (3). This very low iodide concentration may 
be required for coupling, though the exact mechanism is still not clear. 

MATERIALS AND METHODS 

Experimental design. Fig. 1 shows the approach followed to answer 
the question whether or not iodide is required for coupling. Iodine poor 
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EXPERIMENTAL DESIGN 

Iodine poor Tgb 
EnzymatiC I 

>In vitro Iodination ~ 
Chemical l 

Tgb at Iodination plateau 

SAMPLE A SAMPLE B SAMPLE C 

I ]- - .If D1alya1a 1!1 
~~ Sephadex G25 ~ ~ S1t11ng on 1ce 
- ~ 0.0117M P04• pH7.0 Column 

~ I A ' Tgb concentration matched 

~ Short term ~apet chromatography 

Tgb peak (volume meaaured) l j 
Peroxidase 

Incubation with Glucose + Time Intervals 

Glucose-Oxidase & paper chromatography 

COUP~ING __ lodoam.ino acid 
determmatlon 

Fig. 1. Outline of procedure for testing whether or not iodide 
is required for the coupling reaction. See text for 
more details. 

(0.04% I) human Tgb (1 nmole/ml), purified from a multinodular goiter kindly 
provided by Dr. Geraldo Medeiros-Neto (Sao Paulo, Brazil), was iodinated in 
vitro at a level of 25 atoms I per mole of Tgb, either enzymatically with--
iodide labeled with radioiodine (Amersham, SA 1 ~Ci/ atom), lactoperoxidase 
(Sigma, 1 ~g/ml), glucose (Merck, 1 mg/ml), and glucose oxidase (Boehringer, 
grade I, 1.5 ~g/ml) in phosphate buffer, 0.067 M, pH 7.0, at 37"C for in
creasing periods of time, or chemically with a triiodide solution (0.08 M 
12 in 0.25 M I-, labeled with radioiodine to a SA of approximately 25 ~Ci/ 
~atom) in the same buffer at room temperature for increasing periods of time. 
Once the iodination was completed, the labeled Tgb was divided into three 
samples: A) which was passed through a Sephadex G-25 column to separate any 
remaining iodide from the Tgb, B) which was dialyzed extensively against 
0.067 M phosphate, pH 7.0, to dialyze out the remaining iodide once the io
dination stopped, and C) which was left on ice until the Tgb peaks from A 
and B were processed (the Tgb peaks pooled and the volume measured). Once 
the Tgb concentrations had been matched and aliquots taken for short-term 
paper chromatography to determine the iodide concentration still remaining 
in each sample, they were incubated at 37"C with lactoperoxidase (1 ~g/ml), 
glucose (1 mg/ml), and glucose oxidase (1.5 ~g/ml) in the absence or pres
ence of lo-7 M I- (final concentration) for increasing periods of time at 
which both short-term and long-term (preceded by pronase digestion) paper 
chromatography were carried out to calculate the number of atoms of iodine 
and the number of residues of each iodoamino acid bound per mole of protein 
as previously described (1,6). 

RESULTS AND COMMENTS 

Fig. 2 shows the rate of in vitro enzymatic iodination and coupling 
of Tgb (left panel) and the increase in T4 formation after incubation, with 
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Fig. 2. Atoms of iodine (e) and residues of T4 (o) per molecule of Tgb 
formed by in vitro enzymatic iodination of iodine poor Tgb (left 
panel) and-rncrease of T4 in the prelabeled Tgb containing 24.4 
atoms I and 0.83 residues T4 per molecule at onset (right panel), 
by incubation with the peroxidase system with and without prior 
removal of free iodide. See text for more details. 

and without prior iodide removal, with the peroxidase system in the absence 
of any added iodide. As seen in the left panel, iodination proceeded very 
rapidly and was completed in five minutes, while coupling was still increas
ing. At 15 minutes, Tgb was separated and iodide was removed by gel filtra
tion or dialysis in some samples but not in other samples. The right panel 
shows that coupling increased from the control Tgb by further incubation 
with the peroxidase system. No differences were seen between the Tgb in 
which iodide had been removed and that in which the iodide had not been re
moved. 

Fig. 3 shows the T4 residues formed after incubation with peroxidase 
at different time intervals in three different samples, the free iodide 
present immediately after iodination (point out of the scale), and at dif
ferent periods after the onset of incubation with the peroxidase system. 
It is of interest to note that the free iodide concentration dropped almost 
to zero following gel filtration or dialysis, but remained constant in the 
sample left on ice. However, the number of atoms of iodine found as iodide 
increased during incubation with the peroxidase system in the two samples 
where iodide had been removed, supposedly by deiodination of Tgb by the 
enzyme (4), while it remained constant in the one where iodide had not been 
removed. Though not shown, addition of lo-7 M iodide to the samples where 
iodide had been removed prior to the coupling experiment did not result in 
any further increase in T4 formation. 

Since in the in vitro enzymatic iodination iodide and peroxidase are 
in close contact i;-the incubation mixture, iodide could play a role in the 
coupling reaction (3) by interacting with the peroxidase system and forming 
compound II, which presumably catalyzes only the coupling reaction (7) but, 
even after removal of any free iodide, this compound could already be pres
ent and catalyze the coupling between preformed iodotyrosines when incubated 
with peroxidase. If this is true, the approach using enzymatic iodination 
would not be adequate. In order to avoid this complication, a similar ex
periment was performed using chemically iodinated Tgb. As shown in Fig. 4, 
coupling also increased by increasing the incubation time of all samples 
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while, during incubation with the peroxidase system, the iodide concentra
tion increased only in the Tgb·sample passed through Sephadex G-25. It is 
clear, however, that the iodide concentration in all Tgb samples remained 
very low (lo-7 to 5 x lo-7 M) which, again, is compatible with the concept 
that iodide plays a role in the coupling reaction. 

In summary: 1) in vitro iodinated Tgb contains minute amounts of iodide 
in the reaction mixture~ Iodide removal from both chemically and enzymat
ically iodinated Tgb, prior to incubation with a peroxidase system in the ab
sence of added iodide, does not lead to a decrease in the efficiency of cou
pling. 3) Addition of small iodide concentrations lo-7 M) to iodinated Tgb, 
after removal of iodide and prior to incubation with a peroxidase system, 
does not change the coupling efficiency. 4) Iodinated Tgb from which iodide 
has been removed, regenerates minute amounts of iodide during incubation with 
a peroxidase system. From these results, we conclude that iodide, in very 
small concentrations (about 5 x lo-7 M), may be required for the coupling 
reaction though the exact mechanism is not yet clear. 
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INHIBITION OF THYROID PEROXIDASE (TPO) AND LACTOPEROXIDASE (LPO) BY GOITRIN 

AND RICININE 

SUMMARY 

Nicholas M. Alexander! and Nicolas Zenker2 

!Department of Pathology, UCSD School of Medicine, San 
Diego, CA, and 2Department of Medicinal Chemistry and 
Pharmacognosy, University of Maryland, Baltimore, MD, USA 

The plant toxins, goitrin and ricinine, inhibit TPO and LPO. Goitrin 
(0.3 mM) completely inhibits the peroxidase-catalyzed oxidation of iodide 
and is nine times more potent than ricinine. Both toxins also inhibit the 
p~roxidase-catalyzed oxidation of guaiacol, although less efficiently than 
iodide oxidation. Goitrin is oxidized by H202 in the presence, but not in 
the absence, of peroxidase, whereas ricinine is not oxidized. Iodide stim
ulates (twofold) the rate of goitrin oxidation. Spectra obtained with mix
tures of LPO, H202, and goitrin indicate that LPOoxid oxidizes goitrin and 
is converted back to native LPO. Thus, both LPOoxid and LPO-Ioxid oxidize 
goitrin but LPO-Ioxid is more effective. Because of their well known tox
icity, neither of these toxins derived from Brassicae plants (goitrin) and 
castor beans (ricinine) is considered a serious dietary problem. 

INTRODUCTION 

Goitrin, L-5-vinyl-2-thiooxazolidone (Fig. 1), is an antithyroid com
pound found in Brassicae plants (turnips, cabbage, etc.) that inhibits the 
organification of iodine in the thyroid gland (1-3). The purpose of this 
study was to determine the effect of goitrin on thyroid peroxidase (TPO) 
activity, a heme-enzyme that oxidizes iodide to "active iodine" and couples 
iodotyrosines to form thyroxine and 3,5,3'-triiodothyronine (4,5). In ad
dition, we studied the effect of ricinine (1,2-dihydro-3-cyano-4-methoxy-
1-methyl-2-pyridone), a toxin derived from castor beans (Fig. 2), on TPO 
act1v1ty. Because of its ready availability and very similar catalytic 
properties to TPO, highly purified lactoperoxidase (LPO) was also utilized 
to obtain kinetic and spectral data in the presence of the plant toxins. 

MATERIALS AND METHODS 

Goitrin (RS-goitrin) was synthesized by a modification of the method 
of Ettlinger (6) and ricinine was purchased from K and K Laboratories, 
Plainview, NY. Glucose oxidase and LPO (A4lo:A280 = 0.59) were obtained 
from Sigma Chemical Co., St. Louis, MO, and TPO was purified from beef thy
roid glands with an A41o:A280 = 0.55 as previously described (7). All other 
reagents and chemicals were the highest purity available from commercial 
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Fig. 3. Inhibition of TPO-catalyzed guaiacol oxida
tion by goitrin and ricinine. Conditions: 
The reactions were performed at ambient 
temperature (23°C) in a final volume of 3 
ml that contained 0.1 M sodium phosphate 
buffer, pH 7.4, 40 ~moles potassium iodide, 
550 ng bovine TPO, and 0.4 ~mole H202. 
The reaction mixtures were continuously 
stirred with a magnetic stirring bar and 
the reactions were initiated by adding 10 
~1 of 0.04 M H202. 
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Inhibition of TPO-catalyzed guaiacol oxi
dation by goitrin and ricinine. Reaction 
conditions were the same as in Fig. 3 
except that 100 ~moles guaiacol and 0.8 
~mole H202 were present. 

sources. Spectra and kinetic analyses were obtained with a Hewlett-Packard 
8450 UV/VIS spectrophotometer equipped with a cuvette stirring bar and con
stant temperature cell holder. Iodide oxidation was measured at 353 nm {8) 
and guaiacol oxidation at 470 nm (7). 

RESULTS 

Inhibition of the TPO-catalyzed oxidation of iodide by goitrin and 
ricinine is shown in Fig. 3. Goitrin at a concentration of 380 ~M com
pletely inhibited iodide oxidation and was about nine times more effective 
than ricinine (3.2 mM). With lesser concentrations of ricinine (160 and 
320 ~M), iodide oxidation proceeded at the same rate as the TPO-control 
(no inhibitor present) after a lag phase of 15-20 seconds. This lag phase 

Table 1. Inhibition of TPO by Goitrin and 
Ricinine 

Iodide Guaiacol 
oxidation oxidation 

Inhibitor (Percent inhibition) 

Goitrin 100* 58* 

Ricinine 37+ 59++ 

Inhibitor concentrations: *380 ~M, **770 ~M 
+320 ~M, ++3,200 ~M 
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Fig. 5. Oxidation of goitrin by lactoperoxidase 
and H202. The reaction mixture contained 
0.1 M sodium phosphate buffer, pH 7.4, 50 
~M goitrin, 20 ~g LPO, 5.6 mM D-glucose, 
and 10 ~g glucose oxidase in a total 
volume of 3.0 ml. The reaction was per
formed at ambient temperature (23°C) and 
was initiated by adding glucose oxidase 
while continuously stirring with a mag
netic stirring bar. Spectra were obtained 
every two minutes as indicated . 
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Fig. 6. Stimulation of the rate of LPO catalyzed 
oxidation of goitrin by iodide. Reaction 
conditions we re the same as in Fig. 5 
except that 10 ~M potassium iodide was 
added where indicated. 



was probably due to the reaction of "active iodine" with ricinine, similar 
to the reaction of other goitrogens with iodine (9). 

When guaiacol was used as the substrate, both plant toxins inhibited 
its oxidation by TPO (Fig. 4), though less effectively than with iodide. 
TPO activity towards guaiacol was completely inhibited by 7.7 mM goitrin, 
while 50% inhibition was observed with 770 ~M goitrin. Ricinine was less 
effective than goitrin in inhibiting guaiacol oxidation by TPO, similar to 
the results with iodide oxidation. A summary of the relative inhibitory 
effects of goitrin and ricinine on the TPO-catalyzed oxidation of iodide 
and guaiacol is presented in Table 1. 

In other experiments not shown, we found that the plant toxins inhib
ited LPO in essentially the same manner as TPO. Therefore, because lacto
peroxidase was available in a high degree of purity and in relatively large 
quantities, the remainder of our studies were performed with this enzyme. 

LPO oxidized goitrin with H202 that was generated by glucose-glucose 
oxidase (Fig. 5). Goitrin possesses an absorption spectrum with a peak of 
240 nm that disappeared after 10 min reaction with H202 and LPO. The ad
dition of iodide stimulated the rate of oxidation of goitrin about twofold 
(Fig. 6). Other data demonstrated that H202 (glucose-glucose oxidase) in 
the absence of LPO did not oxidize goitrin, and that ricinine was not oxi
dized by H2o2 and LPO. 
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Fig. 7. Effects of H202 and goitrin on the absorp
tion spectrum of LPO. The spectrum of 
native LPO (410 nm peak) was obtained with 
a solution containing 0.1 M sodium phosphate 
buffer, pH 7.4, and 150 ~g LPO in a total 
volume of 1.5 ml. After the addition of 
H202 (final concentration of 29 ~M), the 
spectrum shifted within 2 minutes with a 
peak at 428 nm. After 2 minutes, goitrin 
was added (final concentration of 66 ~M) to 
the LPO-H202 mixture, and the spectrum was 
essentially converted back to the spectrum 
of native LPO. 
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After m1x1ng LPO with H202, the Soret spectrum of the native enzyme 
with a peak at 410 nm was shifted with a peak at 428 nm (Fig. 7), typical 
of LPOoxid (10,11). When goitrin was added to LPOoxid• the Soret spectrum 
reverted back to that of native LPO, indicating that goitrin had been oxi
dized and LPO was regenerated. 

DISCUSSION 

The mechanism of inhibition of TPO and LPO by several common antithy
roid drugs (1-methyl-2-mercaptoimidazole (MMI), 6-n-propylthiouracil (PTU), 
and 2-thiouracil) has been extensively studied and clarified during the 
past few years (10-17). The results have demonstrated that TPO-Ioxid oxi
dized these antithyroid drugs, and that inhibition of iodination by the 
drugs in the thyroid gland was due to competition between the thioureylene 
drugs and tyrosyl residues in thyroglobulin (11,13-15). Moreover, MMI and 
PTU were firmly bound (presumably covalently) to TPO when incubated with 
the enzyme and H202, and iodide prevented the inhibition of TPO by the 
antithyroid agents (11,13). 

Our findings indicated that LPOoxid oxidized goitrin, and that native 
LPO was formed (Fig. 7) in the absence of added iodide, although iodide 
stimulated the oxidation of goitrin (Fig. 6). Hence, it is concluded that 
goitrin was oxidized by both LPOoxid and LPO-Ioxid• and that oxidized goi
trin was not bound to the heme moiety on the enzyme. The inhibition of 
peroxidase activity in vitro by the plant toxins is in good agreement with 
the in vivo goitrogenic effectiveness of goitrin (2,3) and ricinine (18). 
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SELECTIVE INHIBITION BY MONOAMINE OXIDASE (MAO) INHIBITORS OF THE 

IODOTYROSINE FORMATION INDUCED BY MAO SUBSTRATES IN BOVINE THYROID TISSUE 

Ana M. Masini-Repiso, Ana M. Cabanillas, and Marta C. Andrada 

Catedra de Quimica Clinica I, Facultad de Ciencias Quimicas 
Universidad Nacional de Cordoba 
Cordoba, Argentina 

Monoamine oxidase (EC 1.4.3.4) (MAO) may probably be involved in the 
hydrogen peroxide generation required for the iodination process in the 
thyroid tissue (1,2). Biogenic amines have been demonstrated to be able 
to generate hydrogen peroxide and to increase iodine organification in thy
roid tissue, and these effects were decreased by MAO inhibitors (3,4). On 
the other hand, it was observed that rat thyroid MAO activity was increased 
by TSH administration and reduced after hypophysectomy (2). 

In several tissues, MAO occurs in two functional forms, A and B, which 
exhibit different specificities for their substrates and inhibitors (5-8). 
The A form is selectively inhibited by clorgyline, and preferentially deam
inates 5-hydroxytryptamine (5-HT), whereas the B form deaminates S-phenyl
ethylamine (PEA) and is sensitive to deprenyl inhibition. Tyramine is a 
common substrate for both forms of the enzyme. 

In this study, the forms of MAO involved in the iodotyrosine formation 
induced by those monoamines that are MAO substrates were investigated. 

MATERIALS AND METHODS 

A particulate fraction (30,000 xg) of bovine thyroid tissue was used. 
Particulate fraction preparation and iodotyrosine formation assay were car
ried out as previously described (4). The peroxidase activity was evaluated 
by the tyrosine-iodinase method (9). 

Clorgyline (N-methyl-N-propargyl-3 (2,4-dichlorophenoxy) propylamine 
hydrochloride, M & B 9302) was kindly donated by May and Baker, Ltd., Dagen
ham, Essex, England. 

1- Deprenyl (phenyl-isopropyl-methyl-propinylamine) was a generous gift 
from Prof. J. Knoll, Department of Pharmacology, Semmelweis University of 
Medicine, Budapest, Hungary. 

RESULTS AND DISCUSSION 

The effect of graded concentrations of two inhibitors of MAO, clor
gyline (selective of A form) and diprenyl (selective of B form), on the 
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Fig. 1. Effect of clorgyline (a) and deprenyl (b) on the iodo
tyrosine formation induced by 5-hydroxytryptamine (5-
HT) in bovine thyroid tissue. The assay system con
tained 300-400 ~g protein (30 1 000xg fraction), 10-3M 
tyrosine, lo-S M KI, 0.1 ~Ci l3lr, and 0.1 M phosphate 
buffer, pH 7.2, in a volume of 0.5 ml. Particulate 
fraction was preincubated with the MAO inhibitors for 
15 min at 2s•c. At time zero, the substrate (lo-4 M) 
was added. Incubation was done for 20 min at 37•c. 
The results are expressed as percent of the control 
activity. 

iodotyrosine formation induced by the MAO substrates 5-HT (preferred of A 
form), PEA (preferred of B form), and tyramine (both borms) was investiga
ted. 

The iodotyrosine formation induced by 5-HT was markedly reduced at low 
clorgyline concentrations indicating that 5-HT was deaminated by the A form 
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Fig. 2. Effect of clorgyline (a) and deprenyl (b) on the iodo
tyrosine formation induced by tyramine. The assay and 
expression of the results were as in Fig. 1. 

of MAO (Fig. la). Fig. lb shows that iodotyrosine formation was weakly sen
sitive to deprenyl except at high inhibitor concentrations, which is consis
tent with a limited amount of the B form of MAO. 

When tyramine was the substrate, a strong decrease of iodotyrosine for
mation was also obtained at low clorgyline concentrations. More than 90% 
inhibition was already produced by to-8 M clorgyline, a concentration where 
MAO A is selectively inhibited without any significant effect on the B form 
(10) (Fig. 2a). This indicates that tyramine was metabolized mainly by the 
A form of MAO. Deprenyl scarcely reduced the iodotyrosine formation (Fig. 
2b). 

615 



100 

80 

60 

1,0 

20 
~ 

z 
0 
1-
<( a ~ 100 
~ c c c ...-o 

fr 
o==AlC c .,.._... 

w 
z 80 
\1) 
0 
~ 
>-

60 1-
0 
0 
~ 

LL. 1,0 
0 

z 
~ 20 1-

m 
I 
z 

11 9 7 5 3 
CONCENTRATION OF INHIBITOR (-logM) 

Fig. 3. Effect of clorgyline (a) and deprenyl 
(b) on the iodotyrosine formation 
induced by tyramine. The assay and 
expression of the results were as in 
Fig. 1. 

Fig. 3a shows that iodotyrosine formation was highly sensitive to clor
gyline when PEA was the substrate, whereas it was only weakly inhibited by 
deprenyl (Fig. 3b). 

An additional effect of the MAO inhibitors on the endogenous peroxidase 
activity was discarded since the peroxidase activity was not modified by 
clorgyline or deprenyl (data not shown). 

The characteristics of the inhibition of iodotyrosine formation by 
clorgyline and deprenyl indicated that MAO A is the main form of the enzyme 
involved in iodotyrosine formation in bovine thyroid tissue. 
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Tyramine, a common substrate for both forms of MAO, was used to estab
lish the relative proportion of the forms of MAO in several tissues (8). 
The inhibition by clorgyline of iodotyrosine formation induced by tyramine, 
indicated that more than 90% of MAO involved in the iodotyrosine formation 
was the A form. 

PEA, usually a substrate for the B form of MAO, was oxidized by MAO A 
in this tissue; this particular behaviour has been observed in some other 
tissues (11). 

Only selective inhibitors of MAO A, but not those of MAO B, could be 
able to modify the MAO activity and probably the bovine thyroid function. 
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THYROID FUNCTION IN FASTING RATS 

T. Jolin and L. Lamas 

Departamento de Endocrinologia Experimental, Instituto 
Investigaciones Biomedicas, Facultad de Medicine, C.S.I.C. 
Madrid, Spain 

Starvation in rats is used as an experimental model for the "low T3 
syndrome". Plasma concentrations of total and free T4 and T3 decrease with 
starvation, but T4 more than T3 (1,2). Plasma TSH also drops (1-3), indi
cating decreased thyroid secretion in starved rats. 

It has been reported that thyroidal radioiodine (I*) uptake at one 
and four hours after I* administration in rats starved for five days is 
decreased, but increased at 24 hours after I*. 

The aim of the present study was to further investigate thyroid func
tion in fasted rats by measuring: thyroidal I* uptake, the distribution of 
I* among soluble iodoproteins and their iodoamino acid distribution and 
secretory activity under basal conditions after the administration of ex
ogenous TSH or after feeding carbohydrates (CHO) which increase endogenous 
TSH (4). 

The data obtained clearly show that food deprivation for 2-8 days in 
rats results in significant alterations of thyroid function. 

MATERIALS AND METHODS 

Male Wistar rats from our colony, weighing 300-330 g at onset, were fed 
a standard pelleted rat Chow (C) ad libitum, or deprived of food but with 
free access to tap water (F). Two (F2), three (F3), four (F4), six (F6), 
seven (F7), and eight (F8) days later, C and Frats received 50 ~Ci I* ip 
and were killed at five or 24 hours later. The effect of TSH (1 IU/rat, 
given 20 hours and immediately prior to I*) and CHO (8 g pelleted pure corn 
flour/rat, 20 hours prior to I*) administration was also studied in the F8 
group. The rats were killed by decapitation (9-10 a.m.) and blood was col
lected into heparinized tubes. Plasma was separated by centrifugation and 
stored at -20°C. The anterior pituitaries were weighed and homogenized in 
1 ml distilled water and frozen for TSH determination. Thyroids were dis
sected, weighed, and homogenized individually in 1 ml Tris-HCl as ~reviously 
described (5). Aliquots from the homogenates were separated for 1 7I deter
mination and I* uptake. The remaining was centrifuged at 100,000 xg at 4°C 
for 60 min. A thyroglobulin (Tgb), 19 S internal marker was obtained from 
normal rat thyroids after l31I injection and was added to aliquots of the 
thyroid supernates prior to application on top of 10-40% sucrose gradients, 
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which were centrifuged in a Beckman SWSO.l rotor at 23,000 r.p.m. for 16 
hours, collected manually, and the sedimentation coefficient of the various 
peaks calculated as previously described (6,7). A portion of the soluble 
iodoproteins was used for I*-iodoamino acid distribution after digestion 
with pronase (5). Pituitary and plasma TSH contents were determined by the 
specific RIA developed for rat by the NIADDK of the NIH. Thyroidal iodine 
content and plasma PBI were determined as described by Benotti and Benotti 
(8). Plasma glucose concentration was determined by the glucose oxidase 
method (9). The results were processed by analysis of variance and Tukey's 
multiple range test. 

RESULTS AND COMMENTS 

Table 1 shows that body and thyroid weight, thyroidal iodine content, 
PBI, glucose, and TSH plasma concentrations and pituitary TSH content de
creased rapidly as a function of time of starvation, being significant dif
ferences with control values by the second day of food deprivation. In 
agreement with previous results (1-3), thyroid hormone and TSH plasma con
centrations decreased progressively with increasing time of food deprivation 
in the F group, suggesting that secondary or, more likely, tertiary hypothy
roidism was induced in the starved animals (10). As shown in Table 2, thy
roidal I* uptake and plasma PBI* concentrations five hours after I* were 
clearly reduced by the second day of food deprivation, and continued to 
decrease gradually thereafter. The 24 hour uptake after I* also decreased 
with respect to the control values but there was a transient rise of the 
I* uptake by the second day of food deprivation. 
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Fig. 1. Sucrose density gradients and percent iodoamino acid distribution 
of labeled thyroidal soluble iodoproteins, 5 and 24 h. after I* 
administration in fed (C) and starved rats for 2 (F2), 3 (F3), 
four (F4), six (F6), and seven (F7) days. The arrow indicates the 
location of the 19 S Tgb internal marker. The iodoamino acid 
distributions are given as the mean percentage of total I* in the 
chromatograms found as MIT, DIT, T4, and T3 + the SD. * indicates 
a value for p < 0.05 vs corresponding value in the C group. 
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Fig. 1 shows sucrose density gradients from soluble thyroidal iodopro
teins and their corresponding iodoamino acid distributions both at five and 
24 hours after I* in C and F rats at various times of starvation. As may 
be seen, both the iodoprotein profile and the iodoamino acid distribution 
pattern of control animals correspond to those expected in rats on an ade
quate iodine intake (6,7). Thus, the main peak corresponds to Tgb and is 
a sharp one, coinciding with that from the 19 S Tgb internal marker used, 
and the proportion of iodoproteins sedimenting more slowly was relatively 
small. On the contrary, in starved rats the Tgb peak was broader and the 
proportion of iodoproteins sedimenting more slowly (12-14 S) was greatly 
increased, suggesting a more unstable Tgb. These changes were evident by 
the second day of food deprivation and seem to be independent of the time 
of starvation or the interval between I* administration and sacrifice. It 
can also be seen that the proportion of iodotyrosines, both at five and 24 
hours after I*, are clearly increased by the third day of food deprivation 
and continued to increase gradually thereafter. The proportion of iodothy
ronines, however, were decreased at five but not at 24 hours after I* by the 
second day of starvation and continued decreasing gradually until the end of 
the experiment, so that in F8 rats, the soluble iodoproteins contained only 
a very small proportion of T4 and no detectable T3 (Fig. 2). These results 
agree with those reported by Harris et al. (3) who observed a significant 
change in the percentual distribution of labeled iodoamino acids in rats 
fasted five days. The extremely high sensitivity of Tgb from starved rats 
to dissociation, suggests a somewhat different structure (less number of 
disulfide bonds per molecule?) which might impair the coupling reaction 
between iodotyrosines to form iodothyronines. 
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of labeled thyroidal soluble iodo
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prior to I*), and F8 plus CHO rats 
(8 g/rat, 20 h. prior to I*). 
** indicates p < 0.05 vs corre
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Table 3 and Fig. 2 show the effect of CHO feeding and of TSH adminis
tration to FB rats. It may be seen that the changes in the various para
meters of thyroid function were practically superimposable with those seen 
in the previous experiment (Tables 1 and 2; Fig. 1). Both CHO feeding and 
TSH administration reversed, though did not completely restore, these para
meters, as well as the iodoamino acid distribution pattern of thyroidal 
soluble iodoproteins. Surprisingly, Tgb from CHO and TSH-treated starved 
rats was more stable than that from the untreated starved rats (Fig. 2). 

In summary, the observed alterations of the thyroid function in starved 
rats might be secondary to the low plasma TSH found in these animals. How
ever, the diminished stability of the Tgb molecule found cannot be explained 
by the TSH changes. It is possible that some still unknown metabolic or 
endocrine factors, consequent to starvation, affect these parameters inde
pendently of TSH. 
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INSULIN DEFICIENCY IMPAIRS THYROID PEROXIDASE ACTIVITY: A STUDY IN 

EXPERIMENTAL DIABETES MELLITUS* 

Egberto G. Moura, Carmen C. Pazos, and Doris Rosenthal 

Instituto de Biologia, UERJ 
Instituto de Biofisica, UFRJ 
Rio de Janeiro, Brazil 

Various abnormalities of thyroid function have been described in dia
betes mellitus. Clinical, as well as subclinical, hypothyroidism have been 
shown to occur with increased frequency in insulin-dependent diabetes (1). 
Alloxan or streptozotocin (STZ)-induced diabetes is associated with a de
crease in basal and TSH-stimulated thyroid function in animals (2,3). 

Plasma TSH has been reported to be either normal or decreased in dia
betic (DM) mice, although plasma T4 and T3 concentrations were markedly 
reduced (4-7). It has been assumed that thyroid hypofunction in diabetic 
rats is the result of impaired TSH secretion, since TSH response to de
creased circulating thyroid hormone is lower than in control animals (7). 
A decrease of thyroidal response to TSH, shown by lower incorporation of 
iodine into hormone precursor and thyroid secretory activity, may contrib
ute also to the decrease in serum T4 in diabetic mice (2). 

The present study was undertaken in order to evaluate the possibility 
of a direct impairment of thyroid hormone biosynthesis in insulin (I) de
ficiency. 

MATERIALS AND METHODS 

Eight series of young male (100 g BW) Dutch-Miranda rats were studied. 
In each series, 12 to 24 animals were randomly separated into three groups: 
1) DM: streptozotocin-induced diabetes mellitus (60 mg STZ/Kg, IP); DM+I: 
STZ-induced diabetes treated with NPH insulin (2 U/day, SC) begun two days 
after STZ; and 3) C: controls. DM+I animals were treated with insulin for 
15 days, while DM and C animals received identical volumes of 0.15 M NaCl. 
On the 16th day, 6 ~Ci Nal31I were injected IP, and thyroid tissue and blood 
were obtained 24 hours later. Serum TSH, T3, and T4 were measured by radio
immunoassay. After 131I thyroid uptake determination, thyroids were homog
enized (2 glands per sample) in 1.0 ml 0.05 M Tris-HCl buffer+ 1 mM KI, pH 
7.2, and centrifuged at 27,000xg for two hours. Supernatants were separated 
for thyroglobulin hydrolysis (8) with subsequent T3 and T4 measurements by 
radioimmunoassay (9) and determination of the relative percentage of radio
iodoamino acids (10). Washed pellets were resuspended in 1.0 ml of 1% digi
tonin for 48 hours and centrifuged at 27,000xg for 90 minutes. Thyroid 

*Supported by grants from FINEP, CNPq, and CEPG/UFRJ. 
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Table 1. Serum and Thyroid T4 and T3 Concentrations, and TPO 
Activity in Experimental Diabetes Mellitus (Mean + SD) 

Serum T4 (]lg/dl) 

Serum T3 (ng/dl) 

Thyroid T4 (ng/mg) 

Thyroid T3 (ng/mg) 

TPO (U/g ptn) 

DM 

2.8 + 1.1* 

58 + 11* 

141 + 56 

9.1 + 4.1 

782 + 493** 

DM+I 

3.3 + 0.9 

95 + 22 

166 + 63 

10.1 + 4.4 

1393 + 849 

c 

3.7 + 0.7 

79 + 11 

130 + 56 

8.4 + 2.3 

1506 + 289 

DM: Streptozotocin-induced diabetes mellitus; DM+I: Insulin
treated DM; C: Control animals. 
Significantly different from control mean: *p<0.05; **p<O.Ol. 

peroxidase (TPO) activity in supernatants was assayed by a modification of 
the iodide oxidation method (11) described by Alexander (12), Pommier et 
al. (13), and Nakashima and Taurog (14). Analysis of variance and multiple 
range tests were used for statistical analyses. Serum TSH values were sub
mitted to logarithmic transformation and thyroid uptake to angular trans
formation prior to analyses. 

RESULTS AND DISCUSSION 

Serum T4 and T3 were significantly decreased in DM but not in DM+I ani
mals (Table 1). Serum TSH levels were slightly, but not significantly, in
creased in both groups (Table 2). While the low serum T3 can be explained 
by a decrease in extrathyroidal deiodination (4,5), the decrease of serum 
T4 cannot be attributed to a decreased serum TSH. Nevertheless, one must 
allow for the possibility that thyroid responsiveness to TSH might be de
creased in DM animals. 

Table 2. Serum TSH Concentrations and Thyroid DIT:MIT and T4:DIT+MIT 
Ratios in Experimental Diabetes Mellitus (Mean and Range) 

DM DM+I c 

Serum TSH concentration (ng/ml) 204 205 123 

(151-628) (104-516) 71-365) 

Thyroid DIT:MIT ratio 1.9 1.8 2.1 

(1.5-2.1) (1. 5-2.1) (1.7-2.6) 

Thyroid T4:MIT+DIT ratio 0.25 0.28 0.33 

(0.13-0.52) (0.12-0.50) (0.13-0.75) 

DM: Streptozotocin-induced diabetes mellitus; DM+I: insulin-treated 
DM; C: control animals. 
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Fig. 1. Thyroid peroxidase acttvtty 
in streptozotocin-induced 
diabetes mellitus (DM) , 
insulin-treated DM (DM+I), 
and control (C) rats. (Mean 
+ SEM). 

The TPO activity was significantly lower in DM rats than in DM+I or 
control animals (Table 1 and Fig. 1). Although thyroid weight and 13lr 
uptake (values not shown), as well as T4 and T3 thyroid levels (Table 1), 
did not differ among the three groups, the experimental period may have 
been too short to produce any appreciable change in these parameters. The 
slight dec r ease in the DIT:MIT and T4:DIT+MIT ratios found in DM thyroids 
(Table 2) could indicate a subtle impa irment of iodine organification and 
iodotyrosine coupling, but these r esul ts must be considered in light of the 
low sensitivity of the radiochromatographic methods. 

The decreased TPO activity in STZ-induced DM was not due either to a 
direct ef fe c t of STZ, since in DM+I animals TPO activity was similar t o 
that found in control animals; or to a decrease in factors essential for 
H202 generation, since these cofac t ors were provided by the in vitro assay 
system. 

Our finding of a highly significant decrease of TPO acttvtty in experi
mental diabetes mellitus, which cannot be related to a decrease in serum 
TSH, indicates that thyroid dysfunction produced by insulin lack may be due, 
at least in part, to an impairment of thyroid hormone biosynthesis. 
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ON THE MECHANISM OF IRREVERSIBLE BRAIN DAMAGE CAUSED BY PERINATAL THYROID 

HORMONE DEFICIENCY 

ABSTRACT 

Floy L. Crutchfield, Mary B. Dratman, Joel Greenberg, 
Anthony S. Jennings, and Lester Van Middlesworth 

Departments of Medicine, Philadelphia V. A. Medical Center 
and Medical College of PA, University of Pennsylvania and 
University of Tennessee, USA 

Thyroid hormone-processing neural systems appear and become organized 
during the critical phase of thyroxine-dependent brain development (1). 
Hypothyroidism during that period causes irreversible mental impairment. 
Because lack of aromatic amino acids permanently damages developing neural 
systems which require them for neurotransmitter synthesis, we proposed per
manent damage to thyroid hormone-processing systems may account for the 
cerebral manifestations of adult cretinism. To test this hypothesis, we 
studied the fate of i.v. 125I-labeled T3 and T4 in hippocampus and cerebel
lum, known targets of perinatal thyroid hormone deficiency, in serial film 
autoradiograms (ARGs), prepared from 50 day old rats made hypothyroid from 
-5 to +16 days of life by PTU (neoPTU). For comparison, film ARGs were 
prepared after i.v. 2-deoxyglucose given to neoPTU and control (C) rats. 
Results: The highly resolved labeling patterns seen in selected layers of 
hippocampus and cerebellum of C rats given labeled thyroid hormones were 
blurred and distorted in neoPTU. When viewed at the same level of resolu
tion, differences seen could not be accounted for by changes in glucose 
metabolism of tissue morphology. Conclusion: The prediction that thyroid 
hormone deficiency during the critical phase would lead to permanent abnor
malities in thyroid hormone processing in adult brain was borne out by the 
evidence gained in these studies. 

Thyroxine (T4) and triiodothyronine (T3) entering the brain are taken 
up into a morphologically identifiable system, the thyronergic system, de
fined as the aggregate of thyroid hormone-processing neural networks in rat 
brain. Within this system, both hormones are taken up by a high-affinity 
transport mechanism (2), differentially concentrated (3), and metabolized 
(4) in different regions of grey matter, axonally transported to terminal 
fields (5), and further concentrated and metabolized in synaptosomes and 
synaptic structures within these regions (6), all under strict homeostatic 
control (7). Recently-isolated urinary metabolites of the hormone provide 
new support for the possibility that T3 is processed within these regions 
in a manner similar to DOPA (8). 

Since the thyroid gland begins to secrete hormones at around minus four 
days of postnatal life, and thyronergic systems are already established in 
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the young (30 day old) adult brain, it seems likely that the major ontogen
esis of this system occurs sometime within this interval, possibly during 
late fetal or early postnatal life. These epochs coincide with the so-called 
critical period of rat brain devel9pment. Therefore, it seemed worthwhile to 
study the features of brain iodocompound processing, sequentially, during 
this period. To carry out the investigations non-invasively, we treated dams 
with 125r-iodide daily, from 4 days before to 20 days after birth of the off
spring, knowing that thyroid secretions of the progeny would become labeled 
and would reach the growing brain by way of the circulation, as they are pre
sumed to do in the course of normal development. Because this methodology 
brings about pervasive though not necessarily equilibrium labeling of all 
iodocompounds, it is possible to analyze their nature, distribution, and 
relative rate of accumulation in the brain from birth through weaning. Such 
measurements showed that the thyronergic system is established and undergoes 
its major ontogeny during the critical phase of thyroid hormone-dependent 
rat brain development (1). 

Evidence assembled from these studies showed that no significant shift 
in the availability of T3 relative to T4 in brain or brain fractions could 
account for the uniqueness of the critical period. Labeled iodothyronine 
levels measured by multisystem chromatography during these experiments re
vealed that T3 to T4 ratios in brain homogenates and fractions did not change 
significantly between day 5 and day 19, even though serum T3/T4 values in
creased significantly during that time. Throughout, T3 to T4 ratios were 
substantially higher by a factor of 5 in brain than in liver or muscle, 
synaptosomal T3 to T4 ratios were consistently higher than those in brain 
homogenates by another factor of 20. However, these relationships did not 
change significantly over the course of the nursing period. 

On the other hand, a marked and dramatic change in thyroid hormone
processing systems does occur during the critical phase. Thus, from mere 
rudiments found on day 1 of life, a well-established thyronergic system re
sembling the system previously recognized in adult brain, has become orga
nized in all of its essential particulars in the brain of growing r~ts by 
the end of the nursing period. Accompanying this ontogenetic change is a 
progressive increase in specific synaptosomal T3 binding sites, recently 
identified and described by Mashio and colleagues (9,10). 

Other clinically important critical periods are associated with the 
growing brain's demand for essential molecules such as required amino acids. 
When aromatic aminoacidopathies occur during their critical phase, they cause 
irreversible changes in the differentiating systems which require them in 
large amounts for growth, differentiation, and particularly for neurotrans
mitter synthesis. Phenylketonuria is a good example of an aminoacidopathy 
which oversupplies phenylalanine and undersupplies tyrosine and other neural 
amino acids, and which, when uncorrected during its critical phase, causes 
irreversible brain damage (11). 

In our laboratory, it is natural to think of hypo- and hyperthyroidism 
as aminoacidopathies because we view iodothyronines as required amino acids. 
Given the emergence of a neural apparatus for processing brain iodothyro
nines during the critical period (1), and considering the lessons learned 
from other perinatal aminoacidopathies, we have proposed that hypothyroidism 
during the critical period will not damage the entire brain, nor damage the 
brain randomly, but will specifially and irreversibly damage those very 
neural systems which require and process thyroid hormones. 

Fortunately, a well-characterized animal model appropriate for testing 
this hypothesis was available, namely the neoPTU rat of Van Middlesworth 
(12). This rat model exhibits quantitative defects in auditory responses, 
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as well as other behaviors as a result of short-duration perinatal hyopthy
roidism, induced by means of PTU administered to the dams from -4 to +15 
days of life. Like iodine, the drug is transferred to the offspring and 
taken up by the developing thyroid gland where it acts to inhibit thyroid 
hormone synthesis. 

neoPTU Control 

hippocampus 

Fig. 1. Effects of perinatal hypothyroidism on thyroid hormone-processing 
in euthyroid adult rat brain. Pairs of adult neoPTU and Control 
rats received high SA 125r-labeled thyroid hormones and were de
capitated at regular time intervals thereafter. Serial 20 ~ 
sections of brain were exposed to LKB ultrafilm for 10 days. 
ARGs (A) of hippocampus and cerebellum obtained 10 hours after 
i.v. 125r-T3 show blurred and poorly-resolved patterns of hormone 
localization in neoPTU as compared with Control. Note that his
tologic (H) sections of the labeled tissues used for autoradiog
raphy show no morphologic changes which account for the ARG 
abnormalities. Similar ARG results were observed in neoPTU after 
125r-T4 (not shown). 
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Experience with thaw-mount film autoradiography has shown it to be 
capable of identifying regional defects in thyroid hormone-processing in 
iopdate-treated rats given radioactive T4 (13). Therefore, we decided to 
use this technique to study the thyronergic system in euthyroid adult neoPTU 
rats as well. Hippocampus and cerebellum were selected from among the pos
sible regions of interest on the basis of the following criteria: (a) they 
are known targets of perinatal thyroid dysfunction; (b) they have strongly 
laminated structures so their defects might be evident in film ARGs; (c) in 
normal adult rats, they have been shown to strongly and saturably concen
trate and process thyroid hormones. Further, it was decided that any chan
ges in thyroid hormone-processing detected would only be considered specific 
if the damaged regions, viewed at the same level of resolution, showed no 
change in general metabolic activity and no change in underlying tissue mor
phology. To satisfy all the required conditions, pairs of adult control and 
neoPTU rats were given either i.v. labeled T4 or T3 or intraarterial labeled 
2-deoxyglucose; thaw-mount film ARGs were prepared by well-standardized 
methods; tissues responsible for the autoradiographic reactions were stained 
with toluidin blue; the ARGs were studied visually and then measured by den
sitometry. 

RESULTS 

Significant defects in hormone-processing functions of both cerebellum 
and hippocampus were detected in the neoPTU as compared with control animals 
(Fig. 1). At the same time, there was no evidence that patterns of 2-deoxy
glucose uptake were altered within these regions as a result of perinatal 
hypothyroidism. Moreover, no morphological changes were discernible in the 
stained sections to account for the abnormalities in thyroid hormone proces
sing evident in ARGs prepared after administration of labeled T3 or T4. 

CONCLUSIONS 

The proposal that brain T3 and T4 processing would be permanently im
paired in adult euthyroid rats damaged by perinatal hypothyroidism is sup
ported by the results obtained in these experiments. Failure to detect 
abnormalities of underlying histology and 2-deoxyglucose localization in 
cerebellum and hippocampus, viewed at the same level of resolution, also 
suggests that the damage inflicted by hypothyroidism during the critical 
period is selective for the thyronergic nervous system. It is expected 
that light microscopic and EM studies will reveal more details of the 
damage in thyronergic neural networks and their terminal fields thus far 
detected in hippocampus and cerebellum by means of film autoradiography. 
Conversely, any evidence of damage in other brain regions provided by 
higher-resolution methodology should give leads to other important pro
jections of the thyronergic nervous system. 
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REGULATION OF 19,000 Mr SOLUBLE PROTEIN AND HIGH MOBILITY GROUP PROTEIN 
(HMG 14) PHOSPHORYLATION BY TRIIODOTHYRONINE (T3) IN PRIMARY ASTROCYTIC 
CULTURES* 

Jean-Michel Gavaret, Min Luo, and Robert Faure 

Unite de Recherche en Thyroide 
Le Centre Hospitalier de l'Universite Laval 
Quebec, Canada 

While most of the information available concerns the numerous effects 
of thyroid hormones on the maturation of neurons, it has been noted that 
glial cells also are affected by thyroid status (1). In order to further 
investigate the mechanism of action of thyroid hormones on the brain, we 
developed a system of cultured cells from cerebral hemispheres of postnatal 
rat, which are predominantly composed of astrocytes (2). It is now well 
established that protein phosphorylation-dephosphorylation is a major gen
eral mechanism by which external stimuli controls the intracellular activ
ity. Therefore, in this study, we have examined the effects of triiodothy
ronine (T3) on protein phosphorylation in different subcellular fractions 
of cultured astrocytes. 

MATERIAL AND METHODS 

Cerebral hemispheres from 2 day-old rats were dissociated mechanically 
and cultured for 17 days in Dulbecco's modified Eagle's medium containing 
horse serum (5%) and newborn calf serum (5%) depleted of thyroid hormones 
(3). The cultures were incubated with T3 (lo-8 M) for 0 to 72 hours. All 
phos~horylation experiments were performed 17 days after seeding (100 ~C 
of [ 2p]-phosphate/dish) for the last 4 hours of incubation. 

Soluble and nuclear fractions were prepared by centrifugation at 
105,000 x g and 800 x g, respectively. High mobility group (HMG) proteins 
were extracted from the nuclear preparation with 0.75 M perchloric acid. 
Phosphorylated proteins were usually analyzed by polyacrylamide gel elec
trophoresis in one dimension (4) and/or two dimensions (5). In addition, 
HMG extracts and samples of bovine thymus HMG proteins were dissolved in 
0.9 M acetic acid and aliquots were then subjected to two-dimensional gel 
electrophoresis (4~6). The phosphorylated proteins were revealed by auto
radiography and [3Zp]-labeled protein spots were cut of the gels for count
ing. 

*Supported by MRC grant MT-5730. 

637 



RESULTS 

Action of T3 on the Soluble 19 kDa Protein 

Figure 1 shows a typical pattern of protein phosphorylation of cells 
grown in the presence of T3 for 0 to 72 hours. This figure indicates that 
T3 induces a marked decrease in the phosphorylation of a protein (Mr : 
19,000). As illustrated in the graph, a small decrease (-5.6%) is already 
detectable after 2 hours and is significantly different (-26.4%, p<0 . 05) 
after 4 hours in the presence of T3. The maximal effect is attained after 
7 hours (-42%) and remains unchanged up until 72 hours. Subsequent analy
sis by two-dimensional polyacrylamide gel electrophoresis (Fig. lA and lB) 
indicates that the 19 kDa protein is composed of two spots with isoelectric 
points of 6.6 and 6.8 (Fig. lB). It also confirms the effect of T3 on the 
phosphorylation of this protein. 

Action of T3 on the Nuclear 17 kDa HMG Protein 

The HMG proteins were separated by electrophoresis and revealed by au
toradiography (Fig. 2). A marked increase in the phosphorylation of a 17 
kDa protein is observed after incubation with T3. As shown in the graph, 
the maximal effect is already observable by 7 hours after T3 addition (+ 
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Fig. 1. Time course o f 19 kDa protein phosphorylation. 
Cells were incubated with T3 for 0 to 72 hours 
and labeled with 32p (4 hours) . The soluble 
phosphoproteins were separated by SDS-PAGE (auto
radiograms: left panel). The graph represents 
the time course of the 19 kDa protein phosphoryl
ation. Panels A (control) and B (T3 for 71 
hours): two-dimensional gel electrophoresis. The 
19 kDa spots are indicated by the arrows. 
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Fig. 2. Time course of 17 kDa HMG protein phosphorylation. 
Cells were treated as described in Fig. 1. HMG 
proteins with histone Hl complex were extracted and 
separated by polyacrylamide gel electrophoresis 
(autoradiograms: left panel). The graph represents 
the time course of the 17 kDa protein phosphoryl
ation. In panels A and B the astrocytic HMG phos
phoproteins were mixed with bovine thymus HMG pro
teins and submitted to acid-urea and SDS-PAGE gel 
electrophoresis. Panel A: Coomassie blue stained 
gel. Panel B: corresponding autoradiogram. 

115%, p<O.OS) and remains unchanged for up to 72 hours. The phosphoryla
tion of the other fractions, not illustrated, does not change significant
ly. These phosphorylated proteins were analyzed in acid-urea and SDS by 
two-dimensional gel electrophoresis and compared with partially purified 
bovine thymus HMG proteins (Fig. 2A and 2B). The phosphorylated astrocytic 
17 kDa protein comigrates with HMG 14. 

DISCUSSION 

The results presented here show that triiodothyronine produces very 
selective effects on protein phosphorylation in primary glial cell cultures. 
In the soluble fraction, a protein with a molecular mass of 19,000 daltons 
incorporates less [32p]-phosphate after incubation with T3. In contrast, 
an increased phosphorylation of a 17 kDa protein in the HMG fraction is ob
served following T3 stimulation. This protein behaves as HMG 14 with regard 
to its electrophoretic activity in two-dimensional gel electrophoresis. 

The action of hormones on the phosphorylation of nuclear HMG proteins 
is now well documented (7). It is thus believed that these proteins can 
play an important role in gene transcription and that phosphorylation may 
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modulate their activity (8-10). Therefore, our results may indicate that 
thyroid hormones influence gene expression in cultured glial cells. 

The nature and function of the soluble 19 kDa protein need further 
characterization. However, this protein has some biochemical analogy with 
the actin-binding protein of 19 kDa described by Bamburg et al. (11). In 
accordance with this, the amount of S actin is rapidly increased at the cy
toskeleton level following T3 stimulation. If it is true, the fact that the 
phosphorylation of this protein is controlled by thyroid hormones could open 
a new field of investigation on the mechanism involved in actin polymeriza
tion at the cellular level. 

While Kolodny et al. (12) reported that high affinity nuclear T3 re
ceptors are absent in glial cells, recent work from our laboratory (13) 
demonstrates that nuclear T3 receptor is present in astrocytes cultured 
for 14 days. Our results clearly demonstrate that T3 produces direct ef
fects on cultured astrocytes and suggest that these cells are a target for 
thyroid hormones in the developing brain. 
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REGULATION BY n-BUTYRATE OF THYROID HORMONE RECEPTOR LEVELS IN CULTURED 
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Ana Aranda 
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Biomedica CSIC, Facultad de Medicina, Universidad Autonoma 
Madrid, Spain 

Sodium butyrate has been reported to affect the differentiation, pro
liferation, and biochemical properties of different types of mammalian cells 
in culture, including neural cells (1). 

The acetylation of core histones (mainly H3 and H4) and other nuclear 
proteins is the best studied effect of butyrate and is secondary to the in
hibition of the nuclear deacetylases (2). Other important effects of buty
rate in nuclei include modifications in the extent of phosphorylation, meth
ylation, and ADP-ribosylation of chromatin-associated proteins (3,4) or an 
alteration in DNA methylation (5). 

The thyroid hormone receptor is a chromatin-associated protein which 
appears to mediate the actions of thyroid hormones in mammalian cells. Al
though little is known regarding wich components or aspects of chromatic 
structure might modify the nuclear concentrations of receptor, it is ex
pected that post-synthetic modifications of nuclear proteins may alter the 
thyroid hormone receptor. Using GHl cells, Samuels et al. have demonstra
ted that butyrate elicits a reduction in the nuclear receptor levels which 
is inversely related to the extent of histone acetylation (6). Using a 
photoaffinity label probe, it has been shown that in GHl cells the receptor 
has two different molecular weight forms, an abundant 47,000 Mr and a less 
abundant 57,000 Mr form (7) and that butyrate decreases receptor levels pri
marily by shortening the half-life of the 47,000 Mr form (8). In addition, 
at low concentrations of butyrate (0.5 mM or less), a small increase in re
ceptor number is observed (9), which is due to an increase of the 57,000 Mr 
form (8). 

In this study, we have examined the characterization and regulation by 
butyrate of the nuclear thyroid hormone receptors in C6 cells, a rat glioma 
cell line. C6 cells are a very valuable model for normal glia in a number 
of respects (10), and their responsiveness to several hormones closely re
sembles that of non-transformed glial cells in culture (11). 

MATERIALS AND METHODS 

C6 cells were grown in monolayer cultures in RPMI medium conta1n1ng 10% 
horse serum-2.5% fetal calf serum. Cells were depleted of thyroid hormone 
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before each experiment by culturing them for 24 h in medium supplemented 
with AG 1-X8 resin-charcoal-treated newborn calf serum (10%, v/v) which has 
been shown to be depleted of thyroid hormone (12). For the determination 
determination of T3 binding to intact eel monolayers (13), the medium was 
replaced with serum-free RPMI medium which was supplemented with 0.8 nM 
125I-T3, which saturates more than 85% of receptor. T3 binding to isolated 
nuclei was determined as previously described (13). DNA was determined by 
the method of Burton (14). After extraction (6,15), the histones were 
electrophoresed in slab acid-urea polyacrylamide gels (16). 

RESULTS 

The characteristics of the thyroid hormone nuclear receptor in C6 cells 
were very similar to those described in other cell types: the Kd 0.1-0.3 nM 
both in intact cells and isolated nuclei, the sedimentation coefficient was 
approximately 4S, and in serum-free medium the affinity for T3 was higher 
than for T4 or Tetrac and lower that for Triac (data not illustrated). 

After 24 hours, 2 mM butyrate caused an almost twofold increase of both 
nuclear and extranuclear hormone (Table 1). This increase was more accentu
ated at 48 hours (almost threefold), but longer incubation times did not 
elicit a further elevation. 

The increase in nuclear binding may merely be a consequence of the 
higher cellular hormone content. Figure 1 illustrates the influence of a 
48 hr incubation with 2 mM butyrate on the Scatchard plot of T3 nuclear 
binding assessed in isolated nuclei and, therefore, without any interfer
ence of extranuclear T3 levels. The estimated Kd values are similar (0.27 
and 0.19 nM) in untreated and in butyrate-treated cells, indicating that 
the affinity is not altered and that there is an almost threefold increase 
in the maximal binding capacity. 

These data indicate that butyrate affects the entry (or permanence 
time) of T3 in the cell, and this is accompanied by an actual increase in 
nuclear receptor number. 

Figure 2 illustrates the disappearance of receptor in the presence of 
5 ~M cycloheximide which inhibited protein synthesis by more than 95%. The 
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Table 1. Effect of Butyrate on Nuclear and 
Extranuclear T3 Levels 

Time of butyrate 
treatment (h) 

0 

24 

48 

Nuclear Extranuclear 
(fmol T3/100 ~ g DNA) 

23 175 

40 344 

54 517 

C6 cells were incubated with 2 mM butyrate 
and nuclear and extranuclear bound T3 
determined as described under "Materials 
and Methods". 
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Fig. 1. Scatchard plot of T3 binding to 
isolated nuclei. C6 cells were 
incubated with butyrate 2 mM for 
48 h. The nuclei were then iso
lated and incubated with differ
ent concentrations of 125r-T3. 
e:control; o:butyrate. 

estimated t 1/2 of disappearance was 11-12 hr in control cells, whereas re
ceptor t 1/2 increased by almost threefold in cells incubated with 2 mM 
butyrate for 48 hr. Therefore, this compound probably raises receptor 
number by decreasing receptor degradation. 

Other short-chain fatty acids have effects qualitatively similar to 
butyrate on both nuclear and extranuclear T3. Table 2 shows the results 
obtained after an incubation of 48 hr with a 5 mM concentration of differ
ent carboxylic acids. All of them increased nuclear receptor and extranu
clear hormone with the following potencies: butyrate > valerate > propio
nate > acetate. 

This rank order is similar to that obtained for the inhibition of his
tone deacetylation (17), which suggests that the effect of butyrate could 
be explained by a modification of chromatic structure secondary to acety
lation. However, as can be observed in Fig. 3, butyrate and other analogs 
did not detectably increase the level of multiacetylated forms of histone 
H3 and H4 in C6 cells. 

The lack of effect of butyrate on histone acetylation in C6 cells might 
only be apparent. It is possible that the percentage of histones which can 
be modified in C6 cells is much lower than in other cell types (1,6,17) and 

Cll 
c 
c 
as 
E 
Q) .. .. 
0 -Q. 
Q) 

u 
Q) .. -0 .,. 

100 

70 

2 4 

Time 

6 8 

(hours) 

10 

Fig. 2. Receptor disappearance after 
inhibition of protein synthe
sis. C6 cells were incubated 
in the presence or absence of 
2 mM butyrate for 48 h. The 
cells were then incubted with 
5 ~M cycloheximide for the 
times indicated and nuclear 
receptor determined. At time 
0, the levels of receptor 
were 25 and 61 fmol/100 ~g 
DNA in control and butyrate
treated cells, respectively. 
The data are expressed as % 
of these values. e:control; 
o:butyrate. 
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Table 2. Influence of Short-Chain Fatty Acids on Nuclear 
Receptor and Extranuclear T3 Levels 

Nuclear Extranuclear 
Fatty Acid (fmol T3/lOO ~g DNA) 

None 23 121 
Acetate 42 173 
Propionate 85 430 
Valerate 100 614 

Butyrate 114 1262 

C6 cells were incubated for 48 h with a 5 mM concentration 
of the compounds indicated. 

that, therefore, an inhibition of the nuclear deacetylases cannot be ob
served when merely studied by gel electrophoresis. In agreement with this 
explanation, Kumar et al. (11) have shown that the kinetics of turnover of 
3H-acetate incorporation into histones is markedly slowed down by aliphatic 
carboxylic acids in C6 cells. 

The different degree of histone modification caused by butyrate in C6 
and GHl cells might explain the different regulation of the thyroid hormone 
receptor by butyrate in both types of cells. In this respect , it must be 
pointed out that in GHl cells, butyrate also elicits an increase in recep
t or l eve ls (although not as marked as that observed in C6 cells) at low 
concentrations (8,9). On the other hand, the different regulation of the 
thyroid hormone receptor might also reflect a different organization of the 
receptor in the chromatin, or even to be due to differences in the receptor 
itself; for example, in the percentage of the 57,000 and 47,000 Mr forms 
(7) between pituitary and glial cell lines. 

H3~ 

H4~ 

2 3 
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Fig. 3. Influence of carboxylic acids 
on histone pattern. C6 cells 
were incubated for 48 h with 
diffe r ent compounds, each at 
5 mM. The histones were ex
tracted and electrophoresed 
in slab acid-urea gels. 
Lane l:control; 2:acetate; 
3:propionate; 4:valerate; 
5:butyrate. 
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INHIBITORY EFFECT OF THYROID HORMONE ON PROTEIN SYNTHESIS BY FETAL RAT 

NEURONS IN PRIMARY CULTURE 

ABSTRACT 

Franco Sanchez-Franco, M. Teresa de los Frailes, and 
Lucinda Cacicedo 

Endocrine Unit 
Ramon y Cajal Hospital 
Madrid, Spain 

The effect of thyroid hormones on protein synthesis by fetal cortical 
cells in primary culture was studied by assessing (3H)-phenylalanine incor
poration into trichloroacetic acid precipitable proteins. 48 h incubation 
with thyroid hormones, concentrations between lo-12 M and lo-7 M, produced 
a dose-dependent inhibition of protein synthesis. The time course study 
showed that T4 effect needed a longer period than T3 to achieve a signif
icant inhibition of labeled amino acid incorporation into proteins. 48 h 
incubation of the cells with T3 (10-7 M) plus Actinomycin-D (5 ~g/ml) re
sulted in a significant potentiation of T3 inhibitory effect. These results 
indicate that thyroid hormones inhibit total protein synthesis in fetal rat 
neurons. 

INTRODUCTION 

Thyroid hormone (TH) deficiency at birth is known to cause marked im
pairment of brain differentiation (1,2). These observations are supported 
by changes in DNA and protein synthesis (3,4). TH effect on different tis
sues at different doses can be dramatically different as concluded from rat 
liver and amphibian tadpole studies (5,6). Since there is no well-defined 
data on TH regulation of protein synthesis in rat fetal cortical cells, our 
aim was to clarify TH role in these tissues. 

MATERIAL AND METHODS 

Timed pregnant Wistar rats were raised in our laboratory. On day 17 
of fetal life, the embryos were removed. The cerebral cortices were taken 
and collected in Hank's Balanced Salt Solution. The cortical cells were 
dispersed by mechanoenzymatic techniques and cultured as described (7). 
Final cell suspensions were plated at 107 cells/25cm2 per tissue culture 
flask. Media were changed twice weekly. 

At the beginning of each experiment, the plates were rinsed with Min
imum Essential Medium (MEM), without serum and phenylalanine, and fresh 
medium containing (3H)-phenylalanine (50-100 ~Ci/dish). At the termination 
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of the experiment, culture dishes were chilled on ice, media were removed, 
cells were rinsed with 0.1 N HCl, extracted in the same, and frozen. Total 
proteins were precipitated by the addition of trichloroacetic acid. T4 and 
T3 were dissolved in 0.1 N NaOH and neutralized with 0.1 N HCl. The stock 
solution was diluted with MEM to get the desired concentrations. Total pro
teins were measured by the Lowry method (8), and DNA was estimated by the 
Burton method (9). Mean and standard errors of samples were calculated. 
Student's t test was sued to evaluate the differences between the control 
and experimental groups. 

RESULTS 

Cell cultures were exposed to T3 or T4 for various time periods. A 
significant decrease in counts incorporated into proteins (cells + media) 
was evident as early as 2 h after exposure to T3 (lo-8 M). This decrease 
was of the same magnitude after 3 and 6 h and was more evident at 24 h 
(Fig. 1) and 48 h (data not shown). However, when cells were incubated 
with T4 (lo-7 M), the inhibitory effect was not detectable until 24 h of 
pretreatment, indicating that T4 effect needed a longer lag period than T3 
to achieve a significant inhibition of protein synthesis. Since the inhib
itory action of both T3 and T4 was more effective at 48 h, this time was 
selected from then on. A dose response study (Fig. 2) showed that T4 con
centrations between lo-12 to lo-8 and T3 between lo-ll to lo-7 M signifi
cantly inhibited counts incorporated into proteins. This effect was al
ready evident with lo-12 M of T4 and 10-10 M of T3. 

In order to investigate whether this inhibitory action of TH could be 
mediated by a newly synthesized protein, cells were simultaneously exposed 
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Fig. 1. Time course of [3H]-phenylalanine incorporation into 
proteins by fetal cortical cells in culture. TH we re 
added to culture at 1, 3, 6, and 24 h before the ad
dition of [3H]-Phe. The cultures were then incubated 
for an additional 3 h. Incorporation was reduced by 
1 h pretreatment with T3 and 24 h with T4. Open col
umns: control. Dotted columns: T3 and T4-treated. 
ns: not significant. **p<O.Ol; ***p<O.OOl. 
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to Actinomycin-D (Act-D) plus T3. As is shown in Fig. 3, Act-D signifi
cantly reduces the synthesis of proteins, just as T3 does. The concomitant 
addition of both magnifies this inhibition. Total proteins measured by the 
Lowry method were also decreased by T3 treatment in a dose-response manner 
(data not shown). Preliminary data on DNA and RNA has shown no evidence of 
change unde r TH treatment. 

DISCUSSION 

The present data indicate that protein synthesis in fetal rat corti
cal cells is decreased by thyroid hormone. The effect is observed in a wide 
range of doses of T4 and T3. The lag time for T4 effect is 24 h , be ing only 
1 h for T3. This is the first demonstration of the inhibitory action of TH 
on protein synthesis in the brain. In other tissues, such as tadpole tail 
muscle, it has been shown that the rate of protein synthesis is decreased 
in spontaneous metamorphos is after T3 administration (10). The specificity 
of the inhibition is strengthened by the fact that total proteins were also 
decreased by TH treatment, as measured by the Lowry method. Evidence of 
this effect a t low and physiological TH concentrations does not support in
creased degradation, although our data do not completely exclude this pos
sibilit~. Under the same e xperime nta l conditions, physiological doses of 
T3 (10- M) increased the synthesis of somatostatim (11), indicating that 
this neuropeptide could be under positive TH control at this state of brain 
deve lopment . The inhibitory mechanism was not elucidated i n this study. 
Since Act-D potentiates T3 inhibitory effect, it seems that the inhibition 
is not mediated by the synthesis of a new protein, as described in tadpole 
metamorphosis. 
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EFFECTS OF T3 AND DEXAMETHASONE ON PROLIFERATION AND ENZYME ACTIVITIES OF 

GLIAL CELLS IN CULTURE 
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Ana Aranda 

Unite 44 de l'INSERM, Centre of Neurochimie du CNRS 
Strasbourg Cedex, France, and Endocr Exp, Inst Invest 
Biomed, CSIC, Fac Med, Univ Autonoma, Madrid, Spain 

Thyroid hormones affect myelination in vivo (1), as well as in brain 
explants (2) and dissociated cultures (3)~which indicates that these hor
mones are important for a normal maturation and differentiation of glial 
cells. 

The glucocorticoid induction of glycerol phosphate dehydrogenase (EC 
1.1.1.8; GPDH) is a very well-characterized hormonal effect in oligodendro
cytes and C6 cells, a rat glioma cell line (4,5). Other hormones, such as 
catecholamines, potentiate the glucocorticoid induction of GPDH (6) and 
specifically regulate the synthesis of lactate dehydrogenase (EC 1.1.1.27; 
LDH) (7) in C6 cells. Malic Enzyme (EC 1.1.1.27; ME) activity is under 
thyroid hormone control in several tissues (8), although it fails tore
spond to thyroid hormones in the brain (9). We have examined the effect 
of L-triiodothyronine (T3) and dexamethasone (Dex) on cell proliferation 
and on the activity of these enzymes in C6 cells and in primary cultures 
of dissociated embryonic mouse brain cells. 

MATERIAL AND METHODS 

C6 cells were grown in monolayer cultures, and Z4 hours before the 
beginning of the experiments the growth medium (RPMI-10% horse serum-2.5% 
fetal calf serum) was replaced by a medium containing 10% newborn calf 
serum treated with resin AG 1-xlO and charcoal, as previously described 
(10), to eliminate thyroid hormones and glucocorticoids. 

Cerebral hemispheres of 14- and 15-day-old mouse embryos were disso
ciated mechanically into single cells and cultured as described (11). The 
medium was replaced by serum-free medium (DMEM) 24 h before the addition 
of the hormones. 

Preparation of cytosols and enzyme assays was carried out as previ
ously described (12,13). One unit of enzyme is defined as that amount 
which causes the oxidation of 1 nmol of NADH/min. 

The incorporation of 3H-Leucine (5 pCi/ml for 2 h at 37°C) into tri
chloroacetic acid-insoluble material was used as a measure of total protein 
synthesis in C6 cells. Protein and DNA concentrations were determined by 
the method of Lowry (14) and Burton (15), respectively. 
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Table 1. Effect of T3 and Dexamethasone on the Growth 
and Protein Synthesis of C6 Cell Cultures 

Protein DNA 3H-Leucine incorporation 
(~g) (~g) (dpm/100 ~g protein) 

Control 188 19 74461 
T3 190 19 77607 
Dex 90 10 86702 
TJ + Dex 94 9 83673 

C6 cells were incubated with 5 nM T3, 50 nM dexametha
sone (Dex) or the combination of both for 72 h. Total 
protein and DNA/culture, as well as the incorporation 
of 3H-Leucine into total protein were determined as 
described under Material and Methods. 

All data shown are the mean of 3-5 cultures which did not vary among 
them more than 5-20%. 

RESULTS AND DISCUSSION 

Incubation of C6 cells with 5 nM T3 does not change total protein or 
DNA content/culture (Table 1), whereas 50 nM Dex decreased both by approx
imately 50% without altering the protein/DNA ratio. T3 did not modify the 
effect of Dex on cell proliferation, since T3 + Dex had the same effect as 
Dex alone. Exposure to T3, Dex, or the combination of both had no effect 
upon 3H-Leucine incorporation into proteins (Table 1), which supports the 
idea that cytotoxicity is not responsible for the reduction of cell numbers 
in the glucocorticoid-treated cultures. T3 did not alter total protein in 
the primary cultures (2.7 and 3.4 mg protein/flask at 14 and 60 days in 
control cultures vs 2.3 and 3.5 mg protein in TJ-treated cultures). 
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Table 2. Effect of TJ and Dexamethasone (Dex) on GPDH 
Levels in C6 Cells and in Primary Cultures 

GPDH Activity 
Control TJ Dex T3 + Dex 

C6 Cells 53 20 273 223 

Primary Cultures 
14 DIC* 2.6 1.3 6.5 5.9 
60 DIC 0.8 0.3 

*Days in culture. C6 cells or cells dissociated from 
brain embryonic mouse were incubated with 5 nM T3 for 
72 h, or with 50 nM dexamethasone (Dex) for 48 h. 
Data represents GPDH specific activity expressed as 
units/mg cytosolic protein. 



Table 2 shows the effe ct of T3 and Dex on GPDH actLVLty in C6 c ells 
and in cultures of fetal brain mouse cells. Basal activity was higher in 
C6 cells than in the primary cultures at 14 days in culture (mostly com
posed of astrocytes and oligodendrocytes ) or at 60 days in culture (mainly 
microglia although oligodendrocytes are still present) . As expected (4 ,5 ) , 
Dex treatment increased GPDH activity in both C6 cells and brain cultures . 
By contrast, T3 decreased basal GPDH by 50-70% and also caused a slight de
c r eas e of the g lucocorticoid-induced l evel s . This f i nding indicat es t hat 
the enzyme inhibition observed in C6 cells is not merely a reflection of 
malignant transformation, and it opens the possibility that thyroid hor
mones could modulate this activity in the brain in vivo . 

It has been described that noradrenaline potentiates the glucocorti
coid-induced specific ac tivity of GPDH (6). Fig . lA shows that in C6 cells, 
nor adrenaline (3 ~M fo r 18 h) did not a lter the uninduced l evel, but i t po
tent i a t ed the r esponse to Dex . T3 r educed basal ac tivi t y and t he r esponse 
to Dex or to the combined effects of Dex and noradrenaline. Fig. lB illus
trates LDH specific activit y obtained in the same cells. As expected ( 7), 
noradrenaline increased LOR levels by nearly twofold, and T3 did not alt e r 
the uninduced or the catecholamine-induced LDH activity. 

The e ffec ts of noradrenaline appear t o be mediat ed by a tra ns ient rise 
Ln the intrace llu l a r cyc lic- AMP l eve l s. Fig. 2 shows the influence o f T3 
on the r esponse t o Dex and dibutyryl cyclic-AMP (1 mM f or 48 h). Dibutyr y l 
cyclic-AMP greatly potentiated Dex induction of GPDH, and T3 reduced the 
activity in basal conditions and even in conditions of very high stimula
tion. By contrast and in agreement with the results desribed in Fig. lB, 
T3 did not change LDH a c tivity (data not shown). These results show that 
the eff ec t of T3 on GPDH res ponse doe s not re present a gene r a lized e ffec t 
on e nzyme ac tivities . Th i s s pec i f ici ty is also demonst rated by t he find
ing t ha t T3 d id not cha nge ME act i vity ( a good parame te r of thyroid hor
mone ac tion in othe r ce ll t ypes ) ei the r a l one o r in combinat i on with Dex 
or Dex plu s insulin (not illustrated). 
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Fig . 1. Di ffe r ent ial effec t of 
T3 on GPDH ( panel A) 
and LDH pane l B) l evel s 
in C6 cells. C r e pre 
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Fig. 2. Effect of T3 on GPDH induc
tion with dexamethasone and 
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cells were incubated with 
or without 5 nM T3 for 24 h. 
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period in the presence 
(hatched bars) or absence 
(open bars) of T3 with 50 
nM dexamethasone (Dx), de x
amethasone + 1 mM dibutyryl 
cyclic-AMP (Dx+dbcAMP), or 
medium (C) . 

The inhibitory effect of T3 on GPDH is rather surpr~stng, since most 
of the effects of thyroid hormones on enzymes and other proteins are stimu
latory. However, we have yet to establish whether the hormone is altering 
the synthesis or shortening the half-life of the enzyme . Interestingly, 
sodium butyrate, which has a profound influence on the chromatin and greatly 
increases T3 receptor levels in C6 cells (16), has an effec t similar to T3, 
blocking the GPDH induct i on by glucocorti coids (5) . It will be of interest 
to determine whether or not T3 and butyrate modulate GPDH a ctivity through 
similar mechanism(s). 
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HEALING EFFECTS OF IODINE AND THYROID HORMONE ON EXPERIMENTAL RICKETS 

INTRODUCTION 

Masayoshi Shimazaki, Hiroshi Masuda, Hideki Kuwahara 
and Takanobu Umano 

Department of Pathology 
Osaka City University Medical School 
Osaka, Japan 

The Steenbock 2965 diet has been regarded as a standard rachitogenic 
diet, but in 1961 Shimazaki and Yagi pointed out that this diet is also 
deficient in iodine, and the rachitic findings produced on this diet could 
be ameliorated with potassium iodide (KI). Further, in 1984 Shimazaki et 
al. (1) found that triiodothyronine (T3) is more effective in this respect 
than iodine and even vitamin D (v.D). In this study, to determine the phys
iological basis of this beneficial effect, the actions of T3 on mineral me
tabolism have been investigated and compared with those of v.D. 

METHODS 

Animals and Materials 

Weanling male Wistar rats (SPF) were obtained from Shizuoka Laboratory 
Center. Two kinds of diets, deficient in v.D and iodine, were basically the 
AIN - 76m diet (2) in which v.D and KI03 were omitted and Ca and P contents 
changed. Diet A contained high Ca and low P (1.13% Ca and 0.135% P), and 
diet B contained adequate Ca and P (0.409% Ca and 0.454% P). The animals 
had free access to distilled water. 

Experimental Design 

Several protocols of study were followed. Group 1 rats were raised on 
diet A without further treatment (rachitic group). Group 2 rats were raised 
on diet A and treated with 3 ~g T3 in 0.1 ml of 5 mM NaOH intraperitoneally 
(i.p.). Group 3 rats were on diet A and treated i.p. with 0.25~ v.D3 in 
0.1 ml of 0.1% ethanol in propylene glycol mixture. Group 4 rats were on 
diet A and treated i.p. with 0.25 ~g v.D3 and 3 ~g KI in 0.1 ml of saline. 
Group 5 rats were on diet B without further treatment. Group 6 rats were 
on diet B and treated i.p. with 0.25 ~g v.D3 and 3 ~g KI, and served as 
normal controls. All the animals were kept in stainless steel cages for 
30 days. 
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Table 2. Effects of T3 and v.D3 on Plasma Ca and Pi Levels in 
Nephrectomized Rachitic Rats 

Nephrectomy + + + + 

Treatment T3 D T3+D 

Plasma Ca 15.0 + 0.4* 20.5 + 1.8 19.7 + 1.1 13.1 + 1.4 18.2 + 
mg/dl 

1.2 

Plasma Pi 5.8 + 0.6 8.1 + 0.8 8.5 + 0.7 10.8+1.7 10.2 + 0.8 
mg/dl 

*Mean + standard error. 

Chemical Determination 

Plasma Ca and inorganic phosphate (Pi) levels were determined by the 
OCPC method and by molybdenum blue direct method, respectively. Total 
plasma T3 and T4 levels were measured by RIA. 

Histological Examination 

Bilateral tibias were fixed in buffered formalin solution, decalcified, 
sectioned longitudinally and stained with hematoxylin and eosin (H.E.). The 
kidneys were routinely processed and stained with H.E. 

Clearance Study 

To examine renal excretion of Pi, each rat raised on diet A was housed 
in a metabolic cage and urine was collected for 24 hours. The rats were 
allowed to drink and feed ad lib during this period. 

Nephrectomy Study 

Rachitic rats raised on diet A were bilaterally nephrectomized and 
immediately thereafter injected with either 6 ~g T3, 0.4 ~g la(OH)D3, or 
6 ~g T3 + 0.4 ~g la(OH)D3 and examined for the biochemical and histologi
cal changes for 16 hours. 

Transport of Ca and Pi by Everted Sacs of Intestine 

Ca and Pi transports of intestine were studied by a modification of 
the method of Martin et al. (3) and that of Chen et al. (4), respectively. 
Rats were fasted for 18 hours and killed by decapitation. For measuring 
Ca transport the upper duodenum was used and a ratio of serosal Ca/mucosal 
Ca (S/M) was calculated, and for Pi transport the jejunum was used. 

Determination of 25(0H)DJ-la- and 24-hydroxylase Activities of Kidney 
Homogenate In Vitro 

Rats were anesthetized with ether, exsanguinated and perfused with 
0.01 M PBS through the kidney. The activities of 25(0H)D3-la- and 24-
hydroxylase were measured, using the kidney homogenate, by a modification 
of the method of Horiuchi et al. (5). 
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RESULTS 

The rachitic group showed a low plasma Pi level and cha~acteristic bony 
changes in the proximal end of tibia and also a remarkable atrophy in renal 
tubules. On the other hand, the T3 group revealed a nearly normal level of 
plasma Pi, and histologically no sign of rachitic bony changes and no atroph
ic changes in renal tubules (Table 1). 

In the nephrectomy study, all groups had high plasma levels of Ca and 
Pi. Groups receiving T3 revealed a sign of healing (Table 2). 

The clearance study showed that the T3 group excreted more Pi (Table 
1). It has been reported that, in the hyperthyroid state, the urinary ex
cretion of Pi increases in spite of an enhanced reabsorption of Pi because 
of a significant increase in filtered load of Pi. 

In the intestinal transport experiment, only the rachitic group actu
ally secreted Pi into intestinal lumen, and the T3 group showed an acceler
ated pi absorption, but a depressed Ca transport (Table 1). 

Renal la- and 24-hydroxylase activities were as follows. The rachitic 
group had a high renal !a-hydroxylase activity and undetectable 24-hydroxy
lase activity. On the contrary, normal rats showed a high 24-hydroxylase 
activity and undetectable !a-hydroxylase activity. The T3 group had a sup
pressed renal !a-hydroxylase activity and no increase of 24-hydroxylase ac
tivity (Table 3). 

DISCUSSION AND CONCLUSION 

It was recently reported that thyroid hormone could be a factor in 
maintaining the increased level of renal 25(0H)v.D-la-hydroxylase activity 
observed in phosphate deprivation (6). This postulated potency for thyroid 
hormone in accelerating the v.D activating pathway could explain the anti
rachitic ability of T3. In fact, however, this explanation is unsatisfac
tory because in this study T3 was effective even in nephrectomized rats 
and T3 suppressed the renal !a-hydroxylase activity. Consequently, there 
remain two possibilities to be considered: first, T3 may activate the target 
cells for active metabolites of v.D, which cells, in turn, hypertrophy and 
respond more vigorously, and secondly, T3, independent of v.D, stimulates 
its target cells, which presumably include those cells engaged in mineral 
metabolism, e.g., intestinal, renal and osteo-cartilagenous cells. Here 
again, the first possibility must be ruled out because T3, compared with 
v.D, had a contrary, suppressing effect on the intestinal transport of Ca. 
After all, it seems rational that T3 activates its own target cells, lead
ing to an increase of transmembranous Pi uptake, possibly by accelerating 
de novo synthesis of Na K ATPase and/or modulating plasma membrane lipid 
composition, and in consequence brings about healing of rickets. It fol
lows from this that T3 may have some beneficial effects on certain types 
of hypophosphatemic rickets. 
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THYROID HORMONE STIMULATES RED BLOOD CELL Ca++_DEPENDENT ATPase ACTIVITY 

THROUGH A "NON-HORMONAL" EFFECT* 

Giuseppe Costante, Georges Sand, Denis Connart, and Daniel 
Glinoer 

INTRODUCTION 

Laboratory of Radioisotopes and Department of Internal 
Medicine, Hospital Saint-Pierre, Universite Libre de 
Bruxelles, Brussels, Belgium 

Thyroid hormones (TH) elicit a wide variety of metabolic and physio
logical responses in several tissues of higher organisms. The majority of 
these effects require the interaction of TH with protein receptors located 
at the cell nucleus. However, exranuclear actions of TH have elicited grow
ing interest during the last decade. Red blood cells have been shown to 
possess plasma membrane-binding sites for both T3 and T4. Using this as a 
cellular model, a direct stimulation of erythrocyte membrane ca++_dependent 
ATPase (ca++-ATPase) by physiological concentrations of TH has recently been 
demonstrated (1,2). Among TH analogues, T4 exerts the highest stimulatory 
effect on basal enzyme activity which is not dependent upon prior conversion 
to T3 (3). This effect of T4 requires the mediation of calmodulin (CaM), 
an ubiquitous cytosolic protein which plays a major role in the regulation 
of ca++_ATPase (4). 

Present studies were undertaken to characterize more fully the effects 
of TH on this enzyme system, using rabbit and human erythrocyte membranes. 

MATERIAL AND METHODS 

Erythrocyte membranes were prepared, as depicted in Fig. 1, using two 
procedures (1,5). The effect of TH was investigated by preincubating mem
branes with T4 or T3 (lo-14 M to 10-8 M) for 60 min at 37°C. Enzyme activ
ity was measured using the procedure of Strittmater (6), as modified by Davis 
et al. (1), and was expressed as specific inorganic phosphate release (Pi) 
from ATP ( 1 mM). 

RESULTS 

Basal ca++_ATPase act~v~ty was higher in rabbit than in human red blood 
cell membranes. The effect of TH was investigated with rabbit membranes 
preincubated with T4 or T3 (Table 1). With lo-14 M T4 , no effect was found. 

*Supported in part by a grant from the Fonds National Belge de la Recherche 
Scientifique (contrat N° 3.4531.85 F). 
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ERYTHROCYTE MEMBRANE PREPARATION 

Heparinized blood 

erythrocytes~ ...---------washed 

20 min hypotonic hemolysis 
(O.lmM EDTA in SmM tris, pH 7.4) 

3 min hypotonic hemolysis 
(10mM tris, pH 7.4) 

~ 
membranes membranes 

l 
4 washes in hypotonic conditions hemolysis procedure repeated 6 times 

~ 
final membrane pellet 

in 10mM tr~H 
resuspended 
7.4 

final membrane pellet resuspended 
in 20mM Hepes-130mM KCl, pH 7.4 

I 
hr preincubation with/without thyroid hormone 

(10-12 to 10-8M) and/or calmodulin (10-11 to 10-9M) 

INCUBATION WITH 1mM ATP 

MEASUREMENT OF INORGANIC PHOSPHATE RELEASED 

Fig. 1. Enzyme activity (mean+ SEM) was expressed as ~moles Pi/mg protein/ 
90 min (membranes prep~red in Tris and EDTA-washed) or 30 min (mem
branes prepared in Hepes). Statistical significance was calculated 
by paired t test. 

Table 1. Ca++_dependent ATPase Activity* 

Membranes Basal +T4 L'IT4 

Rabbit Tris (a) 1.32 + 0.04 1.44 + 0.05 0.12 + 0.04 p<0.05** 

He pes (b) 0.20 + 0.01 0,21 + 0.03 0.01 + 0.01 N.S. 

Human Standard (c) 0. 74 + 0.02 0.75 + 0.02 0.01 + 0.01 N.S. 

EDTA-washed (d) 0.39 + 0.02 0.38 + 0.02 -0.01 + 0.01 N.S. 

*Enzyme activity 1s expressed as ~mol Pi/mg protein/90 
or 30 minutes (b). Results represent mean+ SEM of 7 

minutes (a,c,d) 
(a), 3 (b), 6 (c) 

and 4 (d) experiments. -
**Statistical significance was calculated by paired t test. 
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Fig. 2. Rabbit membrane suspensions (0.25 mg 
protein/tube) were preincubated with 
or without T4 for 60 min at 37•c. 
Experimental points are the mean + SEM 
of quadruplicates. Basal activity 
without T4 (e); in the presence of 
10-10 M T4 (x). 

With 10-10 M T4, a moderate, but significant, stimulation of enzyme activ
ity was observed and was not further changed by increasing T4. Reduction 
of the ATP concentration in the incubation medium did not modify the stimu
latory effect of T4. The effect of T3 was also investigated. Although a 
positive effect on enzyme activity was suggested, it was not statistically 
significant. In humans, the addition of lo-8 M CaM during preincubation 
of membrane suspensions yielded a 30-40% increase of basal enzyme activity 
(similar to that obtained with rabbit erythrocytes), but preincubation with 
10-10 M T4 did not modify basal enzyme activity. 

The time course of Pi release is illustrated in Figure 2. In the ab
sence of T4, enzyme kinetics were linear up to 60 min, and Pi release 
reached a plateau between 90 and 120 min of incubation. In the presence 
of 10-10 M T4, enzyme kinetics were identical to those during the first 60 
min of incubation. At 90 and 120 min of incubation, however, T4 induced 
a relative increase in the Pi release by 15%. These results provided the 
first evidence of a membrane mechanism of action of thyroid hormones on 
erythrocyte Ca++-dependent ATPase. 

The response of ca++_ATPase activity to exogenous CaM is illustrated 
in Figure 3. Human erythrocyte membranes were 'incubated with increasing 
concentrations of CaM and enzyme activity was increased above 5 x 1o-10 M 
CaM (p<0.005). In addition, in the presence of T4, enzyme activity was 
further increased by approximately 10% at CaM concentrations ranging from 
5.1o-12 M to 10-9M (p(0.05). Membranes were washed extensively with EDTA 
to remove residual endogenous CaM. "EDTA-washed" membranes gave a 42-49% 
reduction in basal activity. Addition of exogenous CaM (>5 x lo-ll M) was 
accompanied by a striking increase in enzyme activity. With lo-9 M CaM, 
enzyme activity was increased by 250%, and was nearly identical in both 
"standard" and "EDTA-washed" membranes. These results suggested that the 
effect of TH could be observed in specific states of enzyme activation by 
CaM, providing additional evidence for an indirect mechanism of action of 
erythrocyte ca++_ATPase. 
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Fig. 3. Standard ( o, •) or EDTA-washed ( v, 
T) membranes (0.3 mg protein/tube) 
were preincubated for 60 min at 37•c 
with or without T4. Enzyme activity 
in the presence of 10-10 M T4 is 
represented by 0-----0 ("standard" 
membranes) and by v-----v (EDTA
washed membranes). 

To test this hypothesis further, incubation of erythrocyte membranes 
was carried out in media with alternative free calcium concentrations. 
Using these conditions, a widespread range of ca++_dependent ATPase re
sponses to exogenous CaM was achieved, up to 320% of basal enzyme a~tivity. 
Figure 4 indicates that in the low range of enzyme stimulation by CaM ( 6 
CaM : 40% or less), preincubation with T4 induced an additional stimulation 
of enzyme activity of 8-10% (t = 2.94; p<O.OS). At higher enzyme activity 
stimulation by CaM (between 50 and 320%), T4 had no effect. 

COMMENTS 

Davis et al. were the first to report an in vitro stimulatory effect 
of physiological concentrations of TH on ca++_ATPase from human and other 
mammalian erythrocytes (1,2). Stimulation by T4 of ca++_ATPase was shown 
to require the presence of CaM. The effect of T4 could be amplified by 
the addition of exogenous CaM and was blocked by antibodies against CaM or 
by trifluoperazine, a CaM action inhibitor (4). 

Results of present studies confirm an increase in ca++_ATPase activ
ity with both T4 and T3 administration. Thyroid hormone effects were 
small (15% or less), and the effect of T3 was not significant. Moreover, 
the time course of Pi release did not reflect any stimulatory effect of 
T4 during the first hour of incubation. The effect of T4 became apparent 
1 hr after the addition of ATP (6T4 : 15%). With human membranes, T4 in
duced a relative stimulation of the ca++_dependent ATPase of 8-10% (p<O.OS) 
in experimental conditions where the enzyme was not maximally stimulated 
by CaM ( 6 CaM over basal activity : 5-40%). In conditions of high CaM 
stimulation ( 6 CaM : 50-320%), T4 had no effect. 
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Results are expressed as % increase over basal enzyme 
activity induced by CaM alone (abscissa) and by CaM + 
lo-10 M T4 (ordinate). Exogenous CaM added ranged from 
S x lo-ll M to S x lo-9 M. Basal and CaM-stimulated 
enzyme activity were measured in the presence of 20, SO, 
or 100 ~M ca++ and results were pooled. Regression lines 
were calculated by the least square method for the entire 
set of data (y = O.S7 + 1.06 x) (solid line) and for ~CaM 
lower than SO% (y = 7.SS + 0.82 x) (dotted line) (see 
insert). 

These results do not provide evidence for a direct stimulation of the 
ca++_ATPase by T4 in vitro, but suggest an indirect effect on the red blood 
cell membrane. This "non-hormonal" action of T4 could be accounted for by 
a membrane stabilization effect, preventing either enzyme degradation or 
breakdown of other membrane constituents which could influence ca++_ATPase 
act~vtty. It is possible that interaction with membrane phospholipids 
could mediate T4 action (7). In erythrocytes, the fatty acid compos~t1on 
of membrane phospholipids can influence kinetic properties of the ca++_ 
ATPase through changes in membrane fluidity (8). It has also been shown 
in rats that thyroid hormone either increased or decreased erythrocyte 
ca++_ATPase activity, depending on the fatty acids added to the diet (9). 
Finally, thyroid hormones could act on the "environment" of the ca++_de
pendent ATPase, thereby facilitating the binding of CaM to the enzyme. A 
similar mechanism has been reported for insulin, which increases binding 
of CaM to rat adipocyte plasma membranes (10). Recently, a mechanism of 
action of thyroid hormone has been proposed by Davis et al. The authors 
have presented evidence for the "non-specific" stimulation of rabbit myo
cardial ca++_dependent ATPase by thyroid hormones and non-iodothyronine 
homologues in vitro (11). The physiological relevance of the effect of 
thyroid hormones on erythrocyte ca++_ATPase remains to be elucidated. 
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INDUCTION OF METAMORPHOSIS AND THYROID FUNCTION IN THE LARVAL LAMPREY 

Shintaro Suzuki 

Department of Comparative Endocrinology 
Institute of Endocrinology, Gunma University 
Maebashi, Japan 

A larval lamprey undergoes metamorphosis into the adult form. This 
metamorphosis is remarkable and is accompanied by external changes in oral 
apertures, branchiopores, eyes, and other parts of the body. Simultaneous
ly, thyroid follicles are formed from the endostyle located underneath the 
pharyngeal region. Up to the present, it has not been clear which hormonal 
or neuronal factors are involved in this metamorphosis. Recently, we ob
served that potassium perchlorate (KC104) induces metamorphosis completely 
within three months. In this paper, we report the results of those investi
gations and the plasma thyroxine (T4) level in the larvae during and after 
induction of metamorphosis to clarify whether or not thyroid function is 
involved in metamorphosis. 

MATERIALS AND METHODS 

The larval lampreys, Lampetra reissneri, were collected from streams 
and were reared with sand at 22 + 2°C in well water. These larvae were 
treated with 0.05% and 0.01% KCl04, respectively. Other larvae were reared 
as a control under the same conditions. After the experiment, the animals 
were anesthetized with MS222 and blood samples were collected into heparin
ized capillaries. Plasma T4 was measured by an appropriate radioimmuno
assay (RIA) method, as previously reported (1,2). For histological obser
vation, these larvae were fixed in Bouin's solution and their tissues were 
processed by the routine method for making serial paraffin section (5 ~m). 
The slides were stained with hematoxylin and eosin. Metamorphic stages 
were determined by the criteria of Youson and Potter (3). 

RESULTS 

Induction of Metamorphosis 

In some larvae treated with KCl04, a slight 'sign of metamorphosis in 
oral apertures, branchiopores, and nostrils was observed after about four 
weeks. Some of these larvae finished metamorphosis within three months and 
stuck to the wall of the aquarium. Metamorphic stages in the larval lam
preys treated with 0.05% KCl04 for 3 months are shown in Table 1. Complete 
metamorphosis (stage 7) was induced in 6 of 14 larvae. In three metamor
phosed animals, an indent was observed in the pharyngeal region. In five 
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Table 1. Metamorphic Stage and Plasma T4 Level in the Larval Lamprey 
After Treatment with 0.05% Potassium Perchlorate for Three 
Months 

Animal 

no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Sex 

F 

F 

F 

F 

Total length 

(em) 

17.3 

15.1 

14.5 

13.6 

13.1 

12.5 

14.9 

14 . ., 

12.8 

14.1 

12.4 

12.5 

12.5 

11.7 

Metamorphic stage 

Stage 7b 

Stage 7 

Stage 7 

Stage 7 

Stage 7 

Stage 7 

Stage 7, abnormal pharynx 

Stage 7, abnormal pharynx 

Stage 7, abnormal pharynx 

Stage 7, eyes (stage 3) 

Stage 7, eyes (stage 4) 

Oral apertures (stage 5), 
branchiopores (<stage 2), 
eyes (stage 1) 

Oral apertures (stage 3), 
branchiopores (<stage 2), 
eyes (stage 1) 

Oral apertures (stage 4), 
branchiopores (<stage 2), 
eyes (stage 1) 

Plasma T4 

(ng/ml) 

0.6 

NDC 

0.6 

ND 

0.2 

0.4 

ND 

ND 

ND 

ND 

ND 

ND 

1.7 

1.4 

aF, female; bstage 7, completely metamorphosed lamprey; eND, not 
detectable, less than 0.2 ng/ml. 

animals, partial metamorphosis was induced; oral apertures, branchiopores, 
and eyes where at different metamorphic states and the dorsal fins were 
slightly enlarged. Even after prolonged treatment, these animals were at 
different stages, failed to complete metamorphosis, and became malformed. 
Such incomplete metamorphosis was induced in the smaller larvae. Similar 
results were also obtained by treatment with 0.01% KCl04. It was shown 
that the completely metamorphosed animals treated with KCl04 (total length, 
more than 12.5 em) were smaller than the spontaneously metamorphosed ones 
(total length, more than 14.1 em). 
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Plasma T4 Levels in the Larval Lampreys Treated with KCl04 

Plasma T4 values in the larval lampreys treated with 0.05% KCl04 for 
3 months were very low (<0.2 to 1.7 ng/ml), as shown in Table 1. However, 
in the larvae treated with 0.01% KCl04 for 3 months, the plasma T4 values 
fluctuated considerably and were in the range 8.5 to 60.2 ng/ml. There was 
no significant difference among the plasma T4 values in completely or incom
pletely metamorphosed animals. The plasma T4 values in these animals were 
higher than those in the untreated larvae. Moreover, large larvae with a 
total length of 14.4 - 16.3 em were treated with 0.01% KCl04 for only 3 
weeks. In these large larvae, no external changes were observed and the 
plasma T4 values were at an undetectable level (<0.2 ng/ml). 

Histological Observation 

In completely metamorphosed animals (stage 7) treated with KCl04, thy
roid follicles were formed from endostyle, as seen in spontaneous metamorpho
sis. In some animals, abnormality in the vascular system was observed near 
the thyroid region. In incompletely metamorphosed animals, marked changes 
in the endostyle were observed; cell type I of the endostylar cells degen
erated and a few thyroid follicles were formed as formation of the vascu-
lar system progressed. Such changes in the endostyle were similar to those 
found at the early stage of spontaneous metamorphosis. Treatment with KCl04 
hastened the growth of eggs (oocytes). The diameter of the eggs in com
pletely metamorphosed animals was almost the same as in spontaneously meta
morphosed animals. 

DISCUSSION 

It has been reported that the endostyle of ·the larval lamprey is a 
forerunner of the thyroid and it synthesizes thyroglobulin and secretes thy
roid hormones (4-6). Plasma thyroid hormones increase gradually with the 
growth of the larvae and reach the highest level in the largest larvae just 
before metamorphosis. During metamorphosis, the hormone levels drop and 
remain at the lowest level of adult lamprey. Such a change in plasma thy
roid hormones from the larval to metamorphic stages is similar to that in 
amphibian metamorphosis. However, it has been shown that thyroid hormones 
do not have any effect on lamprey metamorphosis (7-11). Thus, it seems that 
the involvement of thyroid hormones in lamprey metamorphosis is different 
from that in amphibian metamorphosis. Hoheisel and Sterba (12) first found 
that KCl04 induces some external signs of metamorphosis after 8-12 months 
in the larval lamprey. However, they could not get completely metamorphosed 
animals. The results of the present study indicated that complete metamor
phosis is induced by treatment with KCl04 within 3 months only in the larger 
larvae. In the smaller larvae treated, the external structures of the body 
in part were at different metamorphic stages. KCl04 has been shown to in
duce goiters in mammals (13,14) and in lower vertebrates (15,16). In the 
present study, we showed that plasma T4 values are extremely low 3 weeks 
after treatment with KCl04, before the treatment results in external signs 
of metamorphosis. It is probable that a lowering of plasma T4 has a close 
relationship to the initiation of lamprey metamorphosis, being mediated by 
the pituitary gland or neuronal factors such as the pineal gland (17,18). 
It was reported that goitrogens such as thiourea, thiouracil, and sodium 
thiocyanate induce marked changes in the endostyle of the larval lamprey 
rll,19,20). The results of these experiments should be reconsidered in 
view of the involvement of thyroid function in lamprey metamorphosis. 
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DIFFERENTIAL EFFECT OF HYPOTHYROIDISM ON THE DENDRITIC DENSITY OF PYRAMIDAL 

NEURONS OF THE CEREBRAL CORTEX* 

Antonio Ruiz-Marcosl and Santiago L. Ipina2 

lunidad de Neuroanatomia, Instituto Cajal, C.S.I.C., and 
2Departamento de Bioestadisteica, Facultad de Biologia 
Universidad Complutense, Madrid, Spain 

It is known that, given the extreme complexity of the central nervous 
system, the effect that some pathological conditions have on its development 
is far from being evident by a simple inspection of a tissue preparation at 
the microscope. 

To look through the microscope at a section of the cerebral cortex 
(C.C.), stained according to the rapid Golgi procedure (1), is, in some way, 
similar to looking at one screen where many pictures are projected at the 
same time. If we do not have the proper filter which allows us to see each 
picture separately, we could reach a paradox; because of the excess of in
formation, we do not get the message contained on the screen. Mathematical 
models and some special mathematical algorithms are, in a sense, one type of 
"filter" which allows us to study the properties and structure of the C.C., 
and how this structure is affected by pathological or abnormal conditions 
( 2). 

Eayrs (3) was one of the first to apply quantitative techniques to 
study the effect that hypothyroidism has on the development of the C.C. and, 
although his results were not conclusive, he mentioned that this pathologi
cal condition affects the density of the dendritic arborization of the neu
rons. 

In 1970, Ruiz-Marcos and Valverde (4) developed a special matricial 
algorithm which makes it possible to find the mean dendritic density dis
tribution of a group of neurons with respect to their soma, and to compare 
the distributions of two homogeneous groups of neurons, one belonging to 
control animals and the other to animals affected by a certain pathological 
condition. Using this method, one can determine how a pathological condi
tion affects the development of the dendritic arborization of the group of 
neurons studied. 

*Supported by a grant to Dr. A. Ruiz-Marcos from the Comision Asesora de 
Investigacion Cientifica y Tecnica no. 3360-1. Some preliminary results 
of this study, considering only the two planar dimensions (X,Y) of the 
neurons and one part of the algorithms described in this paper, were pre
sented at the "International Symposium Workshop on Iodine Nutrition, Thy
roxine and Brain Development", held in New Delhi, India, in February, 1985. 

671 



This algorithm, which was later perfected (5), has been used in the 
present work to study the effect that neonatal hypothyroidism has on the 
morphological development of the pyramidal neurons of the C.C. in order to 
elucidate whether this pathological condition affects the whole dendritic 
field of the neurons homogeneously, or if it affects some parts of their 
morphology with preference to others. 

MATERIAL AND METHODS 

A total of 20 pyramidal neurons, stained according to the rapid Golgi 
procedure (1) and chosen at random from layer III of the visual area of the 
C.C. of six control (C) rats 80 days old, and an equal number of neurons 
from a group of five rats of the same age which were surgically thyroidec
tomized (T) when they were 10 days old, were drawn using a camera lucida. 
The three spatial coordinates (X,Y,Z) of the more important points of the 
dendritic aborization of the neurons were transferred and stored in the 
permanent magnetic disk memory of a PDP 11/40 computer by means of a spe
cial program. Following the instructions of another program, the computer 
solves, as has been described in detail elsewhere (5), the already mentioned 
matricial algorithm, finding the mean dendritic density distribution corre
esponding to the two groups (C and T) of neurons studied, storing them in 
the form of numerical matrices (series of numbers arranged in rows and col
umns), named ACRONS (from Averaged Computed neuRONS) (4), in its permanent 
memory for further analysis. The overall difference between these two ma
trices was assessed by means of a two-way analysis of variance to the log
arithmic transformed original data. This transformation was necessary in 
order to obtain the homogeneity of the variances which were tested using 
the Bartlett test (6). The computer further found the differences (C-T) 
between each pair of homologous elements (those with the same position 
inside the matrices) of the two previously calculated ACRONS by dividing 
each of these differences by its corresponding C value, in order to obtain 
the relative decrease ((C-T) positive) or increase of the mean dendritic 
density on each place of the dendritic field with respect to the C value 
on this same place. The results obtained from these computations are given 
in the form of an alphanumerical pattern (Fig. 1), where it is indicated 
with the letter E (from "Empty") those positions on the dendritic field 
where the machine has found dendrites of C neurons and not of T neurons, 
with the letter C where it has found the opposite situation, indicating 
with numbers ranging from 9 to -9 the percentage of increment in the mean 
dendritic density found in each place of the dendritic field (number 9 in
dicating 90% of C value). On this and the next graph, the letter X repre
sents the position of the soma of the pyramidal neurons studied, with their 
apical shafts going upwards, perpendicular to the pia surface which is lo
cated parallel and just below the upper IIIII line. As the unitary square 
chosen in this particular study to calculate the dendritic densities was 
40 )Jm, the actual distance between two consecutive symbols is 40 )Jm. 

Finally, the whole series of differences obtained were studied by means 
of a one-way analysis of variance, followed by a Duncan test (7), in order 
to detect the site, inside the dendritic field, where the maximum difference 
occurs and those places where the differences encountered do not differ from 
the maximum by more than the 0.05 level. As a result of this procedure, the 
machine prints a graphical pattern (Fig. 2), on which there appears a"+" 
sign on those places where these differences (C-T) are positive (density de
crease), a"-" sign where these differences are negative, and nothing where 
the value of the differences differ from the maximum beyond the 0.05 level 
of significance. 

672 



r.ONTROL GROUP N3C80 EXF', GROUP N3TJ80 

AGE 80 COND, 1 N= :?0 AGE 80 COND. 5 N= 20 

NEURON F'OS,= o.o o.o o.o SQ= 40.0 p.· ox 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I 
I E E E E E I 
I E E E E E E E E I 
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I 7 3 7 6 8 E 9 E E I 
I E E E 9 7 6 7 6-7 E E E I 
I E 9 6-4 3 4 4-2 2 9 E E I 
I E 7 6 4-3 3 1 1 3 8 7 E I 
I E E E 9 2-9-4 2 2-1-3 4 E E I 
I E E E 9 6-3-8 1 2-7-3 8 E E E I 
I 6 3 3-1 1-1 3 9 E E I 
I C-9 2 1 1 4 4 4 I 
I -9 4 1 1 1-1-5 1 I 
I -3-2-4-2-2-1-1 4 8 E I 
I -2-3-1-2 X-1 1-1 E I 
I E 1-2-1-2 1 1 2 E I 
I 2-2 1 3-1 1 2 5-9 I 
I 5 1 7-5-2 6 1 E I 
I 6-3 9-9-9 5 I 
I c I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fig. 1. Percentage of differences with respect to control. Alpha
numerical pattern produced by the computer as part of the 
comparison made between the mean dendritic density distri
butions of the two groups of pyramidal neurons of control 
and hypothyroid animals studied at 80 days old. For mean
ing of symbols, see Material and Methods. 

RESULTS 

The value of F obtained as the result of overall comparison of the two 
numerical matrices, representing the mean dendritic density distributions 
of the group of C versus T neurons, was 18.15 with 1 and 173 degrees of 
freedom, meaning that the difference between these two distributions is 
highly significant. 

The results obtained from the detailed comparison between these two 
distributions are summarized on Figs. 1 and 2. (For full explanation of 
the symbols of these graphics, see the Material and Methods section). 

Fig._l shows the extension of the whole dendritic field of the group 
of C and T neurons studied. The position of the letter E on this graph in
dicates that T has more deeply affected the development of the apical shafts 
of these neurons than their basal dendrites. This conclusion is reinforced 
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CONTROL GROUP N3C80 EXP, GROUP N3TJBO 

AGE 80 CON[I, 1 N= 20 AGE 80 CON[I, 5 N= 20 
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I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I I 
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I + + I 
I + I 
I + + I 
I + + + I 
I + I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I X I 
I I 
I I 
I + I 
I + I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I J 
I I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fig. 2. Comparative acron. Graphical pattern produced by the com
puter as a result of the comparison made between the mean 
dendritic density distributions of the same groups of neu
rons mentioned on Fig. 1. For meaning of symbols, see 
Material and Methods. 

by the fact that the highest numbers are localized on the upper part of the 
graph, meaning that the stronger relative reduction of the mean dendritic 
density with respect to the original control value is localized on the upper 
part of the apical shafts of the group of pyramidal neurons studied, reach
ing 80 to 90% (numbers 8 and 9) on the more distal part of them. 

The observation of this graph led us to believe that T does not affect 
very deeply the development of the basal arborization of the pyramidal neu
rons and, surprisingly, on some parts of this field, an increase (negative 
numbers) has been observed in the mean dendritic density of the neurons of 
hypothyroid animals when compared to those of control animals. 

Furthermore, the position of signs "+" on Fig. 2, representing the 
places on the dendritic field where the differences between C and T are 
higher, are again an indication that the influence of hypothyroidism on the 
development of the structure of the dendritic tree arborization of the pyra
midal neurons is stronger on the more distal part of the apical shafts of 
these neurons. 
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DISCUSSION 

Using a mathematical model (2) which coherently describes the proper
ties of the distribution of spines along the dendrites of cortical neurons, 
it has been found (8) that T performed on rats at 10 days of age has a se
lective effect on the development of these spines, counted along the apical 
shafts of pyramidal neurons, affecting more deeply this development on the 
superficial layers of the C.C. It has also been reported recently (9) that 
f also more deeply affects the development of myelinated profiles on the 
superficial layers of the C.C. than on the rest. 

The results obtained in the present study are in agreement with all 
previous results mentioned above and indicate that T also affects the mor
phology of the dendritic arborization of the pyramidal neurons on its more 
superficial region inside the C.C. 

Previous results obtained from the study of the effect that Thas on 
the microtubules inside the apical shafts of pyramidal neurons (10) seemed 
to indicate that the more profound effect, reported here, of Ton the de
velopment of the more distal parts of these apical shafts could be due, at 
least in part, to damage of the general metabolism of the neuron which pro
vokes a deficit of transport to the more distal parts of its morphology. 
If that would be the case, however, a more profound derangement of the 
distal parts of the basal dendrites of the pyramidal neurons should have 
been observed. In this respect, the results obtained seem to indicate 
that the more profound effect of hypothyroidism on the more distal part of 
the apical shaft arborization of the pyramidal neurons is due to an over
all derangement on the most superficial layers of the C.C. 

Still, the question arises whether this general derangement, produced 
by neonatal hypothyroidism on the more superficial layers of the C.C., is 
because these layers are the first to mature (11), or if it is also due to 
preference of this pathological condition for this region of the brain. In 
order to elucidate this last question, it would be necessary to study the 
effect that hypothyroidism, induced at an adult age, has on the different 
parts of the morphology of the neuron, a type of study that could be done 
with application of the mathematical techniques used for the present and 
previous studies. 

SUMMARY 

In order to study the influence that neonatal hypothyroidism has on 
the development of the density of the dendritic arborization of the pyrami
dal cells of the cerebral cortex (C.C.), a total of 20 neurons belonging to 
control rats at 80 days old, and an equal number of neurons belonging to 
animals of the same age which were surgically thyroidectomized (T) when they 
were 10 days old, were studied using the matricial algorithm developed by 
Ruiz-Marcos and Valverde (4), and other statistical algorithms developed for 
this study. The results obtained show that T significantly affects the de
velopment of the more distal upper part of the dendritic field of the neu
rons studied, while affecting very little the development of the dendritic 
arborization of the basal dendrites of these neurons. 
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PROSTACYCLIN (PGI2) PRODUCTION IN HYPERTHYROID RATS AND PATIENTS WITH 

GRAVES' DISEASE 

T. Noguchi, Y. Kazama, Y. Kanemaru, and T. Onaya 

The Third Department of Internal Medicine 
University of Yamanashi Medical School 
Tamaho, Yamanashi-ken, Japan 

Prostaglandins can stimulate thyroid hormone secretion from the thyroid 
gland (1). Conversely, T3 can stimulate prostacyclin synthesis by cultured 
vascular smooth muscle cells (2). These findings seem very interesting for 
understanding the mechanism of the anti-atherosclerotic action of thyroid 
hormone. Therefore, we have examined the effect of thyroid hormone admin
istration in vivo on prostacyclin synthesis in rats, and the mechanisms of 
thyroid hormone action were also investigated. 

MATERIALS AND METHODS 

Male Wistar rats (weighing about 250 g) were treated with T4 (200 ~g/ 
100 g body wt. ip every 24 h for either 3, 7, or 14 days; groups 1, 2, and 
3, respectively) or methimazole (0.01% in drinking water for 14 days; group 
7). For controls, rats were given corresponding amounts of saline ip every 
24 h for 3, 7, and 14 days (groups 4, 5, and 6, respectively). Serum T3 
and T4 levels were determined by RIA. Plasma PGI2 levels and PGI2 release 
by aortic rings incubated in vitro, were measured at 6-keto-PGFlaby RIA 
after extraction and separaTion by silicic acid column chromatography as 
reported previously (3). Phospholipase A2 activity and lipid analysis of 
rat aorta were carried out by established methods (4,5). Plasma 6-keto-PGFp 
levels in hyperthyroid patients with Graves' disease were measured before 
and after treatment with antithyroid drugs. All data are shown as mean + 
SEM. 

RESULTS AND DISCUSSION 

Serum T4 levels in hyperthyroid rats (12.4 ~ 0.9, 8.3 ~ 0.9, and 9.2 
+ 1.2 ~g/dl for groups 1, 2, and 3, respectively) were significantly higher 
than those in control rats (4.5 + 0.3, 4.2 + 0.2, and 4.9 + 0.5 ~g/dl for 
groups 4, 5, and 6, respectively). The methimazole-treated group showed a 
significantly decreased serum T4 level (0.9 ~ 0.1 ~g/dl). Serum T3 levels 
in all T4-treated groups were also significantly higher and in the methi
mazole-treated group significantly lower than in controls. 

Plasma 6-keto-PGFla levels in groups 1, 2, and 3 were significantly 
higher than those in corresponding controls, as shown in Table 1. How
ever, plasma 6-keto-PGFla levels in group 7 were not different from that 

677 



Table 1. Effects of Thyroxine and Methimazole Treatments on Plasma 
6-keto-PGFla and on In Vitro Production of 6-keto-PGF1a by 
Aortic Rings 

Groups Treatment 
Plasma 6-keto-PGFta 

(pg/ml) 
6-keto-PGFla produced in vitro 

(ng/mg aortic ring/15 min) 

1 T4, 3 days 129.8 + 14.6** 20.5 + 1.0 
2 7 days 137.5 + 17.3** 30.4 + 2.0*** 
3 14 days 114.6 + 14.9* 34.2 + 2.0*** 

4 Saline, 3 days 65.9 + 11.2 20.7 + 1.0 

5 7 days 53.3 + 10.2 18.0 + 2.2 

6 14 days 58.2 + 6.8 20.4 + 1.2 

7 Methimazole, 

14 days 60.3 + 7.1 14.8 + 0. 7*** 

Aortic rings obtained from abdominal aorta were incubated in 0.5 ml 
Krebs-Ringer bicarbonate buffer (pH 7.4), and 50 mg% glucose for 15 min 
at 37"C. *p<O.OS, **p<O.Ol, ***p<O.OOl vs their corresponding controls. 

in controls despite their decreased serum thyroid hormone levels. Since 
it is difficult to conclude that the enhanced PGI2 production by vascular 
tissues in T4-treated rats resulted in the increased plasma 6-keto-PGFl<X 
levels, we determined the PGI2 production by aorta in vitro directly. 

The in vitro production of PGI2 by aortic rings obtained from normal 
rats is shown in Fig. 1. The addition of arachidonic acid (20 ~g/ml) into 
the incubation medium caused a significant increment in PGI2 production, 
and production was significantly inhibited by the addition of 1 x lo-S M 
indomethacin. Direct addition of T4 into the incubation medium did not 
cause any significant changes in PGI2 production (data not shown). Under 
these experimental conditions, in vitro production of PGI2 by aortic rings 
obtained from experimental rats-;as determined as shown in Table 1. The 
PGI2 production by aortic rings in groups 2 and 3 was significantly higher 

Cl 
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Cl 
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Fig. 1. Effects of A.A. and indo
methacin on PGI2 produc
tion in vitro by aortic 
rings-obtained from normal 
rats . 



Table 2. Effects of Thyroxine and Methimazole Treatments on Phospholipid 
Content and Composition of Rat Aorta 

Normal 

T4 (7 days) 

T4 (14 days) 

Methimazole 

Phospholipid 
\lg/100 mg 
wet wt. 

497 + 52 

578 + 49 

515 + 25 

546 + 81 

PC 

37.6 + 3.3 

36.5 + 0.1 

38.2 + 1. 3 

37.0 + 0.1 

% of total PL 
PE PI-PS SM 

28.7 + 3.9 16.5 + 3.1 11.3 + 2.6 

32.2 + 1.2 15.6 + 2.2 10.2 + 3.3 

31.0 + 1.6 16.4 + 5.9 8.7 + 4.3 

32.3 + 1.8 17.0 + 5.9 10.4 + 4.0 

than in corresponding controls, but no significant difference in PGI2 pro
duction was observed between groups 1 and 4. In contrast, methimazole treat
ment caused a significant suppression. 

These results show the stimulatory effect of thyroid hormone on PGI2 
production by vascular tissues, and also that T4 treatment for more than 
three days was necessary to stimulate PGI2 synthesis by vascular tissues. 

The rate-limiting step in prostaglandin synthesis is believed to be 
the release of arachidonic acid from membrane phospholipid. We determined 
the effect of thyroid hormone on phospholipid content, fatty acid composi
tion of phospholipid, and phospholipase A2 activity in aortas (Table 2). 
Phospholipid content of aorta in T4- and methimazole-treated groups was 
not different from those of controls. Also, fatty acid composition of 
phospholipids in the aorta was not different between controls and either 
T4- or methimazole-treated rats (data not shown). Furthermore, no signif
icant differences in phospholipase A2 activity were found between controls 
and either T4- or methimazole-treated rats (Table 3). 

These results suggest that thyroid hormone may act on (stimulate) some 
steps after the release of arachidonic acid from phospholipid, though it is 
not clear whether T3 and/or T4 can only stimulate PGI2 production from these 
experiments. 

Table 3. Phospholipase A2 Activities in Aortic Homogenates Obtained 
from Control, T4-treated, and Methimazole-treated Rats 

Control groups 4, 5, 6 
T4-treated rats 

group 1 
group 2 
group 3 

Methimazole-treated rats 

group 7 

p moles AA released/mg protein/2 hr 

55.9 + 7.6 

41.6 + 2.3 
62.8 + 6.8 
55.1 + 9.2 

57.5 + 6.8 
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Since it is interesting to examine these effects of thyroid hormones 
in humans, we measured plasma 6-keto-PGFp levels in hyperthyroid patients 
with Graves' disease before and after treatment with antithyroid drugs. As 
shown in Fig. 2, plasma 6-keto-PGFla levels in patients with Graves' disease 
decreased significantly after treatment. 

Finally, although further studies have to be done to clarify the mech
anisms, the present data further confirmed the stimulatory effects of thy
roid hormone on PGI2 synthesis by vascular tissues in vivo. 

SUMMARY 

The effects of thyroid hormone administration in vivo on PGiz produc
tion by vascular tissues were investigated in rats, and plasma PGiz levels 
in hyperthyroid patients with Graves' disease were determined. PGI2 was 
measured as 6-keto-PGFla by RIA. Plasma PGiz levels in T4-treated rats 
were significantly higher than those of control rats. Aortic rings obtained 
from rats given T4 for 7 and 14 days showed significantly increased release 
of PGI2 into the incubation medium. In contrast, rats given methimazole for 
14 days showed a significant decrease in PGI2 production by aortic rings. 

No significant changes were observed in phospholipid content, fatty 
acid composition of phospholipids, or phospholipase Az activity between 
controls and experimental rat aortas. 

These results suggest a stimulatory effect of thyroid hormone on PGI2 
synthesis in vivo, though the mechanism of thyroid hormone action is not 
yet clear. 

Furthermore, the stimulatory effect was confirmed by finding plasma 
6-keto-PGFla levels significantly decreased in patients with Graves' dis
ease after treatment with antithyroid drugs. 
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REGULATION OF RAT LIVER GLYCEROPHOSPHOLIPID FATTY ACID COMPOSITION IN HYPO-

AND HYPERTHYROIDISM* 

INTRODUCTION 

Fred H. Faas, An Q. Dang, and William J. Carter 

John L. McClellan Memorial Veterans Hospital and Department 
of Medicine, University of Arkansas for Medical Sciences 
Little Rock, AR, USA 

The fatty acid compos1t1on of microsomal phospholipids isolated from 
rat liver has been shown to be altered in hyperthyroidism and hypothyroid
ism (1-4). In hypothyroidism, the proportions of linoleic (Cl8:2w6), eico
satrienoic (C20:3w6), eicosapentaenoic (C20:5w3), and docosahexaenoic (C22: 
6w3) acids were increased, while the proportion of arachidonic (C20:4w6) 
acid was decreased (2). In contrast, chronic hyperthyroidism increased the 
proportions of stearic (Cl8:0) acid and C20:4w6 and concomitantly decreased 
the proportions of palmitic (Cl6:0) acid, palmitoleic (Cl6:lw9) acid, Cl8: 
2w6 and C20:3w6 (1). The increased Cl8:2w6 and decreased C20:4w6 in hypo
thyroidism may be due to diminished fatty acid desaturation (~6 desaturase). 
However, in hyperthyroidism, changes in Cl8:2w6 and C20:4w6 are reversed 
without evidence of increased ~6 desaturase activity. Furthermore, the 
other changes in fatty acid composition cannot be readily explained by the 
observed alterations in fatty acid desaturation and in many cases are op
posite to that predicted by the altered desaturation (1,2). 

Therefore, we have studied the effect of hypo- and hyperthyroidism on 
several enzymes involved in phospholipid synthesis and degradation, alter
ations of which might result in changes in phospholipid fatty acid compo
S1t1on. The enzymes studied and reported here are: acyl-CoA: glycerol 3-
phosphate acyltransferase (GPAT), acyl-CoA: 1-acylglycerol 3-phosphoryl
choline acyltransferase (GPCAT), phospholipase Az, and lysophospholipase. 
The first enzyme (GPAT) is known to catalyze a rate-limiting step for the 
synthesis of phosphatidic acid (incorporating saturated and monounsaturated 
fatty acids) in rat liver microsomes and mitochondria (5,6). The GPCAT and 
phospholipase Az form an acylation-deacylation cycle that is known to play 
an important role in introducing polyunsaturated fatty acids into phospho
glycerides. Finally, lysophospholipase catalyzes the degradation of phos
phoglycerides. 

METHODS 

The experiments were carried out using age-matched normal and thyroid
ectomized white male Sprague-Dawley rats. Hyperthyroidism was produced in 

*A more complete version of this manuscript has been accepted for publica
tion in the journal, Lipids. 
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normal rats by daily intraperitoneal injection of 25 pg of triiodothyro
nine (T3) per 100 g body weight for 14 days. Hypothyroidism was verified 
in the thyroideceomized rats by declining growth rate and low serum thyrox
ine (T4) and T3 values. In the T3-treated hypothyroid rats, 25 pg T3 per 
100 g body weight was injected intraperitoneally daily for 4 days. Mito
chondria, microsomes and 100,000 g supernatants (cytosol) of the homoge
nized liver were isolated, protein determinations done, and samples stored 
at -70"C as described previously (7). Microsomal and mitochondrial GPAT, 
microsomal GPCAT, mitochondrial phospholipase A2, and cytosol lysophospho
lipase assays were carried out as described previously (7). The results 
of replicate experiments were pooled for statistical analysis. Signifi
cant differences between groups were determined by using Student's t test. 

RESULTS 

Table 1 indicates that hyperthyroidism significantly decreased the 
activities of microsomal GPAT 34% and GPCAT 33%. Hyperthyroidism, however, 
did not affect mitochondrial GPAT, phospholipase A2, or cytosol lysophos
pholipase activity. These data demonstrate that hyperthyroidism depresses 
activities of the phospholipid synthetic enzymes (GPAT and GPCAT) in micro
somes but has no effect on activities of the phospholipid degradative en
zymes (phospholipase A2 and lysophospholipase). 

Hypothyroidism had no effect on microsomal GPAT activity, but is sig
nificantly increased mitochondrial GPAT activity 38% and microsomal GPCAT 
activity 19%. Hypothyroidism also resulted in a 36% decrease in phospho
lipase A2 activity and a 56% decrease in lysophospholipase activity. Thus, 
in contrast to the decreased enzyme activities of phospholipid synthesis 
seen in hyperthyroidism, hypothyroid rat liver increases phospholipid syn
thesis and simultaneously decreases enzyme activities of phospholipid deg
radation. T3 treatment of hypothyroid animals corrected the activities of 
phospholipase A2 and lysophospholipase to the level of the control rats. 
The increased mitochondrial GPAT activity was not corrected, and the micro
somal GPAT (unaffected by hypothyroidism) and increased GPCAT activities 
were decreased to the level of the hyperthyroid rat. 

DISCUSSION 

The decreased acttVLttes of the microsomal acyltransferases GPAT and 
GPCAT is consistent with the reported decrease in microsomal phospholipid 
content in the hyperthyroid rat liver (4). Other factors such as the de
crease in the availability of glycerol 3-phosphate (8) and diacylglycerol 
(9) and a greater proportion of diacylglycerol being diverted to the syn
thesis of triacylglycerol (10) could also contribute to diminished synthe
sis of liver microsomal phospholipids. The diminished liver GPCAT activity 
in hyperthyroidism is in contrast to that found in other tissues such as 
lung in which T3 has been shown to stimulate activites of microsomal GPCAT 
and phospholipase A2 (11). 

The acyltransferases GPAT and GPCAT are known to play an important 
role in determining the fatty acid composition in phosphoglycerides, with 
the microsomal GPAT preferentially catalyzing the incorporation of satu
rated and monounsaturated fatty acids into phospholipids, and the micro
somal GPCAT preferentially catalyzing the incorporation of polyunsaturated 
fatty acids into phospholipids. Therefore, the decrease in microsomal GPAT 
and GPCAT activities would contribute to the decreased proportions of cer
tain unsaturated fatty acids (Cl6:lw9, Cl8:2w6, and C20:3w6) found in micro
somal phospholipids of hyperthyroid rat liver (1). However, neither these 
enzyme changes nor the diminished 66 desaturase activity (1) can explain 
the increased C20:4w6 levels seen. 
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Our results also indicate that hypothyroidism decreases the enzyme 
activities of phospholipid degradation: mitochondrial phospholipase Az and 
cytosol lysophospholipase, and concomitantly increases enzyme activities 
of phospholipid synthesis: mitochondrial GPAT and microsomal GPCAT. The 
increase in GPCAT activity in hypothyroidism in contrast to the decreased 
activity in hyperthyroidism may explain the opposite effects of hyperthy
roidism and hypothyroidism on the observed alterations in phospholipid 
fatty acid composition. Specifically, the increased GPCAT in hypothyroid
ism would increase proportions of the polyunsaturated fatty acids such as 
Cl8:2w6, C20:3w6, C20:Sw3, and C22:6w3 in microsomal phospholipids of hypo
thyroid rats (2). Of course, the diminished ~6 desaturase activity in 
hypothyroidism would best account for the decreased C20:4w6 and increased 
Cl8:2w6 levels (2). 

Phospholipid fatty acid compos1t1on in hypothyroidism a~d hyperthy
roidism is undoubtedly multifactorial, being influenced by altered fatty 
acid desaturase activity, altered fatty acyl-CoA incorporation into and 
removal from phospholipids, and additional yet unstudied factors such as 
altered utilization of various fatty acids. 
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EFFECT OF THYROXINE REPLACEMENT THERAPY ON SERUM THYROTROPIN* 

INTRODUCTION 

Kresimir Banovac and Sudah Shaheb 

Department of Medicine 
University of Miami School of Medicine 
Miami, FL, USA 

Several studies have shown that the replacement doses of oral thyroxine 
are associated with supranormal concentrations of serum T4, although normal 
concentrations of triiodothyronine (T3) (1-4) and the underlying mechanisms 
remain debatable. The present study confirms the high serum T4 and normal 
T3 with the conventional doses of oral T4, but also identifies a greater 
prevalence of unmeasurable TSH concentration in these patients. 

PATIENTS AND METHODS 

The study group comprised 86 patients (72 women and 14 men), all treated 
for hypothyroidism or euthyroid goiter. The mean age in this group was 50 
years (range, 16-70). At the time of the study, all patients were clinically 
euthyroid and had been taking various doses of thyroxine (Synthyroid, Flint 
Div., Baxter-Travenol, Deerfield, IL) as indicated in Table 1. Blood sam
ples were obtained several hours after the ingestion of T4 for measurement 
of serum T4, T3, TSH, free T4, T3U, and FTI. 

RESULTS 

Table 1 shows the results for patients on three different doses of T4. 
The mean total T4 and free T4 (FT4) were significantly higher than in the 
control group regardless of the administered dose of T4. The concentration 
of T4 between the three groups of patients was not significantly different. 
Similarly, FTI in the group of patients taking T4 was significantly higher 
than in controls. However, serum T3 and T3U values in individual groups of 
patients were not significantly different as compared with the control group. 
Forty-one percent of the patients had T4 above normal (11 pg/dl) (Fig. 1), 
while only 3.7% of the patients had an elevated T3 (Fig. 2). Analysis of 
linear regression of serum T4 and the dose of T4 showed statistically non
significant coefficient correlation (r=O.lSl). FT4 in patients was eleva
ted in 63% of subjects; there was a significant correlation between T4 and 
FT4 in the patients taking the dose of 0.15 (p<O.OOl) and 0.2 mg T4 daily 
(p<0.02). Serum TSH was determined 1n 56 T4-treated patients (Table 2). 

*Supported in part by a Grant from the USPHS, AM 31391, to M. Zakarija. 
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Fig. 2. Serum T3 in 75 patients on thyroxine replacement. 
Box represents normal range for serum T3 concen
tration. 

In 77% of the patients, serum TSH was < 0.5 ~U/ml, that is the lowest mea
surable concentration for our assay, compared to 22% of control subjects 
(Table 2). Of the patients on T4 with serum TSH < 0.5 ~U/ml, 33% had a 
normal T4 and 20% had a normal FT4 (Table 3); serum T3 level in these pa
tients was in the normal range. A similar prevalence of serum TSH < 0.5 
~U/ml, was found in those patients taking 0.1, 0.15, and 0.2 mg of T4 daily 
(71-77%); all patients on a T4 dose more than 0.2 mg daily had an unmea
surable serum TSH. 
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Table 2. Serum TSH Concentration in Patients on Thyroxine Replacement 

TSH (Jl U /ml) 
Group N <0.5 0.5-3.5 3.6-5.6 

Thyroxine treated 56 43 13 0 

Control 40 9 (22%) 29 (76%) 2 (5%) 

DISCUSSION 

In the present study, we have shown that both T4 and FT4 were above 
the normal range in many patients on T4 replacement. Although the FT4, 
metabolically active fraction of T4, was in the hyperthyroid range in these 
patients, none had symptoms of hypermetabolism, similar to the findings in 
some previous studies (2). The mechanism for T4 elevation in this group 
of patients remains unexplained, although it is very likely that a higher 
serum T4 in the patients on replacement is required to replace the lack of 
.thyroid production of T3 (1,5). In our group of T4-treated patients, 77% 
had undetectable serum TSH, in contrast to 22% of controls. Since our T4-
treated patients typically had a supranormal concentration of T4 and/or FT4, 
while that of T3 was normal, the frequently suppressed TSH may indicate that 
pituitary secretion of TSH responds to the concentration of T4 available for 
conversion to T3 by pituitary gland, rather than the serum concentration of 
T3, as previously published by others (6,7). 

Table 3. Total and Free T4 in Patients 
With Unmeasurable Serum TSH 

Normal Elevated 

T4 33% 67% 
(n=43) 

FT4 20% 80% 
(n=33) 
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THYROXINE-INDUCED MOLTING AND GONADAL FUNCTIONS OF LAYING HENS 

INTRODUCTION 

Kunitoshi Sekimoto, Keiko Imai, Mitsuo Suzuki, Hiroo Takikawa 
and Nobuyuki Hoshino 

Institute of Endocrinology, Gunma University, Maebashi, and 
Central Research Institute of Nihon Nosan Koguo K.K. 
Funabashi, Japan 

In most avian species, molting and feather regeneration are related to 
breeding or seasonal changes. In addition to spontaneous molting, forced 
molting of laying domestic fowls is induced by a combination of food-water 
restriction and short photoperiod or excess dose of thyroxine (T4), followed 
by a reduction in egg production rate. The forced molting technique is used 
to avoid replacing pullets every year, although during the molting the rate 
of egg production is nearly zero. It has been proposed that changes in var
ious endocrine functions are involved in both spontaneous and forced molting 
(1-9). 

This paper aims to clarify the mechanism of forced molting caused by 
excessive T4 in relation to gonadal functions. 

MATERIALS AND METHODS 

Twenty white Leghorn hens of 238 days of age were reared in individual 
cages in a windowless house under artificial light (light on 06:00; light 
off 20:00 h). They were divided into 4 groups receiving daily injections, 
into the breast muscle, of 0, 20, 100, and 500 vg/kg of T4 (L-thyroxine, 
Sigma Co.), dissolved in slightly alkaline saline solution, for 4 weeks. 
The control group (0 vg T4 received the same volume of vehicle. Blood 
samples were obtained from the brachial vein before T4 injection once a 
week. Serum levels of T4 (10), T3 (10), rT3, LH (11), estradiol (E2) (12), 
and progesterone (12) were measured by appropriate RIA systems. Body 
weights were measured once a week and egg production was recorded daily. 
Statistical significance was evaluated by the one way analysis of variance 
(13). 

RESULTS 

Changes in Body Weight and Egg Production Rate after T4 Injection 

The mean body weights of the groups treated with 20 and 100 vg T4 did 
not differ from that of the control group, whereas that of the 500 vg T4 
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group decreased significantly, from 1788 + 119 to 1494 + 67 g (mean+ SEM) 
after one week. Also, the egg production-rates of the 2o and 100 Jl g-T4 
groups did not differ from that of the control group, but the rate of the 
500 ]lg T4 group decreased markedly after one week, and stopped completely 
thereafter. In addition, molting in the latter group was induced 10 days 
after T4 injection. 

Changes in Circulating Iodothyronine Levels After T4 Injection 

Serum T4, T3, and rT3 levels of each group during the experiment are 
shown in Fig. l(A). Serum T4 levels rose as the T4 dose increased. In the 
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Fig. 1. Changes in circulating iodothyronine levels (A) and gonadal hormone 
levels (B) after graded doses of L-T4 injection (0, 20, 100, and 
500 Jlg/kg) for four weeks. Each point represents the mean + SEM. 
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500 ~g T4 group, the serum T4 increased markedly after one week and reached 
a peak of 931 + 43 ng/ml, which was 150-fold as high as the control level, 
but was followed by a gradual decrease. T3 and rT3 levels showed similar 
changes. The peak values were 16.3 ~ 1.2 ng T3/ml after one week and 7.5 
+ 0.9 ng rT3/ml after two weeks. These values were respectively about 30-
fold and 50-fold higher than those of controls. 

Changes in Circulating Gonadal Hormone Levels after T4 Injection 

Serum LH, E2, and progesterone levels of each group during the experi
ment are shown in Fig. l(B). The LH level of the 20 ~g T4 group did not 
change; that of the 100 ~g T4 group decreased slightly after 2 weeks; and 
that of the 500 ~g T4 gr9up decreased markedly, from 2.5 ~ 0.1 to 1.5 ~ 0.1 
ng/ml after 1 week. The E2 and progesterone levels of the 20 and 100 ~g 
groups did not differ from those of control. There were no changes in the 
E2 and progesterone levels of the 500 ~g T4 group after 1 week, but after 
2 weeks those levels decreased markedly, from 226 + 12 to 80 + 9.4 pg/ml 
(E2) and from 3.9 ~ 0.2 to 1.1 ~ 0.1 ng/ml (progesterone). A-significant 
decrease in LH level after 1 week preceded a decrease in egg production 
rate, which was evident after 2 weeks. 

DISCUSSION 

The present study was undertaken to observe how excessive doses of T4 
act on laying hens to induce molting and to relate these events to changes 
in circulating iodothyronines and gonadal hormone levels. 

In 1925, Zavadovsky (14) reported molting 7 or 10 days after desiccated 
thyroid administration and concluded that thyroid hormone plays a specific 
role in the regulation of growth and molting. In the present experiment, 
we found molting after a similar latent period. Some workers here reported 
that thyroid hormone is not directly involved in molting of laying hens be
cause the administration of thiouracil or progesterone could also induce 
molting (1,5). However, as shown in Fig. l(B), serum progesterone level 
decreased during T4-induced molting. We found an increase in serum thy
roid hormone levels, while gonadal hormone levels decreased during the 
forced molting due to a deprivation of food and water (unpublished data). 
Therefore, it is probable that an increase in circulating thyroid hormone 
levels is one of the events preceding molting in laying hens. 

SUMMARY 

Twenty laying hens were divided into 4 groups which received daily in
tramuscular injections of graded doses of L-T4 (0, 20, 100, and 500 ~g T4 
per kg) for 4 weeks. There were no changes in body weight and egg produc
tion rate of the control (0 ~g T4), 20 ~g and 100 ~g T4 groups, but marked 
decreases in the 500 ~g T4 group, and molting started in the latter group 
10 days after T4 injection. Circulating levels of T4, T3, and rT3 in the 
500 ~g T4 group were 30- to 150-fold higher than those of controls, while 
gonadal hormone levels (LH, E2, and progesterone) decreased inversely. From 
these results, we conclude that an excess dose of T4 (500 ~g T4 per kg per 
kg per day) induces an increase in circulating iodothyronine levels, which 
may directly stimulate the growth of feather germ, inducing molting. 
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GLUCAGON CAUSES DISAPPEARANCE OF A T3 AND CARBOHYDRATE-INDUCIBLE RAT 

HEPATIC mRNA (mRNAsl4): UNEXPECTED CIRCADIAN DEPENDENCY OF RESPONSE* 

William B. Kinlaw, Howard C. Towle, Teh-Yi Tao, Donald B. 
Jump, Harold L. Schwartz, CaryN. Mariash, and Jack H. 
Oppenheimer 

Departments of Medicine and Biochemistry 
University of Minnesota 
Minneapolis, MN, USA 

We have employed a rat hepatic mRNA sequence (mRNAsl4) as a model for 
studies of hormonal and nutrient effects on the regulation of gene expres
sion in vivo. Attention was drawn to this sequence, which encodes a cyto
solic-protein of Mr 17,010, pl 4.9, because of its rapid induction to 15X 
the basal hypothyroid level within 4 h after T3 administration (1). Sub
sequent studies showed that hepatic mRNAsl4 expression is regulated by other 
factors as well. Starvation or experimental diabetes mellitus, for example, 
markedly attenuate mRNAsl4 levels, whereas carbohydrate feeding augments 
mRNAsl4 (2,3). Moreover, Mariash et al. in our laboratory have shown that 
induction of this mRNA by T3 and dietary carbohydrate exhibits the syner
gistic action which typifies their induction of several lipogenic enzymes 
in rat liver (2,4,5). The hypothesis has been advanced that a product of 
carbohydrate metabolism interacts in a multiplicative fashion with a signal 
generated by the association of T3 with its receptor to induce specific mRNA 
sequences encoding lipogenic enzymes. Participation of the S14 protein in 
lipogenesis is further suggested by its abundancy only in lipogenic tisses-
liver, fat, and lactating mammary gland (5). 

Studies reported here arose from two lines of investigation. First, 
we wished to characterize the determinants of the circadian variation in 
hepatic mRNAsl4 expression observed by Jump et al. in our laboratory (5). 
Secondly, we undertook studies to determine whether glucagon could cause 
disappearance of mRNAsl4• presumably by inhibiting glycolysis and thus 
diminishing the carbohydrate signal at the nuclear level. Our data indi
cate that glucagon can cause mRNAsl4 disappearance, and that this effect 
is rapidly reversed by T3. Moreover, we observed an unexpected circadian 
dependency of the potency of both T3 and glucagon in this model. 

METHODS 

Male Sprague-Dawley rats weighing approximately 200 g were fed ad lib 
on a standard chow and kept on a 12 h photoperiod (lights on 0700 h). Awake 
animals received the indicated doses of glucagon (Eli Lilly), T3, or the 

*Funded by the following grants from the NIH: AM01277 (W.B.K.), AM07112 
(W.B.K.), AM07203 (J.H.O.), and AM32885 (C.N.M.). 
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appropriate vehicle, and were killed by aortic exsanguination under light 
ether anesthesia. 

Livers were frozen (-80°C) for extraction of RNA by the guanidine HCl 
method (5). Quantitation of relative mRNAsl4 expression was by dot hybrid
ization of total RNA on nitrocellulose paper (50% formamide, 60°C) employing 
32P-dCTP-labeled cDNAsl4- E7 (6). The E7 probe corresponds to 620 base 
pairs of the 3' coding region of mRNAsl4· Autoradiographs prepared from the 
blots were quantitated by the computer-assisted videodensitometric technique 
of Mariash et al. (7). 

RESULTS 

Circadian Variation in Hepatic mRNAsl4 

Initial studies were designed to investigate the circadian regulation 
of the S14 gene. The circadian rhythm of hepatic mRNAsl4 peaks in the 
evening (2200 h) at a level 3 times above the nadir (1000 h) in euthyroid 
rats (5). Rats killed at 4 h intervals starting 24 h after administration 
of a dose of T3 sufficient to fully occupy hepatic receptors for the dura
tion of study continued to exhibit circadian periodicity in mRNAsl4 expres
sion, although the mean level was increased 4-fold. This indicated to us 
that T3 did not cause the rhythm and that the circadian factor could period
ically antagonize a maximal T3 effect. 

Since regulation of mRNAsl4 expression by dietary constituents has been 
documented (2), we sought to determine whether mRNAsl4 periodicity was pri 
marily entrained to the photoperiod or to the mostly nocturnal food intake 
of the rat. Accordingly, animals were adapted for 15 days to feeding only 
during the light (0700-1900 h) or dark portions of the cycle. Surprisingly, 
this had no major effect on the phase of the rhythm. Adaptation to photo
reversal for the same period, however, resulted in the expected 180° phase 
shift in mRNAsl4 periodicity. This suggested to us the existence of a modu
lator, probably neurohumeral, of S14 gene expression which is primarily en
trained to the photoperiod. 

Opposite Effects of Glucagon and T3 on mRNAsl4 Expression 

In other studies, we wished to determine whether glucagon could influ
ence the level of mRNAsl4· We reasoned that inhibition of glycolysis by 
this hormone could produce a rapid attenuation of the carbohydrate-induced 
regulatory factor at the level of the sl4 gene. 

Accordingly, glucagon (25 ~g/100 g bw ip at 15 min intervals x 3 doses) 
was administered to euthyroid rats starting at 1700 h, when levels of mRNAsl4 
are high. This resulted in a decline to 20% of the initial value over a 4 h 
period. Time course studies showed a monoexponential decline after glucagon 
(tl/2, 90 min) suggesting cessation of mRNAsl4 synthesis. This inference 
was supported by nuclear run-on assays which indicated >90% reduction in 
mRNAsl4 transcription following glucagon. Repetition of this experiment 
in hyperthyroid rats CT3, 200 ~g/100 g bw ip 18 h before glucagon) resulted 
in a marked diminution of the glucagon-induced disappearance (tl/2, 440 min). 
This indicated that T3 antagonized the effect of glucagon on S14 gene 
regulation. Nuclear run-on assays in this group showed a lesser diminution 
after glucagon, suggesting that the antagonism of glucagon by T3 occurred, 
at least in part, at the transcriptional level. 

Circadian Dependency of Glucagon and T3 Effects on mRNAsl4 Expression 

We wished to determine whether the T3-mediated resistance to the 
glucagon effect on mRNAsl4 was a rapid direct effect of thyroid hormone 
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or secondary to an increase in glucagon turnover in the hyperthyroid state. 
To this end, euthyroid animals received glucagon (25 ~g/100 g bw ip x 3 
at 15 min intervals) followed 15 min later by T3 (200 ~g/100 g bw ip) or 
vehicle starting at 1700 h. Glucagon-treated rats exhibited the expected 
decline in mRNAsl4• whereas a dose of T3 administered after glucagon com
pletely reversed the decline. Surprisingly, however, rats treated with TJ 
alone at this hour failed to exhibit an increase in hybridizable mRNAsl4· 
These findings indicated the rapidity with which T3 antagonizes the effect 
of glucagon, as well as the unexpected circadian sensitivity of the liver 
to respond to T3 with an increase in mRNAsl4· 

The circadian sensitivity to glucagon and T3 was further demonstrated 
when these experiments were repeated during the morning (0800 h) when 
mRNAsl4 levels are low. T3 alone affected the expected rise in mRNAs14; 
however, glucagon at this hour had no effect. The lack of glucagon effect 
on mRNAsl4 during the day was further emphasized by failure of glucagon to 
interfere with the TJ-induced rise in mRNAsl4· 

DISCUSSION 

These studies demonstrate that glucagon can cause immediate disappear
ance of a T3 and carbohydrate mRNA sequence in rat liver. Moreover, this 
glucagon effect may be rapidly reversed by administration of a receptor
saturating dose of T3. The monoexponential decline of mRNAsl4 after gluca
gon, as well as the nuclear run-on assay, suggest that these effects occur, 
at least in part, at the transcriptional level. However, an additional 
effect of glucagon on mRNAsl4 turnover cannot be excluded by these studies. 

These results are consistent with a multiplicative interaction between 
T3 and a carbohydrate-induced regulatory factor which declines after inhi
bition of glycolysis by glucagon. Antagonism of the glucagon effect by T3 
may result from multiplication of the residual carbohydrate-induced signal 
at the level of the S14 gene. 

Surprisingly, hepatic responsiveness to each of these opposing hormones 
is dependent on one or more circadian factors. During the day, when mRNAsl4 
levels are low, there is no demonstrable effect of glucagon on mRNAsl4• 
whereas T3 affects a rapid induction. Conversely, sensitivity to glucagon 
is maximal at night, and the glucose-initiated decrease is rapidly revers
ible by TJ. It is, therefore, possible that circadian switching of hepatic 
sensitivity to glucagon-like effects could underlie the periodicity of 
mRNAsl4 expression. Several models could be advanced to explain this pe
riodicity of response. One possability is that these changes are produced 
by circadian variation of an endogenous, glucagon-like suppressor. Maximal 
action of such a repressor in the early morning hours could explain both the 
falling levels of mRNAs14 at that time and the failure of exogenous gluca
gon to exert additional effects. 

Regardless of the molecular mechanism of the T3-glucagon interaction, 
it is apparent that it is markedly influenced in vivo by circadian factors. 
The rapid diminution of hybridizable mRNAsl4 after glucagon administration 
may also provide a useful model for study of the well-established inter
action of thyroid hormone and dietary carbohydrate. The rapidity of the 
action and interaction of these hormones on mRNAsl4 expression strongly 
suggests that they are mediated at the pretranslational level. 
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SUPPRESSION OF TRIIODOTHYRONINE-INDUCED GROWTH HORMONE GENE EXPRESSION BY 

INSULIN-LIKE GROWTH FACTOR-I IN THYROIDECTOMIZED RAT PITUITARY CELLS* 

Shunichi Yamashita and Shlomo Melmed 

Department of Medicine, Cedars-Sinai Medical Center 
UCLA School of Medicine 
Los Angeles, CA, USA 

The secretion of GH from the anterior pituitary is under hypothalamic 
control and also under complex multihormonal regulation. Thyroid hormone 
plays a major role in stimulating GH gene expression. Somatomedin C has 
been shown to inhibit GH secretion in vivo and in vitro. We have previ
ously shown that physiologic levels-;f insulin inhibit basal and T3-stimu
lated GH secretion and mRNA levels by GH3 pituitary tumor cells (1,2) and 
by normal rat pituitary cells (3,4). The recent availability of a recom
binant human IGF-I analogue (5) has allowed us to examine the effects of 
the peptide on T3-induced GH in vitro secretion by thyroidectomized rat 
pituitary cells. The aim of this study was to characterize the effect of 
IGF-I on GH gene expression induced by physiologic levels of T3. 

METHODS 

Two month old male Sprague-Dawley rats were surgically thyroidectc
mized (Charles River Labs) and maintained for 4-7 weeks. Anterior pitui
tary glands were enzymatically dispersed (3,6) and cells incubated in Ham's 
F-10 medium and fetal calf serum (10%) which had been stripped of T3 and T4 
by ion exchange resin (7). After 24 hour preincubation with this medium, 
the cells were treated with the indicated amounts of T3 and/or IGF-I (Thr 
59, Amgen, Thousand Oaks, CA) for up to 72 hours. Rat GH eDNA (8) was nick 
translated using 32p-dCTP and 32p-dATP as described (2) to yield a 
specific activity of 108 cpm/~g DNA. Denatured RNA (5 x 105 cells) was im
mobilized on nitrocellulose paper and hybridized with modifications as de
scribed (2,9). The hybridization signal was quantified by counting the ra
dioactivity of the individual spots after subtraction of background counts. 

RESULTS 

Effect of IGF-I on GH Secretion 

Pituitary cells were incubated for 72 hours in the presence of IGF-I, 
0.65 to 13 nM. Control cells secreted low levels of GH which were stimu
lated by T3 in a time- and dose-dependent manner. IGF-I did not alter the 
low basal GH secretion. When T3 (0.25 nM) was added to the hypothyroid 

*Supported in part by NIH grants AM 33802 and AM 34824. 
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medium, GH secretion was stimulated by 337% at 72 hours as compared to basal 
secretion (Fig. 1). IGF-I (0.13 nM) suppressed the T3-induced GH secretion 
by 20% and there was a dose-related suppression of T3-induced GH secretion 
by increasing doses of IGF-I. The inhibitory effect of IGF-I on T3-induced 
GH secretion also occurred in the absence of glucose, and IGF-I did not 
alter the PRL levels. The T3-stimulated GH secretion was not altered by 
other growth factor peptides, including EGF and FGF. 

Effect of IGF-I on GH mRNA Levels 

The effects of T3 on the levels of pituitary GH mRNA sequences were 
tested by incubating the cells for 72 hours with varying doses of T3 (0.01 
to 0.05 nM). T3 stimulated the hybridization signal in a dose-dependent 
manner (Fig. 2A). Treatment of the cells with T3 (0.25 nM) caused a 3-fold 
increase in the levels of GH mRNA sequences . Cells were treated with a 
constant dose of T3 (0.25 nM) and varying doses of IGF-I (0.65 to 13 nM). 
Significant suppression of T3-induced GH mRNA levels was seen with 3.25 nM 
IGF-I (p<0.005) (Fig. 2B). Low basal levels of GH mRNA were not further 
suppressed by IGF-I. 

DISCUSSION 

The human IGF-I analog used in these experiments clearly suppressed 
the T3-induction of GH secretion and GH mRNA levels in thyroidectomized rat 
pituitary cells. The inhibition of T3-induced GH secretion by IGF-I occur
red in a dose- and time-dependent manner and in the absence of glucose. We 
have previously shown that IGF-I inhibits basal and stimulates GH secretion 
by euthyroid rat pituitary cells (10). In this study, however, low basal 
GH secretion by thyroidectomized rat pituitary cells appeared to be unaf
fected by IGF-I. This may be due to the already low levels of GH secretion 
being unable to be further suppressed by IGF-I or it would appear that the 
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Fig. 2. Cytoplasmic dot blot hybridization of GH mRNA levels after 
72 h incubation. A: T3 dose response. B: IGF-I dose 
response in the presence of a constant dose of T3. 
*p<0.005; **p(O.OOl vs T3 only. 

presence of T3 1s critical for the suppressive action of IGF-I on pituitary 
GH secretion. 

The stimulatory effects of T3 on GH mRNA sequences have been estab
lished (11-15). This mRNA increase has been shown to be due to a direct 
stimulation of the GH gene transcription by T3 (12-15). In these studies, 
IGF-I was shown to inhibit the T3-induced GH mRNA levels. We have pre
viously shown that in euthyroid rat pituitary cells, IGF-I suppresses both 
basal and GHRH stimulated GH mRNA levels. GHRH was also shown to stimulate 
GH gene transcription (16). Therefore, the data suggest that IGF-I may in
hibit GH gene transcription. Alternatively, IGF-I may suppress T3 action 
GH gene expression at a post-transcriptional site. 
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HYPOTHYROIDISM INHIBITS THE RAPID RESPONSE OF mRNA-Sl4 TO CARBOHYDRATE 

FEEDING* 

INTRODUCTION 

Cary N. Mariash, Steve Seelig, Harold L. Schwartz, Donald 
B. Jump, and Jack H. Oppenheimer 

Division of Endocrinology and Metabolism 
Department of Medicine, University of Minnesota 
Minneapolis, MN, USA 

The hormonal and metabolic regulation of hepatic lipogenic enzymes has 
been under intense investigation for a number of years. These enzymes, and 
their respective mRNAs, are influenced both by thyroid hormone, as well as 
those hormones and compounds involved in the metabolism of carbohydrates 
(1-4). We have recently demonstrated a synergistic relationship between 
T3 and carbohydrates in the regulation of several of these enzymes (5), 
and have used translational assays to demonstrate that this interaction is 
reflected by the activity of the specific mRNA coding for the enzyme (6-8). 

The development of a eDNA to one of the thyroid hormone responsive 
mRNAs, mRNA-Sl4• has allowed us to demonstrate that this mRNA responds 
within 20 minutes to the administration of T3 in hypothyroid rats (9,10). 
Furthermore, we have shown that this mRNA is only expressed in those tis
sues actively engaged in the synthesis, storage, or release of lipids (11), 
and that it was also responsive to the administration of a high carbohydrate 
diet (6). Therefore, it became important to determine the kinetics of re
sponse of this mRNA to carbohydrate feeding, as well as any possible inter
action between thyroid hormone and carbohydrates in the regulation of this 
mRNA. 

MATERIALS AND METHODS 

Animal Treatment 

Male Sprague-Dawley rats, weighing 150-175 g, were rendered hypothyroid 
by inclusion of 0.025% methimazole in their drinking water for 3 weeks. All 
animals had minimal weight gain the week prior to killing. Food was removed 
from the cages at 1600 hrs the day prior to killing. The morning of the ex
periment, rats were given either 400 ng T3 per 100 g BW intravenously, or 1 
cc of 60% sucrose by gavage, or both. Control animals received saline. In 
some animals, 10 units of Regular insulin (U-100, Eli Lilly, Inc.) were ad
ministered intraperitoneally. 

*Supported by NIH Grants 1-R01-AM32885, 1-R01-AM19812, and T-32-AM07203. 
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Hepatocyte cultures were prepared as described (12), except that cells 
were maintained on Falcon tissue culture petri plates without collagen coat
ing. The medium was supplemented with sodium selenite (2 x lo-8 M), human 
transferrin (5 ng/ml), bovine serum albumin (500 mg/L), Aprotinin (2000 
Units/L), orotic acid (6.4 x 10-6M), adenine (8.7 x lo-6 M), and thymi
dine (6.2 x 1o-7M), in addition to insulin and Dexamethasone as previous
ly noted. 

Spot 14 mRNA Quantitation 

Total hepatic RNA was isolated from liver in guanidine hydrochloride, 
or from hepatocyte cultures in guanidine thiocyanate, as described elsewhere 
(13). Preparation of the [32p]-cDNA probe, and dot-blot hybridization has 
been reported (10). For these studies, an internal standard containing the 
same amount of mRNA-St4 was applied to all dot-blots to allow comparison be
tween experiments. Dot-blots were quantitated by video densitometry (14). 

RESULTS AND DISCUSSION 

Since T3 administration to hypothyroid animals leads to a rapid induc
tion of mRNA-Sl4• it was necessary to determine the kinetics of response to 
carbohydrate feeding. To this end, we starved euthyroid rats overnight to 
minimize the effects of nocturnal eating and to assure a uniform baseline. 
The following morning, at 0830 hours, 1 cc of 60% sucrose was administered 
to all rats by gavage. We found a significant increase in the level of 
mRNA-Sl4 could be measured 30 minutes after the carbohydrate load. Inter
estingly, the response remained nearly linear for 4 hours, from a baseline 
of 9.4 OD Units to 66.1 OD Units at 4 hours. This pattern of response is 
quite similar to that previously noted for mRNA-S14 induction by thyroid 
hormone. The data suggest that some product related to carbohydrate metab
olism is also capable of rapidly and directly inducing the formation of 
mRNA-St4· 

The ability of mRNA-Sl4 to respond to both thyroid hormone and carbo
hydrate feeding led us to querry whether there was any interaction between 
these two stimuli on the induction of this mRNA. We found that the acute 
administration of 60% sucrose to overnight-starved hypothyroid rats led 
to only minimal increases in the level of mRNA-Sl4· Indeed, the level at
tained 4 hours after sucrose administration was less than that observed 
in the starved euthyroid controls (8.42 OD Units vs 9.4 OD Units, respec
tively). Thus, the hypothyroid-starved rat is markedly resistant to car
bohydrate feeding. 

In previous studies we have shown that hypothyroidism, starvation, 
and diabetes mellitus have qualitatively and quantitatively similar pat
terns of mRNAs, as determined by 2-dimensional gel electrophoresis of in 
vitro translated products (8). In order to test the possibility that the 
minimal increase in hepatic mRNA-Sl4 elicited by carbohydrate in the hypo
thyroid animal was due to an inadequate insulin response, we administered 
10 Units of Regular Insulin simultaneously with the sucrose. Insulin treat
ment led to a dramatic lowering of the blood sugar, but there was no signif
icant increase in the level of mRNA-Sl4 above that attained with sucrose 
alone. Therefore, the diminished response to carbohydrate feeding in the 
hypothyroid animal cannot be attributable to insufficient insulin secretion. 

Because it is known that thyroidal status influences the metabolism 
of glucose (15), it was possible that the lack of response to carbohydrate 
in the hypothyroid rat was due to diminished enzymatic machinery responsi
ble for the hepatic metabolism of glucose. This hypothesis is further sup
ported by our earlier findings that a product derived from the mitochondrial 
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metabolism of pyruvate is responsible for the carbohydrate induction of 
malic enzyme mRNA, as well as for mRNA-S14 (12). If the diminished re
sponse of mRNA-S14 to carbohydrate in hypothyroidism is due to a reduction 
of the glucose-metabolizing enzymes, one would anticipate that administra
tion of T3 will slowly restore the response to carbohydrate feeding. Such 
a result is based on the assumption that it takes hours to several days to 
restore all the carbohydrate-metabolizing enzymes to normal. On the other 
hand, a rapid restoration of the response to carbohydrate following T3 ad
ministration would be most consistent with the hypothesis that preliminary 
induction of other mRNAs and their proteins are not required for the inter
action between T3 and carbohydrates. A rapid response to carbohydrate im
mediately after T3 replacement would suggest that the carbohydrate signal 
interacts with the T3 signal in the nucleus of the hepatic cell. 

When we administered a replacement dose of T3 (400 ng per 100 g BW) 
along with sucrose gavage to hypothyroid rats, we found that the 4 hour 
response to sucrose was not different from that obtained after feeding su
crose to euthyroid rats. Thus, T3 immediately restored the ability to re
spond to carbohydrate feeding. Moreover, the level of mRNA-Sl4 was sig
nificantly greater than the sum of the individual responses to T3 and su
crose. This finding suggests that T3 multiplies the carbohydrate signal 
within the nucleus of the cell and that this process does not require a 
preliminary induction of other proteins. 

Lastly, we wished to determine if the interaction between T3 and car
bohydrates required alterations in extrahepatic hormones or metabolites. 
Therefore, we cultured isolated hepatocytes for 3 days in serum-free medium 
conta1n1ng either low glucose (5.5 mM glucose, 0 T3), maximally effective 
concentrations of glucose (27.5 mM glucose} 0 T3), maximally effective con
centrations of T3 (5.5 mM glucose, 5 x 10- M T3), or both (17.5 mM glu
cose, 5 x lo-7 M T3). While glucose or T3 ehnancement alone led to a 2-
to 3-fold increase in the level of mRNA-S14> the combination treatment led 
to a 25-fold increase in the level of mRNA-Sl4· These data indicate that 
the synergistic interaction between T3 and carbohydrates occurs within the 
hepatic cell without requiring alterations in extrahepatic hormones or me
tabolites. 

SUMMARY 

We have shown that spot 14 mRNA responds rapidly to the dietary ad
ministration of sucrose in euthyroid rats. On the other hand, when given 
to hypothyroid rats, sucrose leads to only modest increases in the level 
of mRNA-Sl4· The minimal response to sucrose in hypothyroidism cannot be 
reversed by insulin administration. However, administration of replace
ment doses of T3 immediately restores the rapid response to sucrose feed
ing. The response to both sucrose and T3 is more than additive. A simi
lar synergistic response to T3 and glucose was noted in primary hepatocyte 
cultures. 

Our data is most consistent with the hypothesis that T3-nuclear re
ceptor multiplies a signal generated by carbohydrate metabolism to induce 
hepatic mRNA-Sl4· This multiplication occurs directly in the nucleus with
out the preliminary induction of carbohydrate metabolizing enzymes, or 
their mRNAs. 
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THYROID HORMONE STIMULATES ALKALINE PHOSPHATASE ACTIVITY IN CULTURED 

OSTEOBLASTIC CELLS WITH T3 NUCLEAR RECEPTORS 

Kanji Sato, Doo Chol Han, Yuko Fujii,l and Kazuo Shizume 

Department of Medicine, Institute of Clinical Endocrinology 
Tokyo Women's Medical College, Shinjuku, Tokyo, and 
!Foundation of Growth Science, Shinjuku, Tokyo, Japan 

INTRODUCTION 

It is well known that serum alkaline phosphatase (Al-P) act1v1ty is 
frequently increased in patients with Graves' disease and that the increased 
Al-P is of bone origin (1). However, the mechanism of hyperphosphatasia had 
not been elucidated. 

We, therefore, investigated the effects of thyroid hormone on Al-P ac
tivity in a clonal osteoblastic cell line, ROS 17/2.8 (2). This cell line, 
originally derived from a transplantable rat osteosarcoma, expresses several 
osteoblastic traits, such as receptors for 1,25-dihydroxycholecalciferol, 
PTH, and glucocorticoids (2-4). Furthermore, the cell line contains high 
Al-P activity which is stimulated by 1,25-dihydroxycholecalciferol and glu
cocorticoids (2-4). We, therefore, examined thyroid hormone effects on Al-P 
activity in ROS 17/2.8 cells. 

MATERIALS AND METHODS 

ROS 17/2.8 cells were kindly provided by Dr. G.R. Mundy, San Antonio, 
TX. The cells were maintained in F-12 medium supplemented with 10% fetal 
calf serum, penicillin (100 U/m1) and streptomycin (100 ~g/ml). When cells 
became subconfluent, the medium was replaced with F-12 medium supplemented 
with 10% thyroid hormone-depleted fetal calf serum (5), penicillin, strepto
mycin, and thyroid hormones at various concentrations. After an additional 
3-6 days of culture, cells were rinsed with Hanks' balanced solution, and 
stored at -2o•c in 50 mM Tris-HCl (pH 7.6). Cells were homogenized in a 
Potter-Elvehjem homonogizer and homogenates were centrifuged at 47,000 g for 
20 min. The pellets were resuspended in Tris-HCl solution (50 mM, pH 7.6) 
and Al-P activity was determined according to a modification of the Lowry 
method (6). One unit of enzyme activity equals 1 ~mol product (p-nitrophe
nol) formed per minute. Serum-free thyroid hormone concentrations were de
termined by equilibrium dialysis. 

Nuclear receptors for thyroid hormone in ROS 17/2.8 cells were examined 
according to a modification of the methods of Samuels et al. (7). In brief, 
confluent cells were cultured in F-12 medium supplemented with 10% thyroid 
hormone-depleted fetal calf serum. After 24 h, cell monolayers were washed 
with Hanks' solution twice and incubated with serum-free F-12 medium which 
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Table 1. Effect of Thyroid Hormones Upon Alkaline Phosphatase 
Activity in ROS 17/2.8 Cells 

T4 T3 rT3 

(-) 0.30 + 0.010 0.27 + 0.021 0.22 + 0.004 

lo-9 0.32 + 0.015 0.34 + 0.032* 

lo-8 0.38 + 0.037* 0.59 + 0.068* 0.23 + 0.016 

lo-7 0.46 + 0.034* 0.63 + 0.101* 0.23 + 0.013 

1o-6 0.54 + 0.040* 0.57 + 0.085* 0.25 + 0.03 

1o-s 0.33 + 0.017* 

ROS 17/2.8 cells were cultured in F-12 medium supplemented 
with 10% thyroid hormone-depleted fetal calf serum and thyroid 
hormone for 5-6 days. Alkaline phosphatase activty was 
expressed as U/mg of protein. Data are mean+ SD (n=3), 
*p<O.OS. 

contained [3•-125r] triiodo-L-thyronine. After 2-3 h incubation at 37°C 
under 5% C02 and 95% air, cells were washed with ice-cold Hanks' solution 
twice and homogenized. The homogenates were centrifuged at 3,000 rpm for 
15 min and the pellets were used to prepare nuclei by two successive sus
pensions and centrifugations in STM-Triton buffer. Hormone specifically 
bound to the nuclear pellet was counted in a gamma-spectrometer (7). 

RESULTS 

Al-P activity was increased dose-dependently by T4, as well as T3; the 
minimum T4 concentration in the medium was lo-8 M and free T4 concentration 
was about 6 x lo-ll M. Maximum stimulation by T4 was observed at 10-7 to 
10-6 M. The minimum T3 concentration to elicit a significant increase in 
Al-P activity was lo-10 to lo-9 M (free T3 concentration: 4 x lo-12 to 4 x 
lo-ll M). In contrast to T4 and T3, rT3 was ineffective at physiological 
concentrations, but rT3 significantly increased the enzyme activity at lo-5 
M (Table 1). Reverse rT3 did not inhibit Al-P activity induced by T3 (Table 
2). Enhanced Al-P activity induced by T4 was inhibited by cycloheximide and 
actinomycin D (data not shown). 

Since ROS cells appear morphologically heterogenous, ROS 17/2.8 cells 
were subcloned by the limiting dilution method and 7 subclonal cell lines 
were established. These cells differed in morphology and exhibited vari
able Al-P activity (Table 3). There was no significant correlation between 
Al-P activity and cyclic AMP Production induced by PTH in these subclonal 
cell lines (data not shown). The doubling time of ROS 17/2.8 cells in the 
logarithmic phase was about 30 h, which was little affected by thyroid hor
mones. 

ROS 17/2.8 cells contained high-affinity, low capacity binding sites 
for 125r-triiodo-L-thyronine (125r-T3) in nuclear fraction. The apparent 
equilibrium dissociation constant, determined by Scatchard analysis, was 70 
pM for T3. 125r-T3 binding to nuclear fraction was competitively inhibited 
by T4 and rT3. The relative affinities for the nuclear receptor were 10% 
and (0.3%, respectively, for T4 and rT3. Monoiodotyrosine, diiodotyrosine, 
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Table 2. Effect of rT3 Upon Alkaline Phosphatase Activity 
in ROS 17/2.8 Cells 

(-) 

Thyroid hormone 
concentrations 

rT3 (lo-5 M) 

T3 oo-8 M) 

rT3 (lo-S M) + T3 (lo-8 M) 

*p<O.OS, **p<0.025, ***p<O.OOS. 

Al-P act1v1ty 
(U/mg of protein) 

0.132 + 0.0073 

0.193 + 0.0258* 

0.283 + 0.0087** 

0.313 + 0.024*** 

and iodide did not displace 125I-T3 binding to the nuclear fraction at lo-7 
to lo-5 M. The maximum binding capacity was about 2,500 hormone-binding 
sites per cell nucleus. 

DISCUSSION 

Al-P activity in osteoblastic cells is regulated by several hormones, 
such as 1,25-dihydroxycholecalciferol, glucocorticoids, and parathyroid hor
mone (2-4). We have demonstrated, by using well-differentiated osteosarcoma 
cells with many osteoblastic features, that thyroid hormone also stimulates 
Al-P activity. T4 and T3 significantly increased Al-P activity at lo-8 and 
lo-10 M, respectively. The corresponding free T4 and T3 concentrations in 
the culture medium were on the order of ~lo-ll M and ~lo-12 M, respectively. 
These free thyroid hormone concentrations are attainable in serum of euthy
roid and hyperthyroid patients. In contrast to T3 and T4, rT3 did not 
elicit a significant increase in Al-P activity at physiological concentra
tions but could stimulate the enzyme activity at supraphysiological con
centrations. Although we have recently found that rT3 exhibits a strong 

Table 3. Induction of Alkaline Phosphatase Activity by T4 in Subclonal 
ROS 17/2.8 Cell Lines 

Alkaline phosphatase activity (mU/mg of protein) 
T4 Concentration Clone 2 Clone 3 Clone 4 Clone 6 

0 330 + 30 20 + 2 308 + 29 58 + 5 
10-9 M 344 + 12 18 + 1 314 + 16 71 + 1* 
10-8 M 365 + 19* 19 + 1 396 + 42* 75 + 9* 
10-7 M 508 + 34* 22 + 0.9 433 + 11* 89 + 7* 
10-6 M 545 + 26* 20 + 0.8 416 + 32* 99 + 5* 

ROS subclonal cells were cultured in F-12 medium supplemented with 
thyroid hormone-depleted fetal calf serum (10%) and T4 for 6 days. 
Alkaline phosphatase activity was expressed as milliunit/mg of protein. 
Data are means + SD of triplicate; *p<O.OS. 
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antagonism (8) against iodothyronine-5'-deiodinase induced by T3 in cul
tured fetal mouse liver (9), pharmacological doses of rT3 exhibit thyromi
metic action in ROS 17/2.8 cell activity as it did in GC cells (10). The 
addition of cycloheximide (1 pg/ml) or actinomycin D inhibited the enhance
ment of Al-P activity by T4, suggesting that both RNA and protein synthesis 
are necessary for this enhancement. 

We have obtained 7 subclonal cell lines from ROS 17/2.8 cells. There 
was no significant correlation between Al-P activity and cyclic AMP produc
tion induced by PTH in these subclonal cells. These findings are not sur
prising since the receptors for thyroid hormone and PTH reside in different 
cell compartments. 

As anticipated from actions of thyroid hormones, ROS 17/2.8 cells con
tained T3 nuclear receptors. Affinities of T3, T4, and rT3 for nuclear re
ceptors correspond well to their relative biological activity in inducing 
Al-P activity in ROS 17/2.8 cells. Therefore, we speculate that thyroid 
hormones stimulate Al-P activity via the nuclear receptor-mediated mecha
nisms. 

SUMMARY 

We have found that ROS 17/2.8 cells (rat osteosarcoma cells with sev
eral osteoblastic traits) contain T3 nuclear receptors and that alkaline 
phosphatase activity was stimulated by physiological T3 and T4 concentra
tions. Therefore, these in vitro findings may account for an increased 
serum alkaline phosphatas~activity of bone origin in some hyperthyroid 
patients. 
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SUMMARY 

The activity of acetylcholine esterase of human red cells was studied 
in the presence or absence of thyroid hormones and their metabolites such 
as L-Tl, L-T2, L-T3, and L-T4· The activity of the enzyme of intact red 
cells was not affected by these hormones, though studied under various con
ditions: the activity of acetylcholine esterase of intact red cells was 
19.5 ~ 1.2 units/gHb in the absence of L-Tl, and 18.3 ~ 0.9 units/gHb and 
19.8 ~ 1.4 units/gHb in the presence of 50 ~g/dl and 500 ~g/dl of L-Tl, 
respectively. Similarly, 3,5-L-T2, 3,3-L-T2, rT3, L-T3, and L-T4 had 
little effect on the enzyme activity of intact red cells. 

Furthermore, we studied the acetylcholine esterase of red cell hemol
ysates in the presence or absence of thyroid hormones and their metabolites 
and found that the activity of the enzyme was influenced neither by these 
hormones nor metabolites. The physiological significance of the binding 
of these hormones to red cell membranes remains to be clarified. 

INTRODUCTION 

Although acetylcholine esterase (true acetylcholine esterase) is known 
to exist abundantly in the outer membranes of human red cells, the functions 
and regulatory mechanism of the enzyme in the membranes are still unclear. 
For example, the activity of acetylcholine esterase is significantly de
creased in the red cells of patients with paroxysmal nocturnal hematuria 
(1), but the pathophysiological significance of the decreased activity of 
the enzyme remains unclear. 

Thyroid hormones (L-T3 and L-T4) and their metabolites (L-Tt and L-T2) 
bind strongly to the plasma membranes of intact red cells (2). However, the 
physiological significance of this binding is still obscure. It is possible 
that the activity of acetylcholine esterase in the plasma membranes of the 
red cells might be modulated by the binding of thyroid hormones to the mem
branes through some mechanism. On this basis, we investigated the effects 
of thyroid hormones and their metabolites on human red cell acetylcholine 
esterase which exists in the plasma membranes of erythrocytes. 
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EXPERIMENTAL 

Heparinized venous blood samples were obtained from normal volunteers 
by routine venipuncture, after obtaining informed consent. The blood sam
ples were passed through a column of a-cellulose and microcristalline cel
lulose to isolate human red cells from white cells and platelets (3). The 
purified red cells were washed with 0.9% NaCl solution twice, and then sus
pended in a 0.9% NaCl solution (Ht values: 10%). 

Thyroid hormones and their metabolites (3-L-Tl, 3,5,-L-T2, 3,3-L-T2, 
rT3, L-T3, and L-T4, which were obtained from Henning, West Germany, and 
were dissolved in 0.1 N HCl solution and then diluted with 0.9% NaCl solu
tion) were added to an equal volume of red cell suspension. The mixture 
was incubated at 37"C for 1 hour, and was used for measurement of acetyl
choline esterase of red cells. The activity of red cell and hemolysate 
acetylcholine esterase was measured by the method of Beutler (4). The ac
tivity of acetylcholine esterase of red cells or hemolysates was expressed 
as units/gHb. The Student t test was used to evaluate the statistical sig
nificance of the difference. 

RESULTS 

We investigated the effects of various thyroid hormones and their 
metabolites (L-Tl, L-T2, L-T3, rT3, and L-T4) on human red cell acetylcho
line esterase at different concentrations. As shown in Fig. 1, these hor
mones and the metabolites had little effect on the activity of acetylcho
line esterase of red cells, though studied at different concentrations. 
For example, the activity of acetylcholine esterase of intact red cells 
was 19.5 ~ 1.2 units/gHb in the absence of L-Tl, and 18.3 ~ 0.9 units/gHb 
and 19.8 ~ 1.4 units/gHb in the presence of 50 ~g/dl and 500 ~g/dl of L-Tl, 
respectively. Similarly, 3,5-L-T2, 3,3-L-T2, rT3, L-T3, and L-T4 had 
little effect on the enzyme activity of intact red cells. 

Furthermore, we studied the acetylcholine esterase of red cell hemol
ysates in the presence or absence of thyroid hormones and their metabolites. 
The activity of the enzyme was influenced neither by these hormones nor 
metabolites (Table 1). 

Fig. 2 shows the effects of incubation time on red cell acetylcholine 
esterase in the presence or absence of 3'-L-Tl. In the absence of 3'-L-Tl, 
the enzyme activity was not changed after 1.5 hours. The enzyme activity 
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Table 1. Effects of Thyroid Hormone Analogues on Activity 
of Acetylcholine Esterase of Hemolysates 

Concentrations 
0 50 )Jg/dl 500 ]Jg/dl 

3'-L-T1 16.1 + 0.2 16.2 + 0.2 17.1 + 0.3 

L-3,5 T2 16.1 + 0.2 17.1 + 0.5 17.5 + 0.4 

L-T3 16.1 + 0.2 17.2 + 0.4 16.5 + 0.3 

L-T4 16.1 + 0.2 17.1 + 0.3 16.7 + 0.2 

*Activity of acetylcholine esterase was expressed as units/ 
gHb. Data represents the means (+ standard deviation) of 
triplicate experiments. 

was not influenced by the presence of 3'-L-T1, being consistent with the 
results in Fig. 1. 

DISCUSSION 

Thyroid hormones are known to bind to red cell membranes (2). It is, 
therefore, possible that the modulation of structure proteins and enzymes 
in the membranes might be caused by their perturbation due to the binding 
of thyroid hormones to the cell membranes. Davis et al (5) showed that the 
ca2+-ATPase activity of the human red cell membrane is stimulated in vitro 
by thyroid hormones, suggesting that the activity of the enzyme was-modified 
by the binding of hormones to the cell membranes. Furthermore, Mendoza and 
Farias (6) reported that L-thyroxine modulated the Hill coefficient n of 
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Fig. 2. Changes in the acetylcholine esterase activ
ity of intact human red cells during incuba
tion with or without 3'-L-T1 (mean~ SD). 
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acetylcholine esterase in rat red cell membranes, suggesting that coopera
tivity of the enzyme in rat red cell membranes was modified by the hormone. 
Though we expected that the activity of acetylcholine esterase of human red 
cell membranes might be changed by the binding of thyroid hormone to the 
membranes, the results in Fig. 1, Fig. 2, and Table 1 showed that the enzyme 
activity of red cell membranes was not influenced by a variety of thyroid 
hormones and their metabolites under different conditions. We also studied 
the effects of thyroid hormones on Km values (Michaelis Menton values) of 
acetylcholine esterase in hemolysates of human red cells, but found little 
effects (data not shown). These results suggest that the cooperative prop
erties of the enzyme in the human red cell membranes are not changed by the 
hormone binding. Such differences between our results and the results of 
Mendoza and Farias (6) might be attributed to interspecies differences. 
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EVIDENCE FOR NUCLEAR T3 RECEPTORS IN NEONATAL CEREBRAL ASTROCYTES 

Carlos C. Callegari, Ronald H. Tarris, Stephen Cheung, 
Morton E. Weichsel, Jr., and Delbert A. Fisher 

Department of Pediatrics 
Harbor-UCLA Medical Center, UCLA School of Medicine 
Torrance, CA, USA 

An important effect of thyroid hormones on brain development has been 
well documented (1) and T4 nuclear receptors have been described in whole 
brain of several animal species (2-5). In developing chick brain, T3 nu
clear receptors are distributed in both neurons and glial cells (6). We 
have shown that astrocytes from 2 and 12 day old mice in culture produce 
Nerve Growth Factor (NGF) (7) and that brain NGF concentrations in the de
veloping mouse are thyroid hormone responsive (8). This data suggested 
that astrocytes may have T3 receptors. However, recent studies, in ab
stract form, report the absence of T3 receptors in 17 day fetal rat brain 
glial cells (9). No data are currently available regarding T3 receptors 
in astrocytes of developing rodent brain. Therefore, the present study 
was conducted to characterize the T3 receptor in mouse neonatal astro
cytes. 

MATERIALS AND METHODS 

Astroglial Cell Preparation 

Cerebral hemispheres from decapitated Swiss-Webster pups (1 or 12 days 
old) were removed, minced, washed with cold Honegger's saline Dl, pH 7.4, 
and extracted with 25% Viokase in Ham's saline B, pH 7.4; the suspensions 
were collected into centrifuge tubes containing resin-treated fetal bovine 
serum and centrifuged at 800 rpm x 10 minutes. The pellets were resuspended 
in Fisher's tnouse astrocyte medium modified to contain Dulbecco's modified 
Eagle's medium with 4.5 gm/1 glucose, biotin 1 ~g/ml, Selenous acid 30 nM, 
and resin-treated fetal bovine serum (RFBS) 1 mg/ml; final osmolality was 
320 mOsm/1. The cell density was 3 x 106 per flask incubated at 37°C in 
a humidified mixture of 10% C02 and air. The cultures were refed every 
third day. The cells were harvested from logarithmic-growing cultures, 
washed three times with Ham's saline B, and kept on ice until the assay 
was performed. Astrocytes from 2 day old pups were harvested after 15 
days in culture, whereas 12 day old pup cells required 28-30 days in order 
to obtain a similar yield. 

Neuronal cells do not grow in the astrocyte medium. The purity of 
the astroglial cells in culture was assessed by histochemical and immuno
fluorescence techniques. Histochemical studies showed similar glutamine 
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synthetase levels as astrocytes from an adult cell line free of fibroblast 
contamination. Immunofluorescent studies revealed 80% of cells to contain 
glial fibrillary protei~ (GFAP), a glial cell marker. Newly replicating 
astrocytes may not show a reaction; thus, our cultures were composed pre
dominantly of mouse brain astrocytes. 

T3 Nuclear Binding to Intact Cells 

Approximately 5 x 106 astrocytes/tube were incubated at 37"C with la
beled (125I) T3 (SA 750-1200 pUci/pg, New England Nuclear) with or without 
unlabeled T3 (Sigma Co.) in Eagle's medium, centrifuged, the supernatant 
radioactivity counted to determine unbound T3, and the pellets resuspended 
and washed with the addition of 2 ml of TSM (26 mM Tricine, 0.25 M Sucrose, 
1 mM MgC1, 1 mM DTT) with 0.5% Triton X-100 and homongenized (10 strokes) 
with a rubber pestle. The homogenates were resuspended in TSM and the above 
wash procedure repeated once. Radioactivity in the pellets was measured to 
assess bound T3. 

T3 Nuclear Binding to Isolated Nuclei 

All steps were performed at 0-4·c. The cell pellet was homogenized 
(10 strokes) with a rubber pestle in TSM with 0.5% Triton X-100. The homog
enate was centrifuged at 2000 g x 15 minutes. The pellets were washed in 
TSM buffer without Triton and centrifuged as before. The washing step was 
repeated once and the final pellet was resuspended in appropriate volume 
of TSM. Purity of the nuclear suspension was assessed by light microscopy 
after staining the final suspension with crystal violet. Additionally, the 
protein/DNA ratio was 2.1. Binding assays were performed by incubating 
the nuclear suspension with labeled T3 with and without unlabeled TJ (10). 
After incubation, the suspension was centrifuged and pellets were washed 
twice with Triton-TSM and recentrifuged. First supernatants were saved for 
free and bound T3 separation using a resin method, as described elsewhere 
(10). Radioactivity was determined in the pellets and the supernatants. 
Maximal binding capacity (MBC) and dissociation constants were calculated 
using Scatchard analysis (11). For these experiments, tracer amounts of 
labeled (125r) T3 were added with different concentrations of unlabeled T3 
(lo-ll- lo-6 M). DNA was determined using the Hill and Whatley method 
(12). Protein concentrations were measured by the Lowry method using bovine 
serum albumin as standard (13). 
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Fig. 2. Specific T3 binding in isolated nuclei versus 
time. 

Figure 1 shows the kinetics of specific T3 nuclear binding in the 
intact cells. The time course shows a specific and saturable uptake of 
(125I) T3 to the nuclei at 37°C; equilibrium was obtained at 90 minutes. 
Therefore, we utilized the 37°C, 90 minute incubation protocol for the 
steady state studies. 

Figure 2 shows the time course of the T3 specific binding to the iso
lated nuclei at 25°C and 37°C. Specific binding at 37°C was about twice 
that at 25°C. Equilibrium occurred more rapidly than in intact cells. 
Thus, 30 minutes and 37°C were the time and temperature chosen for Scat
chard analysis of the isolated nuclei. 

A summary of the Scatchard results (Table 1) from the isolated nuclei 
studies show similar T3 nuclear receptor binding affinities in the 2 and 
12 day mouse astrocyte cultures. This was the case for both intact cells 
and isolated nuclei. MBC of the isolated nuclei was somewhat greater in 
astrocytes from the 12 day old than from the 2 day old pups. 

DISCUSSION 

The present studies indicate high affinity, low capacity, T3 nuclear 
receptors in primary cultures of brain astrocytes of the developing mouse. 
The affinity constants of the receptor in both intact cells and isolated 

Table 1. Comparison of T3 Binding Characteristics in Intact Cells 
and Isolated Nuclei of 2 and 12 Day Mouse Astrocytes 

Source of cells Kd MBC 
(days old) (x to-to M) (M/~g DNA) 

2 6.3 4.6 X lo-16 
Isolated Nuclei 

12 9.8 6.0 X lo-16 
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nuclei at 2 and 12 days are similar to values previously reported in other 
cell systems (2-5). MBC in the isolated nuclei was higher than values re
ported in whole rat brain (14). 

The presence of T3 receptors in astrocytes from 2 and 12 day old mice 
and the increase in T3 receptor MBC over this period, if real, are of par
ticular interest since the DNA spurt in rat glial cells has been reported 
to occur between 4 and 16 days after birth. Kolodny et al (9) could not 
find T3 binding in long-term glial cell cultures from 17 day fetal rats. 
Under the assumption that rat and mouse thyroid hormone physiology are very 
similar, we speculate that the maturational changes in glial cell T3 nuclear 
receptors are important to brain glial cell ontogenesis and may be important 
in modulating neuronal maturation via glial cell production of growth fac
tors. 
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DIRECT THYROID HORMONE STIMULATION OF MITOCHONDRIAL OXIDATIVE 

PHOSPHORYLATION: THE ROLE OF ADENINE NUCLEOTIDE TRANSLOCASE (AdNT)* 

Kenneth Sterling 

Department of Medicine, Columbia University College of 
Physicians and Surgeons, New York, NY, and the VA Medical 
Center, Bronx, NY, USA 

Since the first reports 30 years ago of direct thyroid hormone action 
on target cell mitochondria (1-3), Bronk observed that the oxidative capa
city of rat liver mitochondria was markedly reduced by thyroidectomy, and 
substantially restored within three hours after triiodothyronine (T3) in
jection in studies on the electron transport system (4,5) with no change 
whatever in coupling of oxidative phosphorylation; that is, phosphorus/ 
oxygen (P/0) ratios remained constant. 

In our laboratory (6), enhanced AT32p formation from inorganic 32p in 
phosphate was observed, as well as increased oxygen consumption on incuba
tion of isolated liver mitochondria from hypothyroid rats sacrificed 30 min
utes after receiving intravenous doses of T3 (in the nanogram range). The 
P/0 ratios showed no change, and the effects persisted even with blockade 
of protein synthesis by the inhibitors, cycloheximide and puromycin (6). 

A possible basis for direct thyroid hormone action on mitochondria was 
provided by our earlier finding of a thyroid hormone-binding component in 
mitochondrial membrane (7), subsequently confirmed by others (8,9). This 
component, found to arise from the inner mitochondrial membrane, had satu
rable T3 binding characteristics with Ka exceeding toll M-1, the highest 
of any T3 binder yet observed (10). A physiological role for this binding 
component was inferred (10) since it was found in the mitochondria of var
ious rat tissues, including kidney, myocardium, skeletal muscle, lung, in
testine, and adipose tissue, but not in the unresponsive tissues (adult 
brain, spleen, or testes) which exhibit no increased oxygen consumption on 
administration of thyroid hormone according to the classic work of Barker 
and Klitgaard (11). Similar binding was observed in human tissues, in liver 
and kidney mitochondria. Moreover, the binding of hormone analogues was ap
propriately related to hormonal effect, including tighter binding than T3 
with the more potent synthetic analogue, 3'-isopropyl 3,5-diiodothyronine 
(10). 

Further physico-chemical characterization (12) of this putative mito
chondrial T3 receptor suggested a mass and amino acid composition resemb
ling that of the ADP-ATP translocase of Klingenberg (13). 

*Supported by the Veterans Administration Research Service, Grant PCM-
8100280 from the National Science Foundation, and grants from the Kroc 
Foundation for Medical Research, and the Burroughs Wellcome Fund. 
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The first suggestion of a direct effect of thyroid hormone on the ade
nine nucleotide translocase system (AdNT) of mitochondrial inner membrane 
was provided by the observations of Babior and colleagues (14,15) which 
showed a diminution of carrier-mediated ADP uptake in liver mitochondria 
from thyroidectomized rats which, however, was restored to normal by T4 at 
2 ~g/100 g of body weight and increased above normal by graded increments 
of hormone. The major reservation against accepting this mechanism as a 
primary hormone effect was that it seemed to require 48 hours after a large 
intraperitoneal dose of T3 to be clearly demonstrable (14). More recent 
reports, however, suggest a briefer interval depending on the experimental 
design, thus 14 hours (16), 2 hours (17), and even as brief as 15 minutes 
(18). 

The present study was undertaken to determine whether AdNT might be 
identical to or at least closely related to the inner membrane mitochondrial 
receptor. The approach was to isolate AdNT by established methods and then 
examine its ability to bind the hormone T3. 

The methods of Klingenberg's group (19) were employed using beef heart 
mitochondria as starting material. Since AdNT is susceptible to proteoly
sis by mitochondrial proteases unless combined with specific inhibitors of 
the carrier, such as carboxyatractyloside or palmitoyl CoA (20), we employed 
the latter with [14c]-labeled palmitoyl CoA as a tracer for AdNT recovery. 
Hydroxylapatite as a slurry removed most mitochondrial proteins from our 
mitochondrial protein solution leaving a clear supernatant after centrifu
gation containing AdNT and the detergent Triton X-100. Triton with no pro
tein whatever present can bind the hormone T3 (21), and can retain labeled 
T3 at a 7,000:1 ratio against dialysate, owing to giant micelles (90,000 
daltons). 

Removal of Triton was consequently undertaken using [3H]-Triton as a 
marker with two slurries of Bio-beads Sm-2 followed by passage through a 
30 ml column of Extractigel (Pierce Chemical Company, Rockford, IL) which 
removes Triton X-100. Octyl glucoside solution (shown not to bind T3) had 
previously been added to fraction collector tubes to give a final concen
tration of this detergent of 0.88% (30 mM). Under these circumstances, the 
AdNT remained in clear solution, whereas clouding soon occurred in the ab
sence of detergent. 

Scatchard plots were performed on the purified AdNT as 2reviously des
cribed (7,10). Photoaffinity labeling with underivatized [1 5r]-T3 was 
done as described by van der Walt, Nikodem and Cahnmann (22) and the pro
teins precipitated with cold 80% acetone, then dissolved in the buffer em
ployed by Laemmli (23) for sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis. 

The silver-stained proteins of Fig. 1 revealed the band characteristic 
of AdNT, with mobility the same as that of the 31 kd carbonic anhydrase stan
dard. The bands obtained following photoaffinity labeling were the same as 
the material prior to this procedure. Covalent binding of the [125r]-T3 was 
evident, since radioactivity remained bound after the heat denaturation (22) 
and was confined exclusively to the stained band except for unbound hormone 
running ahead with the tracking dye, from counting of 2 mm strips of each 
lane. 

The Scatchard plot shown in Fig. 2 is typical of seven experiments; 
association constants (Ka) had a mean value of 2.7 x toll M-1 ~ 1 (S.D.). 

The protein band of Fig. 1 with mass approximating 31,000 daltons con
tains AdNT, the carrier protein transporting ADP into the mitochondrion and 
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Fig. 1. Mitochondrial adenine nucleotide translocase (AdNT) 
after sodium dodecyl sulfate (SDS) electrophoresis 
on polyacrylamide gel, silver stain. The character
istic 31 kd band is evident in the four lanes of 
AdNT subjected to photoaffinity labeling. Mobility 
is the same as untreated AdNT and also the 31 kd 
carbonic anhydrase standard. The standards of known 
molecular weight run in the middle slab are indica
ted as follows : Phos = phosphorylase, BSA - bovine 
serum albumin, Ov = ovalbumin, CA = carbonic anhy
drase, STI soybean trypsin inhibitor, and Lys = 
lysozyme. A bovine serum albumin (BSA) lane was 
also run. 

ATP out to the cytoplasm where it is available for energy-consuming reac
tions. The covalently-bound radioactivity of [125r]-T3 after photoaffin
ity labeling supports the concept that this may be the receptor site for 
direct thyroid hormone stimuation of mitochondrial oxidative phosphoryla
"tion. This concept is further supported by the "flux control coefficients" 
(16) signifying that this step of adenine nucleotide transport is a major 
rate determinant. 

It remains, however, to be proven definitively whether the AdNT pro
tein itself, or some closely associated less abundant protein such as the 
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Fig. 2. Binding of triiodothyronine 
(T3) by adenine nucleotide 
translocase (AdNT). Scat
chard plot. B/F signifies 
bound/free. B signifies 
bound. 

719 



phosphate translocase or other inner membrane 31 kd protein, is the actual 
receptor site. These studies will be crucial, inasmuch as the abscissa 
intercepts of all Scatchard plots (as in Fig. 2) suggest a number of AdNT 
molecules far greater than the calculated number of binding sites, even 
with the minute amount of protein studied. This has also been the case 
when the receptor has been sought by affinity chromatography (12), hence 
further examination of this problem is underway. Preliminary work with 
AdNT inserted in artificial proteoliposomes has, likewise, shown thyroid 
hormone binding. 

Overall, the present findings make the mitochondrial enzyme AdNT, or 
a closely associated moiety, a strong candidate for the initiating site of 
thyroid hormone stimulation in mammalian species. 
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INDUCTION OF LIVER MITOCHONDRIAL a-GLYCEROPHOSPHATE DEHYDROGENASE (a-GPD) 

BY GLUCOCORTICOID DEFICIT: ROLE OF THE NUCLEAR T3-RECEPTOR (nT3-R)* 

Alfredo R. Recupero, Aldo H. Coleoni, Olga Cherubini, and 
Adriana Oviedo 

Catedra de Quimica Clinica I, Facultad de Ciencias Quimicas 
Universidad Nacional de Cordoba 
Cordoba, Argentina 

It was reported that adrenalectomy in rats induced an increase in mi
tochondrial a-glycerophosphate dehydrogenase activity (a-GPD) although the 
mechanism of this activation was not elucidated (1). More recently, we 
found that the increase in a-GPD activity under a glucocorticoid deficit 
was accompanied by an increase in the affinity of liver nT3-R (2). This 
paper explores further the mechanism involved in the activation of a-GPD 
under a glucocorticoid deficit. We also attempted to establish a relation
ship between the changes in the affinity of nT3-R and the activity of this 
T3-dependent enzyme. 

MATERIALS AND METHODS 

Surgical adrenalectomy in 80 day old and thyroidectomy in 45 day old 
Wistar rats were performed 10 and 45 days, respectively, before the experi
ment; drinking water was supplemented with 1% NaCl or 0.9% CaCl2. Nuclei 
were prepared from 3g-liver by centrifugation through 2.3 M sucrose, lmM 
MgCl2, 0.1 mM PMSF, and 2 mM DTT. Mitochondrial fraction was obtained from 
the initial 700 x g supernatant by centrifugation at 8,500 x g. Affinity 
constant (Ka) was determined by the Scatchard analysis of the 125I-T3 bind
ing to the nuclei suspension (3). a-GPD, protein, and DNA were measured by 
colorimetric techniques (4-6); serum T3 by RIA (DPC). Statistical evalua
tion was carried out by analysis of variance (7). 

RESULTS AND DISCUSSION 

Increasing doses of dexamethasone (D) injected in adrenalectomized rats 
induced a progressive decrease in a-GPD activity and in the Ka of nT3-R (Fig. 
1). At the highest dose of D (500 pg), a 38% decrease in a-GPD vs 55% in 
in the Ka value was observed. Although it appears that the Ka was more sen
sitive than the enzyme activity to the effect of D, this was probably a con
sequence of the fact that after adrenalectomy, the increase of Ka was pro
portionally higher than the enzyme activity. Lower doses of D (12 and 25 
pg) reduced moderately but significantly the a-GPD activity, while the same 

*Supported by a grant from CONICET (Argentina). 
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Fig. l. Effect of progressive doses of dexamethasone (D) in adrenalecto
mized (Ax) rats, on Ka and a-GPD after the injection of the indi
cated daily doses of D during 5 days. Values are expressed as a 
percentage of non-injected Ax animals. Normal controls are ~n
cluded as reference. Bars represent the means + SE. Number of 
assays in parentheses. Each D doses were administered with a 12 h 
interval totalizing the indicated daily doses. P values are com
pared to the Ax group: *p<O.Ol; **p<0.02; ***p<0.05; ~ non-signif
icant. 

doses had no statistically significant effect on Ka, even when the percent
age of reduction was higher than that observed on a-GPD. This may be due 
to the limited number of observations. 

After the injection of D (500 ug/100 g BW) to adrenalectomized rats, 
a progressive time-related decrease in a-GPD activity and in the Ka value 
was observed (Fig. 2). Eight hours after the glucocorticoid injection, a
GPD and Ka were decreased by 10 and 22%, respectively, being non-signifi 
cantly different from the values in the adrenalectomized animals. Twenty
four hours later, both parameters were reduced by 28%, returning thereafter 
to the values in the normal controls (48-120 h). 

Since changes in the affinity of nT3-R could probably affect the hor
mone r eceptor interaction and, consequently, the secondary effect to an 
earlier intracellular hormonal response, such as e nzyme activation, we tried 
to disclose if t he changes i n the a-GPD activity under a g lucocortico id def
icit were related to similar changes observed at the Ka level. Ka and a-GPD 
were measured in hypothyroid (Tx) and Tx plus adrenalectomized (Tx + Ax) 
rats (Table 1). In both cases, serum T3 was r educed by 70% of the normal 
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Fig. 2. Temporal effects of dexamethasone (D) (0.5 mg/ 
100 g BW) in adrenalectomized rats (Ax) on Ka 
of nT3-R and on a-GPD. Values are expressed 
as a percentage of the values a t time zero. 
Normal controls are included as reference . 
Values represent the mean + SE. Number of 
assays are in prentheses. -The 48 and 120 h 
values we r e regist e red after D injection with 
a 24 h interval. P values are compared to the 
Ax group: *p<O. OOl; **p<O. Ol; ***p<0.02; 6 non
significant. 

controls . As expected, a-GPD in the Tx rats was very low compared to normal 
controls, while Ka was in the normal range. In the Tx +Ax group, however, 
a-GPD was higher than in the Tx group, although it did not reach the level 
1n the normal control. In this condition, a simultaneous increase in the 
Ka value was observed. 

The comparison of a-GPD l eve l be twee n Tx and Tx + Ax groups, sugges ts 
that the higher e nzyme act ivity under the glucocorticoid and thyroid hor
mone de ficit could be explained conside ring the increase in the affinity of 
the nT3-R observed in this group . On the other hand, in Ax r at s where the 
serum T3 leve l was almost in the normal range and Ka was similarly raised 
as in the Tx + Ax group, a more pronounced increase in a-GPD activity was 
observed . 
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Table 1. Effect of the Simultaneous Thyroid and Glucocorticoid Hormone 
Deficit (Tx and Ax) on a-glycerophosphate Dehydrogenase (a-GPD), 
Affinity Constant (Ka) of nT3-R and Serum T3 Level 

a-GPD (~A/min mg prot) T3 (ng/100 ml) 

Normal control 23 + 5.5 (3)* 0 . 033 + o . oo3ef (8) 140 + 10g (3)* 

Tx 30 + 1.4 (3)* 0 . 009 + 0.002 (8) 37 + 5 (3)* 

Ax 46 + 3.3ab (3)* 0 . 046 + 0.004cd (8) 102 + 9.2 (3)* 

Ax + Tx 45 + 3.3ab (3)* 0.022 + 0.002 (8) 42 + 5.8 (3)* 

Values are x + SE. Number of assays in parentheses. *Pool of 3 animals 
each. a: p value vs Tx < 0.01; b: p < 0.02 vs normal control; c: p < 
0.001 vs Ax + Tx and vs Tx; d: p < 0.05 vs normal control; e: p < 0.01 vs 
Tx; f: non-significant vs Ax + Tx; g: p < 0.001 vs Ax + Tx and vs Tx. 

This finding suggests that a-GPD is primarily under the T3 control and 
that the affinity of the nuc lear receptors could potentially modulate the 
enzyme response. 

Fig. 3 compares the levels of a-GPD before and 24 h after the injection 
of 200 ~g T3/100 g BW, a dose designed to fully saturate the nT3-R for 24 h, 
in Ax and normal rats. As might be expected, basal level of a-GPD in Ax 

animals was higher than i n the normal controls, a finding consistent with 
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an increased affinity of nT3-R found in these animals. However, when the 
receptors were totally occupied after a large dose of T3, both groups at
tained the same maximal response. This indicates that the effect of the 
higher affinity on the tissue metabolic response was only expressed when 
the nT3-R were not completely saturated. 

In conclusion, these results seem to indicate that under a glucocorti
coid deficit, the affinity of the nT3-R could be involved in the mechanisms 
of a-GPD activation. This dependence becomes evident when the receptors 
are not fully saturated. 

REFERENCES 

1. Sellinger OZ, Lee K, and Fesler KW. Biochem Biophys Acta 124: 289, 
1966. 

2. Recupero AR, Coleoni AH, Cherubini 0, et al. Acta Endocrinol 104: 
485, 1983. 

3. Bernal J, Coleoni AH, and DeGroot LJ. Endocrinology 103: 403, 1978. 
4. Lee YP and Lardy HA. J Biol Chern 240: 1427, 1965. 
5. Lowry OH, Rosebrough NJ, Farr AL, et al. J Biol Chern 193: 265, 1951. 
6. Burton K. Biochem J 62: 315, 1956. 
7. Sokal RR and Rohlf FJ. In Biometria: principios y metodos 

estadisticos en la investigacion biologica. Blume H. Ediciones, 
Madrid, Espana, 1969. 

725 



ONTOGENY OF NUCLEAR T3 RECEPTOR IN PRIMARY CULTURED ASTROCYTES* 

Min Luo, Robert Faure, and Jean H. Dussault 

Unite d'Ontogenese et Genetique Moleculaire 
Le Centre Hospitalier de l'Universite Laval 
Sainte-Foy, Quebec, Canada 

Thyroid hormones play an essential role in assuring normal development 
and optimal function of the mammalian brain (1-3). It is generally admitted 
that most of the physiological action of T3 is mediated by its interaction 
with a specific nuclear receptor (NTR) (4). Ontogenesis of T3 receptor in 
the developing rat brain is well documented (5,6). However, few data are 
available about its distribution in specific cell types. Previous work in 
our laboratory has shown that in the central nervous system of adult rats, 
the NTR is located in neuronal cells and absent in glial cells (7). Since 
no astrocytes were present in our preparations, we further investigate in 
vitro the localization of the receptor in this cell line. --

MATERIALS AND METHODS 

Cell Culture 

Cerebral hemispheres from 2 day old Sprague Dawley rats were dissocia
ted in Puck's solution by passing through a nylon mesh (48 ~m pore size). 
Cells were seeded at a density of 4 x 105 cells/cm2 in 100 mm diameter plas
tic petri dishes previously coated with L-polylysine. The cultures were in
cubated in DME medium containing 10% fetal calf serum free of thyroid hor
mone at 37"C in a humidified 10% C02, 90% air atmosphere (8). 

Binding Assay 

Cells were suspended in HPC 100 buffer (0.5 M hexylene glycol, 0.5 M 
PIPES, 100 ~M CaCl2, pH 7) and homogenized with a 5 ml syringe (needle 27) 
for 5 strokes. After centrifugation at 1000 g for 10 min at 4"c, the pellet 
was washed twice with SM buffer (0.32 M sucrose, 3 mM MgCl2) containing 0.5% 
Triton x 100 and finally washed once with 0.14 M NaCl, 3 mM MgCl2. The re
receptor was salt-extracted and incubated with various concentrations of 
125I-T3 (0.25, 0.5, 1, 2, 5, 10, 20 x 10-10 M) at 30"c for 45 min followed 
by 18 hat 4"C as described by Bernal et al. (9). The relative binding af
finities of thyroid hormone analogs were determined by incubating aliquots 
of solubilized receptors (0.3 ml) with 125I-T3 (0.25 x 10-10 M) concomi
tantly with increasing doses of L-T3 (1 - 200 x 10-10 M), Triac (0.5- 200 

*Supported by MRC grant MT-5730. 
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Table 1. Ka and MBC of the Nuclear T3 Receptors in Cultured 
Astrocytes (M + SEM) 

Days of 
culture 7 14 21 28 33 

(N) (3) (4) (3) (3) (3) 

Ka 1.80 1.01 1.24 1.28 1. 58 

(X 1010 M-1) +0. 73 +0.09 +0.06 +0 .52 +0 .17 

MBC 0.095 0.145 0.198 0.119 0.122 

(ng T3/mg DNA) +0.024 +0.020 +0.048 +0.024 +0.012 

x 10-10 M), DT3 (2- 200 x 10-10 M), and L-T4 (10- 2000 x 10-10 M). The 
relative binding affinities of the analogs were calculated as the molar 
ratio of the concentration of T3 and the analog that caused 50% displace
ment of 125r-T3· 

RESULTS 

Table 1 shows the equilibrium association constant (Ka) and maximum 
binding capacity (MBC) at various days of culture. The equilibrium asso
ciation constant ranged between 1.01 - 1.80 x 1olO M-1. At the seventh day 
of culture, the concentration of receptors was low (0.095 ~ 0.024 ng T3/mg 
DNA), it increased progressively until the 14th day (0.145 ~ 0.02 ng T3/mg 
DNA), and reached a peak at the 21st day (0.198 ~ 0.048 ng T3/mg DNA). 
Thereafter, the receptor concentration was less at day 28 and 33 (0.119 + 
0.024 and 0.122 ~ 0.012 ng T3/mg DNA, respectively) (Fig. 1). 

The results indicated also that the relative affinities of the analogs 
are in the following order: TRIAC~ L-T3 > DT3 > LT4. 
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DISCUSSION 

Primary cultures of astrocytes have been achieved according to Schous
boe et al. (8). It is well documented that no neurons were detected in 
these cultures (10). Our results demonstrated that NTR is present in cul
tured astrocytes with a level evidently elevated in the late neonatal period 
(after two weeks of culture). Considering the rapid proliferaration of as
trocytes in this period, the total binding capacity of NTR in vivo manifes
ted by a progressive decline (5,6) may be due to the relative elevated pop
ulation of astrocytes while the content of NTR in the astrocytes was low. 
Although the total content of NTR is localized predominantly in the neu
rons, the role of the astrocytes cannot be neglected and the question which 
arises is whether the effects seen in hypo- and hyperthyroidism result from 
a direct action of thyroid hormone on neurons and/or is secondary to an 
action on other types of cells. 
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PURIFICATION AND CHARACTERIZATION OF T3-RECEPTOR FROM BEEF LIVER PLASMA 

MEMBRANE 

Ryuya Horiuchi, Kiyoshi Yamauchi, Sakuji Koya, and Hiroo 
Takikawa 

Institute of Endocrinology 
Gunma University 
Maebashi, Japan 

Over the past two decades, it has been believed that the transport of 
thyroid hormones into cells was by simple diffusion. However, recent evi
dence indicates that the uptake of T3 into the cells occurs by receptor
mediated endocytosis (1), and that this mode of entry is physiologically 
significant (2). It is also known that the plasma membrane receptor is 
highly stereospecific for L-T3 (3). Two classes of T3-receptor (high affin
ity - low capacity and low affinity - high capacity sites) were determined 
in GH3 cells (3), swiss 3T3 cells (4) and human erythrocytes (5). Using 
affinity labeling with Bromoacetyl [l25I]T3 (BrAc[l25I]T3, the binding site 
of the T3-receptor was identified by SDS-PAGE to be a 55K dalton band (3). 
However, its structural details and the role of the plasma membrane recep
tor on the mechanism of T3 action have not been clearly defined. 

The aim of this paper was to purify the receptor from beef liver plasma 
membrane in order to elucidate the basic structure of the receptor. 

MATERIALS AND METHODS 

Beef liver was obtained from the slaughter house and the plasma mem
brane was isolated from minced liver by a slightly modified method described 
previously (3). The plasma membrane fraction that sedimented to the 37/43% 
sucrose interface of step-gradient centrifugation (100,000 x g, 90 min) was 
used for the following purification of the receptor. In each purification 
step, a [l25I]T3 binding assay was performed using a plasma membrane, as 
previously described (3). In order to follow the T3-receptor, affinity 
labeling was done in some experiments on the purified plasma membrane with 
0.1 nM Bromoacetyl [l25I]T) (BrAc[l25I]T3) in Dulbecco's PBS at l5°C before 
solubilization. BrAc[l25I]T3 was synthesized by a modified method of Nikodem 
et al. (6). 

Beef liver plasma membranes (0.4-1 g of protein) were solubilized with 
0.5% CHAPS in 20 mM Tris-HCl buffer, pH 7.4, with 1 mM CaCl2 at 4°C for 15 
min with stirring. After centrifugation at 100,000 x g for 30 min, the 
supernatant was directly applied on the gel filtration column (Cellulofine 
GCL-2000-sf, 2.5 x 85 em, Seikagaku Kogyo, Japan). The column was eluted 
with 20 mM Tris-HCl buffer SH 7.4, containing 0.1% CHAPS and l mM CaCl2. 
The fractions containing [i2 IlT3 binding activity and radioactivity of 

731 



BrAc[ 125I]T3 were pooled and directly applied to a column (6 x 330 mm) of 
hydroxyapatite (Kawasaki-Bernardi Column, Koken, Japan). The column was 
thoroughly washed with 0.001 M phosphate buffer, pH 6.8, and then eluted 
with the gradient of 0.001 to 0.2 M phosphate buffer, pH 6.8. The active 
fractions were pooled and applied to Mono Q ion exchange column (6 x 100 
mm, Pharmacia, Sweden). After washing the column with 20 mM Imidazole 
buffer, pH 6.5, the column was eluted with the gradient of 0 to 1 M NaCl 
in 20 mM Imidazole buffer, pH 6.5. 

The active fractions were applied to a reverse-phase HPLC column 
(Widopore 7cl8, 4 x 150 mm, Nagel) equilibrated with 0.1% trifluoroacetic 
acid, and eluted with the gradient of 36 to 65% 2-Propanol:Acetonitrile 
(1:1) containing 0.1% trifluoroacetic acid for 60 min at 40°C. 

The peak fractions of the purification process were analyzed by SDS
polyacrylamide slab gel electrophoresis according to Laemmli (7). The pro
teins were visualized by Coomassie blue staining and the labeled proteins 
were identified by autoradiography. 

RESULTS AND DISCUSSION 

Since the T3 receptor may occur in association with the nucleus (8), 
as well as mitochondria (9) and cytosol (10), particular care was taken to 
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avoid such subcellular contaminants during the purification of the plasma 
membrane. 

In some experiments, in order to follow the T3-receptor protein during 
purification, affinity labeling was done on the plasma membrane with 0.1 nM 
BrAc[l25r]T3 at l5°C for one hour. About 90% of the affinity-labeled pro
teins gave a 55K dalton band on SDS-PAGE. The same sample prepared for SDS
PAGE (treated with 3% SDS and 5% mercaptoethanol and denatured at 100°C for 
five minutes) was applied to a Cellulofine GCL-2000-sf gel filtration column. 
The molecular weight of the major labeled protein was calculated to be 80K 
dalton under these gel filtration conditions. The elution profile was iden
tical with the sample solubilized by CHAPS. These results confirm that the 
80K dalton protein by gel filtration and the 55K dalton protein by SDS-PAGE 
is the same one. 

The plasma membrane was solubilized by 0.5% CHAPS in 20 mM Tris-HCl 
buffer, pH 7.4, at 4°C for 15 minutes with stirring. About 70% of affinity
labeled protein was solubilized and recovered in 100,000 x g supernatant. 

Fig. 1 shows the elution profile of the solubilized plasma membrane 
by Cellulofine GCL-2000-sf column. The affinity-labeled protein showed 
only one major peak at 80K dalton. However, two major peaks appeared with 
[125r]T3 binding activity at 80K and approximately 500K dalton which had 
different protein band profiles by SDS-PAGE. The 55K dalton protein, which 
is the major protein labeled with BrAc[l25r]T3, was shown mostly in 80K 
fraction. 
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Fig. 2. Mono Q ion exchange chromatography of T3 re
ceptor on beef liver plasma membrane. Eluate 
of Hydroxyapatite at 0.12 M phosphate was 
applied to Mono Q column. A) Profiles of T3 
binding activity ( •) and affinity labeled 
protein ( o). B) Absorption at 230 m p. 
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Accordingly, we selected the 80K fraction on gel chromatography for the 
further purification. 

Included within the 80K fraction were many contaminating proteins. 
However, these contaminating proteins were effectively removed by KB column 
(hydroxyapatite column) and the affinity-labeled protein was eluted with 
0.12 M phosphate. This fraction gave two adjacent bands on SDS-PAGE of 
approximately 55K dalton by Coomassie blue staining. The fractions eluted 
with 0.12 M phosphate were pooled and directly applied to Mono Q ion ex
change chromatography. Fig. 2 shows the elution profile and [125I]T3 bind
ing activity. The two protein peaks were separated clearly and T3 binding 
activity coincided to the first peak eluted with 0.35 M NaCl. The affinity
labeled protein with BrAc[125I]T3 was eluted to the completely same posi
tion. This protein was identified to be a single band by SDS-PAGE, and its 
purity was further confirmed by eliciting a single peak on reverse-phase 
HPLC. 

Under reducing conditions, the 80K protein had a single 55K band on 
SDS-PAGE. The sedimentation constant was 5.4S, and the pi was determined 
to be 4.5 by solid phase isoelectric focusing. Amino acid composition of 
the purified receptor eluted from reverse-phase HPLC was determined (Fig. 
3). Note that approximately 25% of the amino acid residues were acidic 
(14.4% Glu and 11.8% Asp). 
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In conclusion, we have isolated from beef liver plasma membrane a pro
tein with T3-receptor binding activity. The activity of the T3 receptor 
on the plasma membrane was localized to an 80K dalton protein (55K dalton 
by SDS-PAGE) as the basic structure containing T3 binding activity. 
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EFFECT OF THE THYROID STATUS ON THE PROPERTIES OF THE a-RECEPTORS OF 

ADIPOCYTES AS RELATED TO LIPOLYSIS* 

INTRODUCTION 

Danielle Caucheteux and Philippe De Nayer 

Hormone and Metabolism Research Unit, ICP 
University of Louvain 
Brussels, Belgium 

Catecholamine-induced lipolysis in adipocytes decreases with age and 
appears, at least in young animals, to be influenced by thyroid hormones. 
In the myocardium, the effets of catecholamines are modulated by thyroid 
hormones through alterations of the a-adrenergic receptor-adenylate cyclase 
complex (1,2). The aim of this work was to document the influence of thy
roid hormones on the properties of the a-receptor-adenylate cyclase complex 
and to examine whether the sensitivity to thyroid hormones is altered during 
aging. 

METHODS 

Three month and 12 month old male Wistar rats were used. Hypothyroid 
animals were produced by administration of propylthiouracil (1 mgr/100 gr 
of B.W. for 14 days) and hyperthyroid rats were induced by injection of T3 
(2.5 - 5 ~g/100 gr B.W. for 4 days). After sacrifice, epididymal fat pads 
from 3 to 6 animals in each age group were removed. Isolated fat cells were 
prepared according to the method of Rodbell (3). 

Packed fat cells were diluted in Krebs Ringer bicarbonate buffer (pH 
7) containing 3% defatted bovine albumin (fraction V) and 5 PM glucose, and 
incubated for 90 min at 37"C with various concentrations of epinephrine 
(5.10-8 M to 2.1o-4 M). The rate of lipolysis was measured as glycerol 
release by a commercially available enzymatic method (Boehringer Mannheim, 
GmbH, FRG). 

Crude membranes were prepared according to the method of McKeel and 
Jarett (4) with only minor modifications for homogenization (5). 

Membraaes were used immediately. Binding experiments with [3H]
dihydroalprenolol (DHA), a a-receptor antagonist, were performed according 
to the method of Williams et al. (6) with only minor modifications; non
specific binding was estimated with isoproterenol (lo-4 M) and incubations 
were conducted for 30 min at 37"C. The data were analyzed according to the 
method of Scatchard. Competition curves of isoproterenol for DHA sites were 

*Supported by FRSM grant No. 3.4533.~2 (Belgium). 
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Table 1. Rat Body Weights and Adipose Tissue Weight and Diameter Data 
On Pooled Samples (Mean ~ SD) 

3 months 

Control 

Hypothyroid 

Hyperthyroid 

12 months 

Control 

Hypothyroid 

Hyperthyroid 

Body weight 
(gr) 

294 (28) 

287 (18) 

287 (26) 

462 (40) 

454 (35) 

407 (31) 

Fat pad weight 
(gr) 

3.48 (0.95) 

3.53 (0.52) 

3.14 (0.82) 

8.31 (2.15) 

8.91 0.12) 

7.98 ( 1. 41) 

Adipocyte diameter 
(lJm) 

80.9 (6.0) 

82.1 (4.9) 

78.2 (6.3) 

104.0 (5.0) 

109.1 (8.1) 

102.2 (8.0) 

generated by incubating the samples for 20' at 22°C with and without 
Gpp(NH)p 100 lJM. These results were analyzed by the method of Hill. 

RESULTS 

No effect of thyroid status was observed on total body weights, epi
didymal fat pad weights, and mean adipocyte diameters at 3 months or at 12 
months (Table 1). Only slight decreases in B.W. were noted in 12 month old 
hyperthyroid rats. 

Maturation between 3 and 12 months decreased the lipolytic response of 
fat cells. In 3 month old hypothyroid rats, the stimulation of lipolysis 
is by epinephrine was significantly decreased. At 12 months, this effect 
was still observed but slightly reduced. In 3 month old hypoerthyroid rats, 
basal lipolysis was slightly increased. A higher sensitivity to lower doses 
of epinephrine was noted. In 12 month old hyperthyroid rats, the stimula
tion of the glycerol release was of the same magnitude as that in 3 month 
old rats. 

Scatchard analysis of the binding of [3H]-DNA by adipocyte membranes 
demonstrated a single class of binding sites in each age group. Aging had 
no effect on &-receptor number or on Kd. A decrease (p<0.05) in receptor 
number in 3 month old hypothyroid rats was observed, with an increase in 3 
month old hyperthyroid rats (p<0.05). No effect of thyroid status was ob
served on these parameters in older rats (Table 2). 

Competition for [3H]-DNA binding to 8-receptors by isoproterenol was 
studied in the presence and absence of Gpp(NH)p. Hill plot analysis of 
dose-response curves revealed the presence of more than one class of bind
ing sites for the agonist in the absence of Gpp(NH)p. In 3 month old eu
thyroid rats, the EC50 for isoproterenol was 72 nM (Table 2). Gpp(NH)p de
creased in affinity of the receptor for the agonist, wherein the EC50 in
creased by about one log unit. According to Hill plots, only one class of 
low affinity binding sites for the agonist was present when the guanine 
nucleotide was added. 

Thyroid status modified the isoproterenol compet1t1on curves. In hypo
thyroid rats, the EC50 was increased and the Gpp(NH)p effect was altered. 
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Table 2. Age-related Effects of Thyroid Status on 8-adrenergic Receptors 
On Pooled Samples (Mean ~ SD) 

3 months 

Control 

Hypothyroid 

Hyperthyroid 

12 months 

Control 

Hypothyroid 

Hyperthyroid 

Kd (DHA) 
(nM) 

1.87 (0.72) 

1.47 (0.36) 

2.18 (0.18) 

2.44 (0.68) 

2.54 (0.29) 

2.96 (1.21) 

Bmax 
(fmol/mg prot) 

178 (19) 

142 (11) 

254 (54) 

154 (3) 

160 (30) 

196 (48) 

EC50 (nM) 
-Gpp(NH)p +Gpp(NH)p 

71.6 (25) 701 (223) 

159.2 (87) 1122 (167) 

150.2 (57) 701 (352) 

323 (184) 239 (94) 

169.5 (57) 312.9 (169) 

236.5 (188) 875 (765) 

EC50: Isoproterenol concentration displacing 50% of bound [3H]-DHA (nM). 

Hill analysis of the curves in the presence of Gpp(NH)p revealed more than 
one single class of binding sites, in contrast to euthyroid animals. The 
affinity of the s-receptor for isoproterenol was slightly decreased in each 
group of older animals. Interestingly, the sensitivity to Gpp(NH)p was com
pletely lost and no significant effect of the guanine nucleotide was demon
strated on the EC50 of isoproterenol in rats of any thyroid status. 

DISCUSSION 

As reported earlier, hypothyroidism reduced the lipolytic response of 
fat cells in young animals (7,8). This effect was also observed, but to a 
lesser extent, in old animals. In agreement with Malbon et al. (7), we ob
served an increase of glycerol release in hyperthyroid animals with lower 
doses of epinephrine and no change at higher doses in either the young or 
old animals. 

Scatchard analysis of DHA binding demonstrated no change in Kd for DHA, 
but revealed a slight decrease of 8-receptor number in hypothyroidism and 
an increase in hyperthyroidism. These data contrast with those reported by 
others (7,8), but are in agreement with Giudice1li (9). The existence of 
two classes of binding sites for isoproterenol, one of high affinity and one 
of low affinity, has been demonstrated (10-12). High affinity binding sites 
can be converted to low affinity binding sites in the presence of Gpp(NH)p, 
which shifts competition curves to the right. This GTP non-hydrolyzable 
analog binds to the N unit of the 8-receptor adenylate cyclase complex. As 
reported by Malbon (13) in young rats, thyroid hormones modified the affin
ity of the receptor for the agonist and reduced the sensitivity to Gpp(NH)p. 
Our data show, in addition, that in aging rats, independent of thyroid 
status, the affinity of the s-receptor for the agonist was reduced and the 
sensitivity to Gpp(NH)p was lost. As suggested for the effect of thyroid 
hormones, one may speculate that a coupling defect between the S-receptor 
and the regulatory protein Ns could be the underlying mechanism to explain 
the loss of sensitivity to Gpp(NH)p. 

In conclusion, these data indicate that thyroid status may indeed in
fluence the catecholamine-induced lipolysis through changes occurring at 

739 



the &-receptor level. This study also suggests that the effects of thyroid 
hormones are related to the association of the regulatory subunit with the 
&-receptor. Alterations of this association could explain the loss of thy
roid hormone effects in aging animals. 
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RECEPTOR INDUCTION BY THYROID HORMONES IN TADPOLE ERYTHROCYTES IN VIVO AND 

IN VITRO* 

Charles Richard Thomas, Janice Drake, and Earl Frieden 

Department of Chemistry 
Florida State University 
Tallahassee, FL, USA 

This paper describes the continuation of studies of the binding of the 
thyroid hormone (TH) or triiodothyronine (T3) to nuclei of red blood cells 
(RBCs) of Rana catesbeiana tadpoles (1-4). Nuclei of tadpole liver and tail 
contain specific binding sites for TH which may affect the dramatic changes 
in these tissues during metamorphic climax. Moriya et al. (4) have detected 
saturable, high affinity binding of T3 in tadpole RBC nuclei. They also 
found that the number of binding sites per nucleus increased four to five 
times during the approach to metamorphic climax or in response to an injec
tion of T3. Similar results were reported independently by Galton et al. 
(5,6). Suggestions that the nuclear binding sites in tadpole RBCs are TH 
receptors have been based primarily on their binding characteristics and 
the presumption that the receptor increase is of physiological significance. 
Therefore, we have investigated receptor induction, the proposal that the 
increase in T3 binding sites is a direct response of the RBCs to T3, and 
that the binding sites are T3 receptors (1-6). 

In this work, we have addressed two basic questions on the induced in
crease of T3 receptors: 1) Are RNA and protein synthesis required for the 
increase in T3 receptor number? and 2) Is the observed increase in T3 re
ceptors a direct response to T3 binding? 

In Vivo Experiments with Actinomycin-D and Cycloheximide 

In order to assess the role of RNA and protein biosynthesis, we used 
the classical biosynthetic inhibitors, actinoaycin-D and cycloheximide. We 
have found that injection of actinomycin-D (0.3 pg/g) or immersion in cyclo
heximide solutions (2 mg/L) inhibited the increase in T3 receptors observed 
in control tadpoles after T3 treatment. When the dose of either inhibitor 
was decreased tenfold, the inhibition was eliminated. If either inhibitor 
was administered 48 hours or more after T3 injection, the number of recep
tors increased to about the same level as with T3 alone. Only if the inhib
itor was administered before T3 or within 24 hours after T3 was the increase 
in T3 receptors inhibited. These data demonstrate that the inhibitors do 
not interfere with the ability to detect an increase in T3 binding sites, 
but rather prevent the response to T3 which occurs after a lag time of about 
24 hours. Apparently, both RNA synthesis and protein synthesis are required . 
*Supported by the National Institutes of Health, NICH/HD-01236. 
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Fig. 1. Diagram showing receptor induction in 
the nucleated bullfrog tadpole red cell 
and how it might be inhibited by 
actinomycin-D and cycloheximide. 

for the increase in T3 receptors which occurs on the second day after T3 in
jection at 20C (Fig. 1). 

In Vitro Receptor Induction 

A possible limitation in interpreting the above results is that the 
experiments were performed in vivo. While the lag time of 24 hours for 
the RBC response is relatively short, it does not exclude the possibility 
that the RBC responds not to T3, but to other humoral factors induced by 
T3. To test whether RBCs respond directly to T3, we attempted to elicit 
an in vitro increase in T3 binding sites in RBCs incubated with T3 in a 
variety of media. When the tadpole RBCs were incubated with T3 in a phos
phate-saline buffer, no increase in T3 receptors was observed in 48 hours. 
However, when tadpole RBCs were incubated with T3 in Ml99, a nutrient-rich 
medium, the number of nuclear T3 binding sites began to increase after 24 
hours and continued to increase for the next 24 hours. This increase in 
T3 binding was inhibited by cycloheximide at 1.0 pM. The sensitivity to 
cycloheximide was about the same as Schaefer and Theil (7) observed for the 
induction of ferritin synthesis by excess iron injection in tadpole RBCs 
and about tenfold more sensitive than they observed for total protein syn
thesis. Actinomycin-D inhibited the receptor increase at .04 micrograms/ 
ml; a concentration which preferentially inhibits ribosomal RNA synthesis. 
Whether this reflects a requirement for ribosomal RNA synthesis or perhaps 
the involvement of an actinomycin-D-sensitive messenger RNA synthesis in 
this response has not been determined. These results demonstrate that tad
pole RBCs respond directly to T3 and that the increased T3 binding requires 
synthesis of RNA and protein in the RBCs (Fig. 1). 

Properties of the In Vitro System 

The in vitro T3-RBC system has provided a useful model for the further 
study of receptor induction. We observed a T3 dose-dependent in vitro in
crease in T3-binding sites in RBC nuclei. A half maximal increase in the 
number of sites occurred at a T3 concentration of 2.8 pM. This value is 
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comparable to a Kd of 3.5 pM, the concentration at which one-half of the 
T3 binding sites are occupied. These data suggest that occupation of the 
T3 binding sites is the initiating event in the increase in the number of 
sites, an event characteristic to T3 receptors. 

We also tested the specificity of the nuclear T3 binding sites for 
binding and the ability of T3 analogs to inhibit 125I-T3 binding. An ex
ploratory study was performed to determine T3 analog concentrations which 
partially inhibited binding of 10 pM 125I-T3. The I25I-T3 binding was as
sayed in the presence of a constant dose of analog and the observed Kd ob
tained from Scatchard analysis was used to estimate the inhibitor constant, 
KI, for the analog. The results were in good agreement with the relative 
potencies of the analogs for various metamorphic responses compiled from 
the recent literature (8). The most potent compounds, T3 and its acetic 
acid chain analog, "Triac", showed the highest binding affinity. T2 and 
rT3, which differ from T3 only by the absence and different position of a 
single iodine, respectively, have very low potencies and also had very low 
binding affinities for the RBC nuclei. T4 and Q-isomer of T3 have inter
mediate potencies and displayed intermediate binding affinities. The T3 
binding sites of RBC nuclei show the specificity for binding active TH ana
logs expected to TH responses (8,9). 

SUMMARY 

Using the biosynthetic inhibitors, actinomycin-D and cycloheximide, 
we have shown that RNA and protein biosynthesis are necessary for receptor 
induction in bullfrog tadpole RBC both in vivo and in vitro. An increase 
in T3 receptors can be induced in RBC s;;pensions i~a nutrient-rich medium 
is used. The model system described here appears to have the characteris
tics of an increase in T3 receptor synthesis in direct response to T3. We 
also confirmed the specificity of the nuclear T3 binding sites for binding 
various TH analogs. 
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PUTATIVE NUCLEAR TRIIODOTHYRONINE RECEPTORS IN TADPOLE LIVER DURING 

METAMORPHIC CLIMAX 

ValeriP Anne Galton and Donald St. Germain 

Departments of Physiology and Medicine 
Dartm •th Medical School 
Hanover, NH, USA 

It has been shown previously that the maximum binding capacity (MBC) 
of the putative 3,5,3'-triiodothyronine (T3) receptor in red blood cells 
(RBCs) and tail tissue of Rana catesbeiana tadpoles is increased during 
development (1,2), and can~stimulated in RBCs by treatment with thyroid 
hormone (TH) (3). The present study was performed to determine if the MBC 
of tadpole liver nuclei is also increased during development or following 
treatment with TH. Because of the relatively high levels of endogenous TH 
in tadpoles during climax and the slow rate of dissociation of the hormone
receptor complex (4), the use of an in vivo saturation assay employing 
[125I]T3 was not feasible. Thus, a method was developed for determining 

MBC by injecting sufficient stable T3 to just saturate the receptors, and 
then quantifying total nucleus-bound T3 and plasma T3 concentrations by 
RIA. Non-saturable (NS) binding was determined by injecting tadpoles with 
10 nmol T3. Under these conditions, the contribution of the saturable 
binding sites to total binding was expected to be insignificant. Thus, 
when total T3 bound to nuclei was plotted against plasma T3 concentration, 
the NS binding could be represented as a line drawn between the origin and 
the point designating the nucleus-bound T3 after injection of 10 nmol T3. 
The quantity of T3 bound to the saturable sites after injection of a lower 
dose of T3 was then obtained by subtracting from the value for total nu
cleus-bound T3, the amount of T3 bound to NS sites at the same plasma T3 
concentration. Preliminary studies using isotopic techniques in premeta
morphic tadpoles indicated: 1) that comparable values for MBC were obtained 
when data were analyzed by this method and by Scatchard analysis; 2) that 
saturation of the nuclear receptors was almost complete following injection 
of 200 pmol T3/tadpole. 

METHODS 

Groups of tadpoles (13 and 16 at Taylor and Kollros (5) stages XII
XIV and XIX-XXIII, respectively) were injected with 200-300 pmol stable 
T3; corresponding groups received 10 nmol T3 or vehicle. After 16-20 h, 
plasma, liver, and RBCs were obtained. Liver and RBC nuclei were obtained 
as previously described (3,6). Nuclei were extracted for 2 x 1 hour at 
45•c with 2 x 1 ml of absolute ethanol. The mean extraction efficiency 
was 70% and 51% in nuclei of tadpoles given 200-300 pmol and 10 nmol T3, 
respectively. The DNA content of the residue was measured; it was not 
influenced by the extraction procedure. The T3 contents of the nuclear 
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extracts, liver cytosol (the 800 x g supernatant of the liver homogenate), 
and plasma were determined by RIA using the T3 RIA established in this lab
oratory (7). The data were corrected for extraction efficiency and analyzed 
as described above. 

RESULTS 

Maximum Binding Capacity of Hepatic T3 Receptors During Metamorphosis 

As shown in Table 1, the MBC of the hepatic nuclei was not increased 
between early prometamorphosis and metamorphic climax. Moreover, values 
for MBC determined using plasma T3 levels were comparable to those obtained 
using cytosol T3 concentrations. Data used to determine the NS fraction are 
also given in Table 1. It can be calculated from these data that the basic 
assumption used in this study, namely that following 10 nmol T3 most of the 
T3 was bound to non-saturable sites, is justified. 

Receptor Occupancy During Metamorphic Climax 

Endogenous nucleus-bound and plasma T3 levels were also determined by 
RIA in tadpoles undergoing metamorphic climax (prior to stage XIX, nucleus
bound T3 was undetectable.) These data, together with those obtained fol
lowing saturation of the receptors with T3, permit an estimation of the 
percentage of the sites that are occupied during climax. As shown in Table 
2, 80% of the hepatic receptors (57% as estimated using liver cytosol T3 
levels) and almost all the RBC receptors are occupied with T3 during this 
phase. 

Effect of T4 on the MBC of Hepatic Nuclear Receptor 

This study was carried out in tadpoles in early prometamorphosis and, 
thus, MBC could be determined using the [125I]T3 technique and Scatchard 
analysis. However, the RIA method was used in one study. As shown in Table 
3, pretreatment with T4 increased the MBC in RBCs an average of 2.4-fold in 
4 experiments but had no effect on MBC in hepatic nuclei. 

Table 2. Occupancy of Nuclear Receptors by T3 During Metamorphic 
Climax 

Endogenous T3 MBC 

Nuclei (pmol/mg DNA) (pmol/mg DNA) % Occupancy 

Livera 0.208 + 0.029 0.260 + 0.035C 

Liverb 0.158 + 0.025 0.275 + 0.032C 

RBC 0.233 + 0.060 0.238 + 0.046 

avalues calculated using plasma T3 concentrations. bvalues 
calculated using liver cytosol T3 concentrations. 

80 

57 

94 
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Table 3. Effect of Pretreatment with T4 on MBC of Tadpole Liver 
and RBC Nuclei 

MBC (pmol/mg DNA) 

RBC Liver 
Exp. T4-treatmenta Scat. Anal. RIA Scat. Anal. RIA 

1 0.042 0.194 

+ 0.125 0.203 

2 0.046 0.225 

+ 0.146 0.242 

3 0.110 0.255 

+ 0.186 0.248 

4 0.143 0.212 

+ 0.263 0.202 

a1 nmol T4 injected 14 days prior to study. 

DISCUSSION 

These studies indicate that MBC did not increase in tadpole liver be
tween early prometamorphosis and metamorphic climax. This is very differ
ent to the situation in RBC and tail; in both these tissues, MBC increases 
substantially during prometamorphosis (1,2). However, the finding does•csub
stantiate the previous report that MBC was comparable in hepatic nuclei from 
tadpoles at stages X and XIX (3). MBC was also found to be unaffected by 
development when determined in isolated liver nuclei (Galton, unpublished 
observations). 

Another difference between the liver and RBC putative T3 receptor was 
observed. MBC can be increased in tadpole RBC nuclei by pretreatment of 
the tadpoles with TH (3). In the present study, it was found that treat
ment of tadpoles with T4, although it resulted in the expected increase in 
MBC of RBCs, had no effect on the MBC of tadpole liver nuclei. 

The putative T3 receptors in liver and RBCs of tadpoles undergoing 
metamorphic climax were found to be 57-80% and more than 90% occupied with 
T3, respectively. This substantiates a previous suggestion that occupancy 
is substantial during this phase (1,3), and also indicated that, as in mam
mals, the majority of TH on the receptor is T3. 

In seeking an explanation for why receptor number increases during de
velopment in RBCs and tail tissue but not in liver, it is important to note 
that there are marked differences in the ultimate expression of TH action 
in RBCs and tail on the one hand, and liver on the other. In the former 
tissues, TH-dependent metamorphosis results in cell death, a dramatic effect 
which usually occurs in a very short space of time. A very different situ
ation occurs in the liver where metamorphosis is accompanied by the differ
entiation of cells to adult function. Here, in contrast to tail and RBCs, 
biochemical differentiation occurs in a pToliferating population of cells. 
If, thus, appears that although hepatic differentiation can be accomplished 
solely fhrough an increase in plasma TH levels, the events which mediate 
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cell destruction in some tissues require a concomitant increase in receptor 
number. 
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ACTIVITY OF T3-RESPONSIVE a-GLYCEROPHOSPHATE DEHYDROGENASE (a-GPD) AND 

THE CHARACTERISTICS OF NUCLEAR T3-BINDING IN THE MALE AND FEMALE RAT* 

Aldo H. Coleoni, Alfredo R. Recupero, Olga Cherubini, and 
Adriana Oviedo 

Catedra de Quimica Clinica I, Facultad de Ciencias Quimicas 
Universidad Nacional de Cordoba 
Cordoba, Argentina 

The present study explores the possible sex-related difference in the 
metabolic effects of thyroid hormones by studying the activity of the liver 
mitochondrial T3-responsive a-glycerophosphate dehydrogenase (a-GPD). In 
parallel experiments we characterized the liver nuclear T3-receptors in male 
and female rats. We also attempted to determine whether such differences 
are related to the different sex-hormone content. 

MATERIALS AND METHODS 

Male and female Wistar rats, 75 days old unless otherwise indicated, 
were used. 

Nuclei and mitochondrial fractions were prepared from 3 g of liver. 
Nuclei were isolated by centrifugation through 2.3 M sucrose, -1 mM MgCl2, 
-2 mM DTT, -0.1 mM PMSF, as previously described (1). Maximal binding 
capacity (MBC) and affinity constant (Ka) were obtained by incubating the 
nuclear suspension with 125I-T3. Parallel tubes contained the same amount 
of 125I-T3 and 3 x lo-7 M T3 to assess non-specific binding (2). Mitochon
drial fraction was obtained from the 700 xg supernatant of the total liver 
homogenate by centrifugation at 8,500 xg for 10 min (3). a-GPD was mea
sured by the method of Lee and Lardy (4), DNA by the method of Burton (5), 
and protein by the method of Lowry et al. (6). Statistical comparisons 
were made with the analysis of variance (7). 

RESULTS AND DISCUSSION 

As depicted in Table 1, adult female rats exhibited a higher basal a
GPD activity compared to age-matched males. When the enzyme acttvtty was 
related to DNA concentration, the same difference was observed, indicating 
a net increase per cell. 

The difference in the enzyme activity was also evident in immature 
rats (20 days) (~/min mg prot; mean+ SE; male 0.0737 + 0.005; female 
0.1038 + 0.008; p<O.Ol; n:l3). 

*Supported by grant from CONICOR (Cordoba, Argentina). 
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Table 1. Basal Activity of Liver Mitochondrial a-glycerophosphate 
Dehydrogenase (a-GPD) in Adult Male and Female Rats 

a-GPD 

~/min/mg protein 

~/min/mg DNA 

n 

10 

10 

Male 

0.0525 + 0.0022 

0.484 + 0.045 

Female 

0.0744 + 0.0013* 

0.723 + 0.058* 

Values given are the mean + SEM; n, number of animals. 
*Significantly different f~om male group, p<O.Ol. 

The basal a-GPD acttvtty and the characteristics of the nuclear T3-
receptors studied during the different stages of the ovarian cycle (data 
not shown) revealed no significant differences in MBC, Ka and a-GPD during 
the four days of the ovarian cycle, indicating that the physiological hor
monal changes in the female did not induce modifications neither at the re
ceptor level nor in the metabolic response of T3 measured by a-GPD activ
ity. 

The effect of apparent physiological replacement doses of testosterone 
(T) administered to gonadectomized male and female rats on a-GPD activity 
is shown in Table 2. AT deficit or a replacement dose did not modify the 

Table 2. The Effect of Testosterone Administration in Castrated Male 
and Female Rats, on Liver Mitochondrial a-glycerophosphate 
Dehydrogenase (a-GPD) Activity 

Male 

Treatment 

sham surgery 

castrated 

castrated + Testosterone 

Female 

sham surgery 

castrated 

castrated + Testosterone 

a-GPD 
(~A/min/mg protein) 

0.0430 + 0.0010 

0.0390 + 0.0033 

0.0388 + 0.0033 

0.0732 + 0.0035 

0.0688 + 0.0088 

0.0681 + 0.0057 

Castrated male and female rats (75 days old) were injected sc with 
0.33 mg Testosterone in 0.1 ml corn oil daily for 13 days, or 
vehicle. Values are the mean+ SEM of a group of 4 animals. The 
significance of the difference-between sham vs castrated, sham vs 
castrated + Testosterone, or castrated vs castrated + Testosterone, 
was in all cases non-significant. 
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Table 3. Characteristics of the Liver Nuclear T3-receptor in 
Adult Male and Female Rats 

MBC* 
n (fmoles T3/100 ~g DNA) 

Male 6 76.5 + 8.1 5.30 + 0.94 

Female 5 63.0 + 18.4 5.78 + 0.71 

NS NS 

Values given are the mean + SEM; n, number of samples assayed 
(pool of 3 animals each); *MBC, maximal binding capacity; 
**Ka, affinity constant; NS, not significant. 

enzyme activity compared with normal control males. In the females, ovari
ectomy or T injection to ovariectomized rats did not induce modifications 
in ~GPD activity. 

To clarify the mechanism of the different levels of a-GPD in males and 
females, we studied the characteristics of T3 receptors in purified liver 
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Fig. 1. Response of a-GPD to T3 in adult male 
and female rats. Open bars: basal 
level of a-GPD; diagonal lined bars: 
activity of a-GPD 24 h after the iv 
administration of 500 ~g T3/100 g BW; 
horizontal lined bars: T3-induced 
a-GPD activity. *Statistically sig
nificant differenct T3-induced enzyme 
activity female vs male rats, p<O.Ol. 
Bars + SEM. Each group consisted of 
seven-animals. 
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Table 4. Kinetics of a-glycerophosphate Dehydrogenase 
(a-GPD) in Adult Male and Female Rats 

n 

Male 4 

Female 4 

Km 
(x to-3 M) 

48.9 + 5.62* 

44.6 + 7.68 

Vmax 
(/':,A/min/mg protein) 

0.0534 + 0.0062** 

0.1015 + 0.0170 

Values are given as mean ~ SEM; n, number of samples 
assayed (pool of 3 animals each); *p value male vs 
female, not significant; **p value male vs female 
<0.05. 

nuclei. No significant difference in MBC or in the Ka value was observed 
between the groups (Table 3). 

Since the extent of the tissue metabolic response to T3 also depends 
on the tissue hormone concentration, and more specifically on the satura
tion of the hormone receptor, we measured basal a-GPD and its response to 
a dose of T3 designed to fully saturate the nuclear receptors. Twenty-four 
hours after the ip injection of 500 ~g T3/lOO g BW, the enzyme activity 
showed a marked increase in both groups (Fig. 1). However, the T3-induced 
a-GPD activity was significantly higher in the females. This indicates 
that the different basal enzyme activity was not related to differences in 
the endogenous saturation of nuclear T3-receptors. 

Table 4 shows the kinetics of a-GPD in adult male and female rats. Km 
was identical in both groups, while Vmax was significantly higher in the fe
males, suggesting an increase in the enzyme mass. 

In conclusion, since we did not observe any modification at the recep
tor level, the different a-GPD activity in male and female rats probably re
sults as a consequence of a post-receptor modification of the initial signal, 
generated by the T3-nuclear receptor interaction. The factors leading to the 
different activity of a-GPD in both sexes, although unknown, do not seem to 
be related to the sex-hormone content. 
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ROLE OF T4 IN THE MODULATION OF PITUITARY T3 NUCLEAR RECEPTORS (T3nR) 

IN HYPOTHYROID RATS* 

Therese Lemarchand-Beraud, Kitty Von Overbeck, and Alena 
Donda 

Division of Endocrinology and Clincal Biochemistry 
Department of Internal Medicine, University Hospital 
Lausanne, Switzerland 

It is now well documented that cellular responses to thyroid hormones 
are mediated by a nuclear receptor, the concentration of which is known to 
vary with tissue, as well as with physiopathological conditions (see 1 for 
review). Regarding possible changes in T3nR with variations of thyroid 
function, there is still controversy which may be due to the fact that such 
variations would be tissue dependent. Indeed, no changes in the concentra
tion of T3nR have been reported in the liver, kidney, and heart of hypothy
roid animals (2-4), whereas more recently an increase in the liver and the 
brain (5-7), and a reduction in the lung, liver, and the pituitary gland 
(8-11) have been shown in hypothyroid rats. In pituitary tumor cells and 
in the rat pituitary gland, T3 has been found to induce a decrease in the 
concentration of nuclear receptors (12,13). 

The factors involved in the regulation of T3 receptors are still un
known, but in the pituitary gland we have obtained some evidence that T3 
may be one of these factors. Indeed, we have previously shown that the 
concentration of T3nR in the anterior pituitary gland of rats thyroidec
tomized for two weeks is half that found in intact adult male rats (14). 
We have also shown that a single injection of T3 (0.5 ~g/100 g b.w.) to 
thyroidectomized rats could restore a normal concentration of T3nR within 
one hour and at least for three hours. Fifteen hours later, the receptor 
density was again at its initial low concentration (14). 

These results are supportive of the hypothesis that T3 modulates the 
concentration of its own nuclear receptors in the pituitary gland, and they 
are suggestive of a direct effect of T3 on the synthesis of the receptors. 
We have, therefore, tested whether the induction of the nuclear receptors 
by T3 can be inhibited by cycloheximide (Cy) (15). When Cy (1.0 mg) is 
given to hypothyroid rats before T3, the T3 induced synthesis of nuclear 
receptors is completely suppressed. Administration of Cy alone to thyroid
ectomized rats has no effect on the concentration of T3nR for the three hour 
period studied. 

These data are, therefore, supportive of the view that T3 induces a 
rapid synthesis of its nuclear receptors in the pituitary gland which may 

*Supported by the Swiss National Science Foundation, grant No. 3.945.084. 
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consequently influence the secretion of TSH. Indeed, an inverse relation
ship is found between the density of T3nR and plasma TSH levels measured 
in various conditions (r = -8128, n = 36, p<0.001). 

All these data pertain to the effects of T3 on T3nR. The possible ef
fects of T4 on these receptors needed to be investigated. Indeed, the re
spective roles of T4 and T3 on TSH secretion are still matters of contro
versy, although the experiments of Obregon et al. (16) and those of Larsen 
et al. (4) have clearly demonstrated that in the pituitary gland T4 acts on 
TSH secretion only after its conversion to T3. As regards the nuclear re
ceptors, the question arises whether T4 can by itself modulate pituitary 
T3nR or whether T4 acts only after deiodination into TJ. 

The aim of the present study is to answer this question using the fol
lowing experimental protocol. Adult male rats, thyroidectomized for two 
weeks, were divided into two groups. One group of animals received T4, one 
injection (2 or 5 ~g/100 g b.w.), and the other group received iopanoic acid 
(lOP, 5 mg/100 g b.w.) four injections at 12 hour intervals. This drug is 
known to inhibit the conversion of T4 to T3 in the pituitary gland (4,16, 
17). The lOP treated rats received the same dose of T4, nine hours before 
the last injection of lOP. All animals were killed by rapid decapitation 
12 hours after T4. A group of thyroidectomized rats injected with saline 
served as controls. Hormones were measured in plasma by RIA, and T3nR were 
determined in nuclear extracts from pools of six anterior pituitary glands 
as previously reported (14). 

Values for plasma T4, T3 and TSH, and for pituitary T3nR are shown in 
Table 1. The very low concentrations of T4 observed in thyroidectomized 
rats are increased 12 hours after T4 administration in a dose-dependent 
manner, the T4 concentration being markedly greater than that found in 
normal rats. A similar dose-dependent increase in plasma T3 levels is ob
served. With the 5.0 ~g dose, the concentration of plasma T3 is similar 
to that found in normal animals. The increased concentrations of T4 and 
T3 are associated with a significant decrease in the concentrations of 
plasma TSH which remain, however, still higher than those of the normal 
rats. 

As regards the density of pituitary T3nR after T4, a dose-dependent 
increase is found restoring a normal concentration of T3nR. However, since 
the injection of T4 resulted in a normal plasma concentration of T3, the in
duction of T3nR by T4 may be secondary to the conversion of T4 into T3 in 
the pituitary gland. To eliminate this possibility, T4 deiodination into 
T3 was blocked by a pretreatment with lOP. The effects of lOP on plasma T4, 
T3 and TSH, and pituitary T3nR are shown in Table 1. Pretreatment with lOP 
does not alter plasma T4 levels measured after T4 injection. In contrast, 
plasma T3 and TSH levels are affected by pretreatment with lOP, T3 levels 
being significantly less and TSH greater in the lOP + T4 groups than in the 
group treated with T4 only (Table 1). Therefore, these data attest to the 
blocking effect of lOP on T4 deiodination at the pituitary and peripheral 
levels. As regards the pituitary T3nR, pretreatment with lOP reduces the 
receptor concentration when compared to that observed in rats treated with 
T4 only. The concentration of T3nR remained similar to that of hypothy
roid animals (Table 1). The induced synthesis of pituitary T3nR observed 
after T4 administration can, therefore, be prevented by blockade of T4 de
iodination into T3, thus supporting the view that T4 effects observed on the 
density of T3nR are not due to T4 itself, but to T3 which has been formed 
locally. 

Finally, the pituitary GH content, which is known to be T3-dependent, 
was found to be very low in thyroidectomized rats (60 ~ 15 ~/AP). It in
creased 12 hours after T4 (165 ~56 ~/AP) and was not changed when the rats 
were pretreated with lOP before T4 (72 ~ 10 ~/AP). 
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In conclusion, T4 deiodination into T3 in the thyrotrope cells is re
quired not only for the control of TSH secretion, but also for the modula
tion of the T3 nuclear receptor. Therefore, at the pituitary level, T4 
definitely acts as a prohormone. 
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HUMAN NUCLEAR THYROID HORMONE RECEPTORS 

Kazuo Ichikawa and Leslie J. DeGroot 

Thyroid Study Unit 
The University of Chicago 
Chicago, IL, USA 

Nuclear thyroid hormone receptors are acidic, non-histone, chromatin 
associated proteins (1) with molecular weights of 47,000- 57,000 (2,3) and 
bind T3 with high affinity in the presence of sulfhydryl groups (4). It is 
generally believed that nuclear receptors mediate biological responses after 
binding thyroid hormone and induce activation of specific gene expression. 
Although nuclear thyroid hormone receptors exist in human tissues (5,6), 
most studies have been performed on rat tissues, including liver, kidney, 
and cultured pituitary cells. To further study nuclear thyroid hormone 
receptors in human tissues, we developed an improved isolation method for 
nuclei of cultured human hepatoma cells (Hep G2) and cultured human fibro
blasts. The characteristics of nuclear receptors were compared in these 
cell lines. 

MATERIALS AND METHODS 

The established human liver cell line Hep G2 was derived from a cauca
sian child with primary hepatoblastoma (7). All experiments were performed 
after 110 transfer in cell culture. Fibroblast cultures were established 
from skin biopsy samples from 5 normal subjects and used after 4-12 trans
fers. Cells were cultured in 100 mm diameter plastic petri dishes in 10 ml 
of modified Eagle's medium containing 10% fetal calf serum, penicillin (100 
U/ml), and streptomycin (100 vg/ml). Forty-eight hours before the experi
ment, the growth media was changed to serumless Ham's F-10 media and this 
was also repeated 24 hours before the experiment. For nuclear isolation, 
cellH l1a~vebtPd by trypsinization were washed with PBS and homogenized in 
0.25 M &A'ro-;e, 1 mM MgCl2, 20 mM Tris-HCl, pH 7.85, 1 mM DTT, 0.1 mM PMSF 
(SMTD-PM~~·). Ttley were re-homogenized in 1% Triton X-100 and incubated for 
15 minutes at n"c. After ~Entrifugation at 1,000 x g for 10 minutes, the 
pellet was suspendea in St:TD-PMSF with 0.5% Triton X-100 and was gently 
homogenized. Th(• r·cllet was then suspended in 2 M sucrose, 1 mM MgCl2, 1 
mM DTT, 0.1 m."l PI•,S't, and centrifuged at 220,000 x g for 30 minutes. There
sultant pellet was washed with SMTD-PMSF containing 1 mM CaCl2 and used as 
purified nuclei. This preparation of nuclei gave 40-60% of recovery of DNA, 
a protein/DNA ratio of 2.5 - 3.0, and intact nuclei with no cytoplasmic con
taimination by phase contrast microscopy. For preparation of nuclear extract 
(NE), nuclei were incubated with 0.3 M KCl, 1 mM MgCl2, 10 mM Tris-HCl, pH 
8.0, 1 mM DTT (KMTD), for 60 minutes at 0°C, followed by centrifugation at 
135,000 x g for 60 minutes to remove residual chromatin. 
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T3 binding assays were performed on nuclei by incubating them with 
[l 25r]-T3 in SMTD, at room temperature for 2 hours, which was optimum for 
T3 binding. Parallel duplicate tubes containing 3 X ro-7 M unlabeled T3 
were used for determination of nonspecific binding. The conditions for 
gel filtration were Sephadex G-150, column of inner diameter 1.5 em, total 
volume 180 ml, elution buffer 0.3 M KCl + 2 mM EDTA + 10 mM Tris-HCl pH 
8.0 + 10 mM 2-mercaptoethanol, and elution rate 6.6 ml/cm2/h. For density 
gradient sedimentation, a 5 ml 8 - 35% wt/vol linear glycerol gradient in 
KMTD was centrifuged at 0 C at 60,000 rpm for 18 hours in a SW-65 rotor. 
For isoelectric focusing (IEF), 5% poly~crylamide gels containing 5% glyc
erol + 2% Pharmalyte + 1 mM DTT were utilized. [125I]-T3 labeled NE was 
deprived of free [125I]-T3 by Dowex resin. In IEF, the gel was prefocussed 
500 Vh, and samples were focused at 3 C to 3,500 Vh with a separation dis
tance of 9 em. The pH gradient of the gel was determined by surface elec
trode and the gel was dried without fixation and radioautographed. 

RESULTS 

Table 1 summarizes studies performed on Hep G2 and cultured human fi
broblast nuclear thyroid hormone receptors. T3 binding studies show that 
Hep G2 cells have less receptors (21 fmol/100 ~g DNA) than fibroblasts (55 
fmol/100 ~g DNA), but the affinity (Ka) is the same (2.1 x 1olO M-1). 6-
20% of the receptors were released during nuclear incubation without chang
ing its affinity to T3. T4 showed 10 - 20 times less affinity but the same 
capacity in comparison to T3 in both nuclei and released receptors. Triio
dothyroacetic acid is the most potent competitor for [125I]-T3 binding to 
receptors followed by L-T3, D-T3, and L-T4. Molecular size of receptor was 
indistinguishable between these cell lines when studied by gel filtration 
(Stokes radius of 34 ~ and molecular weight of 59,000) and density gradient 
sedimentation analysis (sedimentation coefficient of 3.4 S). Heat inactiva
tion studies revealed almost identical half-life (t-1/2) of T3 bin]ing ac
tivity at 45 C for both receptors. In this study, the velocity of the in
activation process at any moment of time depends upon the remaining bind
ing activity, suggesting that it is a chemical reaction of the first order. 
Isoelectric focusing (IEF) studies showed pi of receptors at 5.3- 5.5, 5.7, 
and 5.9 in Hep G2, and 5.3- 5.4, 5.7, and 5.9 in human fibroblasts. 

DISCUSSION 

Aside from lower binding capacity in Hep G2 and minor difference in 
the IEF pattern, the characteristics of nuclear thyroid hormone receptors 
in Hep G2 cells and human fibroblasts are near identical, as assessed by 
Ka for T3, relative affinities to iodothyronine analogues, molecular size, 
and heat lability, suggesting a similar structure of receptor protein in 
these cells. Hep G2 nuclear T3 binding capacity per cell is half of that 
of human fibroblasts and 1/4 of rat liver nuclei, which capacity is almost 
identical to human liver nuclei (6). Lower T3 binding capacity in Hep G2 
nuclei may be related to malignant transformation of liver cells or dif
ference in conditions under which studies were performed (cell culture vs 
surgically removed liver tissues). Multiple receptor forms shown by IEF 
may represent structurally dlfferent receptor molecule, post translational 
modification of receptor protein, or association of receptor with other 
molecules such as DNA or histones. Although we have no clear explanation 
for slight differences in the acidic part of the receptor, the overall IEF 
pattern is quite similar between fibroblast and Hep G2 nuclear receptors. 
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SUMMARY 

An improved isolation method was developed for nuclei of cultured 
human fibroblast and Rep G2 cells. Using this nuclear preparation, Ka for 
T3, relative affinity of iodothyronine analogues, molecular size, and heat 
inactivation pattern of the nuclear receptors were indistinguishable between 
these cell lines. However, Rep G2 cells have a binding capacity signifi
cantly below fibroblasts and normal liver. 
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ONTOGENY OF THYROID DURING EMBRYOGENESIS: EVIDENCE OF TWO THYROXINE 

BINDING SITES* 

INTRODUCTION 

Diego Bellabarba, Serge Belisle, Nicole Gallo-Payet, and 
Jean-Guy Lehoux 

Laboratoire d'Endocrinologie, Department de Medecine 
d'Obstetrique et Gynecologie et de Biochimie, Faculte de 
Medecine, Universite de Sherbrooke, Sherbrooke, Quebec 
Canada 

Evidences gathered over the past ten years indicate that triiodothyro
nine (T3) is the thyroid hormone responsible for the metabolic effect (1). 
However, there are particular situations in which little or no T3 is pro
duced by the organism and, therefore, it is not clear how the thyroid action 
will be expressed. One of these situations is the fetal or neonatal period, 
in humans and in various experimental animals. Very low amounts of T3 are 
produced during this time, since the 5'-monodeiodinase is not yet fully de
veloped (2-4). Therefore, thyroxine (T4) is the only thyroid hormone pres
ent in large quantities during a period of great hormonal need because of 
the rapid maturation of several target tissues. Such a situation is par
ticularly evident in chick embryo where most of the target organs, partic
ularly the nervous system, develop between 7-12 days (5), when the concen
tration of T3 in the serum is very low (6). 

In an attempt to better our understanding of the action of T4 during 
chick embryogenesis, we performed more detailed studies on the ontogeny of 
T4 association constants and maximal binding capacities by solubilized nu
clear receptors from various target tissue. 

MATERIALS AND METHODS 

Golden Comet chick embryo were obtained from a local hatchery. 125I-T4 
(S.A.: 1.2- 1.8 Ci/gm) was purchased from Amersham Corp. (Oakville, Ont., 
Canada). Radioinert T4 and T3 were from Sigma Chemical Co. (St. Louis, MO, 
USA). All other reagents were of analytical grade. The experiments were 
performed on liver, brain, and lungs from embryos of 9, 12, 17, and 19 days 
of age. The solubilized nuclear receptor was obtained according to the 
technique of Silva et al. (7). Purified nuclei were prepared as previously 
described (8). The binding assays were carried out on aliquots of 150 ~1 
of nuclear extracts, which were incubated with 125I-T4 (1 x 10-10 M, final 
concentration) and increasing amounts of unlabeled hormone (1o-10 - lo-S M) 
as described in the respective techniques (7,8). 125I radioactivity was 

*Supported by a grant from the Medical Research Council of Canada (MT-3943). 
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determined in a Beckman L-9000 (Beckman Instr., Palo Alto, CA) gamma spec
trometer. The binding data were assessed by plotting the dose-displacement 
data, expressed as the bound to free ratio (B/F) vs the bound (B) hormone. 
The nonlinear Scatchard plots were analyzed according to a two-site model 
by an iterative process to nonlinear regression on an IBM 155 computer (9). 
The analysis yielded the two association constants (Kl, K2) and the maximal 
binding capacities (Nl, N2). In a series of experiments we determined the 
binding parameters on the same nuclear preparation, before and after the 
0.4 M NaCl extraction, in order to determine the extraction efficiency for 
the two sites. This efficiency varied between 52-100% with hepatic extracts, 
36-75% with brain, and 47-56% with lung extracts. The values of N1 and N2 
were corrected for DNA content (10). 

RESULTS 

Nuclear Binding of T4 

Fig. 1 shows representative Scatchard plots obtained with the binding 
data of brain nuclear extracts from embryo of 9 to 19 days. T4 was bound 
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Fig. 1. T4 binding to nuclear extracts from brain of chick 
embryo. Scatchard plots obtained with a two-site 
model on a computer system (9) showed two distinct 
binding sites. K1: x 108 M-1; K2: x 107 M-l; N1, 
N2 : fmol/~g/DNA. Day 9 (A): K1 = 1.7, N1 = 1.1, K2 
= 3.2, N2 = 3.2; Day 12 (B): K1 = 2.7, N1 = 2.0, K2 
= 3.3, N2 = 6.6; Day 17 (C): K1 = 5.8, N1 0.74, 
K2 1.8, N2 = 8.6; Day 19 (D): K1 = 1, N1 = 0.9, 
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to two different sites. K1 varied between 1.1 - 6.6 x 108 M-1 and K2 be
tween 1.4- 3.2 x 107 M-1. N1 increased from 1.1 fmo1/~g DNA at day 9 to 
22 at day 12 and they fell to 0.7 at day 19. N2 went from 3.2 fmol/~g at 
day 9 to 6.6 at day 12, 8.6 at day 17, and 4.4 at day 19. 

Ontogeny of T4 Receptors 

Table 1 shows the variations of T4 KS, Kt, N1, and N2 during chick 
embryo1enesis. K1 was of the order of 10 M- in all organs, whereas K2 
was 10 . Both association constants showed little variations during embryo
genesis, except for a slight increase of K1 in brain at day 17. In liver 
the concentrations of both sites were high during the early phase of embryo
genesis and then they decreased until the hatching period. In brain they 
increased from day 9 to day 12 and 17 and then they also fell, whereas ~n 

lungs, N1 decreased and Nz increased towards the end of embryogenesis. 

DISCUSSION 

Our data clearly indicate that T4 binds to two distinct binding sites 
in target tissue during chick embryogenesis. Although previous reports (1) 
have proposed the existence of only a single binding site for both thyroid 
hormones, recent reports suggest that there is more than one site (11,12). 
Of interest is that such observations have all been made in another devel
opmental model, the tadpole. Furthermore, chromatographic studies have 
demonstrated the existence of two T4 binding proteins in the brain of the 
neonatal rat (13). Therefore, our data confirm such previous findings and 
reaffirm the demonstration that studies conducted in developmental models 
may give further insight into the mechanism of action of thyroid hormone. 
The presence of a T4 first site with high affinity and very low capacity 
during early embryogenesis, when T3 concentration is low, T4 is high, and 
tissue development very rapid, suggests that the latter is most likely the 
active hormone. As for the second site which has a lower affinity and a 
very high capacity, it could represent a mean for concentrating the maxi
mum amount of hormone at the nuclear level during the period of rapid mat
uration of target tissues. The ontogenic pattern showing a decrease of 
both sites toward the end of the embryogenesis when T3 starts to increase 
lend support to this hypothesis. In conclusion, our data, as well as those 
observed in other experimental models, suggest that during early fetal life 
T4 may be the hormone mainly responsible for promoting growth of target tis
sues. 
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INSULIN, GLUCOSE, AND GLUCAGON ARE POTENTIAL MODULATORS OF THYROID HORMONE 

ACTION THROUGH BROWN ADIPOSE TISSUE 5'-DEIODINASE IN RATS 

J. Enrique Silva and P. Reed Larsen 

Howard Hughes Medical Institute Laboratory, Brigham and 
Women's Hospital, and Department of Medicine, Harvard 
Medical School, Boston, MA, USA 

Brown adipose tissue (BAT) contains Type II iodothyronine 5'deiodinase 
(5'D) (1). At variance with other tissues containing this enzyme, BAT 5'D 
is markedly stimulated by the sympathetic nervous system (2). This stimu
lation is physiologically relevant since it results in several-fold incre
ments in locally-produced BAT T3 and generation of circulating TJ (3). 
These results, previously reported by us, suggest that BAT may become an 
important source of circulating T3 and, further, that T3 may have an im
portant physiological role in the function of this tissue. Probably the 
main function of BAT is to generate heat through the oxidation of fatty 
acids uncoupled from ATP generation, which in turn is important for body 
temperature regulation and for dissipation of excess calories in the over
fed state. Conversely, fasting and carbohydrate deprivation depress ther
mogenesis and the metabolic activity of BAT. We observed earlier that an 
adequate glucose supply was necessary for the elevation of BAT 5'D to occur 
following hypophysectomy. Altogether, these observations prompted us to 
examine the influence of insulin, glucagon, carbohydrate feeding, and fast
ing on BAT 5'D and its responses to various stimuli. 

S'D was measured in homogenates of BAT after floating the fat by low 
speed centrifugation. The assay conditions were the same as those reported 
repeatedly by our group, namely 2 nM rT3 in the presence of 20 mM dithio
threitol (DTT) and 1 mM propylthiouracil (PTU) (4,5). Although the abso
lute values of enzyme activity may vary depending on the relative amounts 
of PTU and DTT, the relative physiological responses are independent of 
these particular assay conditions. Other methodological aspects will be 
addressed with the description of the various experiments. 

Although the first observation that led us to perform these studies 
was the failure of BAT S'D to increase after hypophysectomy when the sup
plement of glucose in the drinking water was withheld (6), we will examine 
first the effects of single injections of insulin or glucagon on BAT S'D. 
Doses of insulin and glucagon were chosen that would elicit maximal or near 
maximal responses. One U insulin/100 g BW or 50 ~g glucagon/100 g BW were 
injected intravenously and the responses of BAT 5'D were measured at var
ious intervals thereafter. Glucagon exhibited a more prompt response with 
a significant increase in BAT S'D 1 hour and a maximal response 2 hours 
after the injection. No detectable response to insulin was observed during 
the first hour and the maximal response occurred at 4 hours. Although the 
dose of insulin was subsequently found to be maximal, that of glucagon was 
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Table 1. Effect of Cycloheximide on Insulin- or Glucagon-induced 
BAT 5'D Stimulation 

Hormone Control Stimulated Stim + Cyclh 

Insulin (Expt. 211) 100 + 7 850 + 88 112 + 25 

Glucagon (Expt. 288) 100 + 25 451 + 79 25 + 5 

All values are the mean + SEM from 4-5 rats where the enzyme 
activity has been expressed as percent of the values in untreated 
rats (15-50 fmol I/h/mg prot). 

submaximal but greater than the EDso· Nonetheless, even using maximal doses 
of both hormones, the responses to glucagon were always smaller than to in
sulin. The differences in time of onset and maximal responses suggest that 
these hormones operate via different mechanisms. 

Based on these results, the dose-response relationships were examined 
two hours after the intravenous injections of glucagon or four hours after 
intravenous injections of insulin. Maximal responses were observed with 1 
U insulin or 100 pg glucagon per 100 g BW. The response to various doses 
of glucagon appeared biphasic, with lower responses following doses greater 
than 100 pg/100 g BW. 

To explore further the mechanism of insulin- and glucagon-induced ele
vation of BAT 5'D, we examined the effect of pretreating the rats with cy
cloheximide. The drug was given at 10 mg/100 g BW intraperitoneally one 
half hour prior to the insulin or glucagon. The results are shown in Table 
1. In this, as in subsequent tables, the results (most of the time obtained 
on separate days for each of the stimuli) are presented as percent of the 
corresponding controls, which almost invariably fell within the 15-50 fmoles 
of I-/h/mg protein. In the experiment in Table 1, the rats were injected 
either with 1 U insulin or 100 pg glucagon/100 g BW intraperitoneally. We 
observed the same 8-9 fold response to insulin and 4-5 fold response to glu
cagon. Most importantly, BAT S'D responses to both hormones were abolished 
by the preadministration of cycloheximide. 
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Table 2. Effects of Carbohydrate Overfeeding or Catecholamine 
Depletion on BAT S'D Response to Insulin 

Control Sucrose Insulin INS + sue INS + MPT 

100 + 7 94 + 19 850 + 88 1381 + 206 1043 + 219 

All the values are the mean + SEM from 5-6 rats where the 
enzyme activity has been expressed as percent of the control 
(15-50 fmol I/g/mg prot). Sucrose: 10% in drinking water. 
Insulin: 1.00 U/100 g BW subcutaneously 4 hours before. MPT: 
alpha methyl-p-tyrosine, 20 mg/100 g BW intraperitoneally 24, 
16, and 4 hours before. 



Table 3. Effects of Fasting or Feeding Carbohydrates on the Response 
of BAT 5'D to Various Stimuli 

Expt Stimulus Fed Fasted Carbohydrates 

290 Norepinephrine 2959 + 506 299 + 28* 2763 + 678 

292 Isoproterenol 370 + 28 246 + 14* 482 + 71 

288 Glucagon 279 + 79 63 + 6* 451 + 80 

211 Insulin 380 + 38 613 + 93t 

All values are the mean + SEM from 3-5 rats where the enzyme act1v1ty 
has been expressed as pe~cent of the enzyme activity in normal un
treated rats (15 fmol I/h/mg prot). *p<0.05 vs Fed group; tp<O.OOl 
vs Fed group. Doses (per 100 g BW) and timing before killing 
(hours): NE: 40 ~g sbc, 3 h; ISO: 20 ~g sbc, 3 h; GLUC: 100 ~g ip, 
3 h; INS: 1 U sbc, 4 h; CHO: 10% sucrose (insulin) or 10% glucose 
(rest) in drinking water for 24-36 h. 

Since glucose has been reported to increase the norepinephrine turn
over in BAT through hypothalamic stimulation and insulin-induced hypogly
cemia elicits a rather marked and generalized adrenergic response, we ex
plored the possibility that insulin could exert its effect via such mecha
nisms. The results of such an experiment are shown in Table 2. The admin
istration of carbohydrate as 10% sucrose in the drinking water for 48 hours 
did not affect BAT 5'D. Insulin, 1 U/100 g BW subcutaneously, induced ~
fold increase in enzyme activity, but a ~14-fold increase in animals given 
sucrose (p<0.05). On the other hand, catecholamine depletion induced by 
the administration of alpha-methyl-p-tyrosine did not affect the response 
to insulin. The regimen of MPT used has proven to be sufficient to abolish 
the BAT response to cold stress (2) and depletes the BAT of norepinephrine 
(kindly measured by Dr. J. Young at Beth Israel Hospital, Boston). These 
results indicate that the effect of insulin is not mediated through hypo
glycemia or the sympathetic nervous system. Furthermore, the concomitant 
administration of carbohydrates enhances the response to insulin. 

We would like to examine now the effect of fasting or feeding carbo
hydrates on the responses of BAT 5'D to various stimuli. The results are 
presented in Table 3. In the fed state, we observed a 30-fold increase in 
BAT 5'D activity following the injection of norepinephrine (NE), a modest 
but significant response to isoproterenol, and responses to insulin and glu
cagon somewhat lower than those shown previously, probably due to slightly 
different experimental conditions (Table 3). Fasting resulted in a marked 
reduction in the responses to all of these stimuli (p<O.OOl) (insulin was 
not tested in the fasted state). The administration of carbohydrates, 10% 
glucose in the drinking water for 36 hours, did not augment the response to 
the various stimuli except for insulin as shown previously (Table 2). These 
findings suggest that carbohydrates and/or fed state are a permissive condi
tion for the stimulation of BAT 5'D. However, under these circumstances at 
least, carbohydrate overfeeding cannot amplify the responses of the enzyme. 
We have observed that carbohydrates do increase enzyme activity, albeit 
modestly, in the absence of exogenous stimulation, provided they are given 
for 48 hours or longer, an effect which is probably mediated through aug
mented insulin secretion. 
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Table 4. Effect of Streptozotocin-induced Diabetes on 
BAT 5'D Responses to Various Stimuli 

Stimulus Normal Diabetic p 

Untreated 100 + 10 38 + 3 (0.001 

Norepinephrine 1638 + 296 706 + 47 <0.001 

Isoproterenol 967 + 93 300 + 70 (0.001 

Glucagon 467 + 83 63 + 10 <0.001 

Insulin 3090 + 486 

All values are the mean + SEM from 5 rats where the 
enzyme activity has been-expressed as percent of the 
control values (30 + 3 fmol I/h/prot). Plasma glucose 
was 365 + 39 and 9~+ 5 in diabetic and normal rats, 
respectively. Insuli~ was given 24 h (2 U) and 5 h (1 
U) before. Plasma glucose in these animals was 235 + 
49 mg/dl. 

It also seemed of interest to explore the responses of BAT 5'D in dia
betes mellitus, since this condition combines reduced levels of insulin with 
high blood sugar and elevated plasma glucagon. Diabetes was induced by the 
injection of 5 mg of streptozotocin/100 g BW. Only the rats with documented 
glucosuria were used between 7-10 days after the injections. The results 
are summarized in Table 4. The basal BAT 5'D in the diabetic rats was re
duced. Whereas in the normal animals we observed the usual responses to NE, 
isoproterenol, and glucagon, in the diabetic animals the activity levels of 
BAT 5'D after these manipulations were significantly lower. Interestingly, 
the response to insulin, if anything, was exaggerated in the diabetic ani
mals (compared with 5-10 fold increases observed in normal animals as shown 
above). These results suggest that the intracellular availability of glu
cose is essential for the BAT 5'D responses. Note that the insulin regimen 
given to these animals did not normalize the plasma glucose, although it 
improved it significantly. This decreases the chances that the lack of re
sponse to other stimuli was a nonspecific consequence of the decompensated 
diabetes, although this possibility cannot be entirely excluded. 

In summary, we can conclude that: 1) glucose and insulin are essential 
for maximal BAT 5'D responses to various stimuli. 2) The effect of insulin 
is potentiated by the availability of glucose and is not mediated through 
the sympathetic nervous system. 3) Glucagon is also a stimulus for BAT 
5'D by mechanisms seemingly different from insulin, although both hormones 
require protein synthesis for their effects. 4) Given the thermogenic re
sponse to overfeeding and glucagon, and the increments in BAT T3 concen
tration that follow these degrees of stimulation of BAT 5'D, these studies 
suggest that T3 and BAT 5'D play a key role in the thermogenic response of 
BAT. 
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EFFECT OF THYROID HORMONES, FOOD DEPRIVATION, AND COLD EXPOSURE ON THYROID 

T4 OUTER RING MONODEIODINATING ACTIVITY (5'MDI) IN MICE 

Sing-yung Wu 

Nuclear Medicine Service, VA Medical Center, Long Beach 
and University of California, Irvine, CA, USA 

Active iodothyronine inner-ring and outer-ring monodeiodinases (5 and 
5'MDI) are present in thyroid (1-3). The evidence suggests they are main
tained and can be stimulated by TSH (3,4). More recently, we have shown 
that they are extremely sensitive to TSH stimulation and the increase is 
dose-dependent (5). Furthermore, we have demonstrated that LATS-rich pa
tient serum stimulates T4 5'MDI in mouse thyroid (6), and appears to cor
relate well with the kinetic data (7,8) which suggest a preferential se
cretion of T3 from thyroid in hyperthyroid patients. The present studies 
examine the effect of thyroid hormones, starvation, and cold on thyroid 
5'MDI in comparison with those in liver, kidney, or brown adipose tissue 
(BAT). 

MATERIALS AND METHODS 

Female Swisc Webster albino mice (20-25 g) were maintained on regular 
animal chow except in the study of effect of starvation in which chow was 
removed 72 h prior to sacrifice. Water was available to all animals ad 
libitum. TSH (0.02- 0.2 IU/d), T4 (2 pg/g BW/d), or T3 (1 pg/g BW, tid) 
was given intraperitoneally for 1-7 days as specified in each experiment. 
Puromycin (0.4 mg/g BW, IP) was given one hour prior to cold exposure. 
Controls received equivalent volume of solvent (saline). T4 5'MDI in thy
roid, liver, and renal cortex was assayed according to the methods reported 
previously (5). BAT T4 5'MDI activity was examined in vitro by modifica
tion of a method reported earlier (9). The assay mixture-<final volume. 
250 pl) consisted of 10 mg wet tissue weight equivalent of tissue homoge
nate (BAT infranatant) suspended in 256 mM sucrose - 8 mH HEPES buffer (pH 
7.0) containing 200 mM dithiothreitol (DTT) and 1.25 PM T4. Incubations 
were carried out at 37•c for 60 min, after which 2 volumes of 95% ethanol 
were added. T3 produced in the incubation reactions was measured by ra
dioimmunoassay as previously described (5). Results are expressed as mean 
~ SEM picomoles T3 produced per mg protein (p) per h. Statistical analy
ses were performed with Student's two-tailed t test for unpaired data modi
fied with Bonferroni's inequality for multigroup comparison (10). 
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RESULTS 

Effect of T3 and T4 on T4 5'MDI in Thyroid, Liver, and Kidney 

In mice treated with pharmacological doses of T4 or T3 for 1 week, thy
roid 5'MDI decreased significantly (60 ~ 3.4 and 65 ~ 3.1 pmol T3/mg p/h in 
T4- and T3-treated mice, respectively, vs 95 ~ 9.4 pmol T3/mg p/h in saline 
control, p<0.02). Hepatic 5'MDI, on the other hand, increased markedly (696 
~ 10 and 384 ~ 18 pmol T3/mg p/h in T4- and T3-treated mice, respectively, 
vs 130 ~ 8.8 pmol T3/mg p/h in saline, p<O.OOOl). Similarly, renal corti
cal 5'MDI activity was stimulated by T4 treatment (128 ~ 7.2) as compared 
to saline control 13 + 1.2 pmol T3/mg p/h, p<O.OOl). 

Effect of Starvation on T4 5'MDI in Thyroid, Liver, and Kidney 

As shown in Fig. 1, a 3-d fast reduced the thyroid 5'MDI to 80% of fed 
control (97 ~ 7.1 vs 121 ~ 6.5 pmol T3/mg p/h, p<0.05). The decrease in
duced by fast was not reversed by the supplementation of SH-reagent (DTT, 
0.2- 4 mM) (unpublished observation). The thyroidal activities, however, 
were normalized by TSH administration (0.2 IU/d, Fig. 1). Similar changes 
were observed in liver and renal cortex. 

Effect of Cold Exposure on Thyroid and BAT T4 5'MDI Activity 

A 3- or 72-h cold (6-8°C) exposure did not alter thyroid 5'MDI (123 + 
5.6 and 128 + 5.4 pmol T3/mg p/h, respectively, vs control, 115 + 5.4 pmol 
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Fig. 1. Effect of 3d fast, with or without TSH treatment, on 
thyroid, liver, and kidney T4 5'MDI. Mice were given 
saline or TSH (0.02 IU/d ip) during the 3 d fast. The 
tissue T4 5'MDI were studied in vitro in a reaction mix
ture containing 0.5 mg equivalent tissue homogenate, 4 mM 
DTT, 2.5 pM T4, and 120 mM phosphate buffer (pH 7.0). 
(N), the number of groups of mice (usually three mice per 
group). Values given are the mean+ SEM. 



T3/mg p/h, p)0.05). While BAT 5'MDI increased markedly (1.91 + 0.15 and 
1.14 + 0.13 pmol T3/mg p/h on 3 and 72 h cold exposure, respectively, vs 
control 0.39 ~ 0.05 pmol T3/mg p/h, p<O.OOOl). 

The Effect of T4 Treatment (2 yg/g BW/d for 7 d) on BAT and Thyroid 5'MDI 
Response to Cold or TSH 

As shown in Fig. 2, BAT 5'MDI was significantly higher following cold 
exposure for 3 h (2.05 ~ 0.45 vs 0.59 ~ 0 . 25 pmol T3/mg p/h of room temper
ature control, p<O.OOOl). Puromycin (0.4 mg/g BW) prevented the cold-induced 
increase in BAT 5'MDI when given to mice one hour prior to cold stress (0.66 
~ 0.08 and 0.41 ~ 0.07 pmol T3/mg p/h in cold exposure plus puromycin and 
room temperature control, respectively, vs 1.87 ~ 0.20 pmol T3/mg p/h in 
cold exposure without puromycin). Pretreatment of mice with pharmacological 
dose of T4 for 1 wk also complete ly suppressed the BAT 5'MDI in response to 
cold (Fig. 2, lower panel). By contrast, thyroid 5'MDI preserved its 5'MDI 
preserved its capacity in response to a single dose of TSH stimulation (0.2 
IU) following T4 treatment for 1 wk (72 ~ 3.2 and 45 ~ 3.4 pmol T3/mg p/h 
in with and without TSH-treated mice on T4, respectively, p< 0.001) (Fig. 
2, upper panel). 
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study , mice also received a single dose of 
TSH (0.2 IU) 24 h prior t o sac ri f ice 1n 
addition to T4 . The shaded ba r r e presents 
gr oups of mice being exposed to cold (6-8 °C) 
for 3 h. The numbe r in each ba r r e presents 
groups of mice (usually three mice pe r g r oup ) 
in each study. Values g iven are mean+ SEM. 
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DISCUSSION 

The TSH-induced increase of thyroid iodothyronine monodeiodinase is 
associated with increased serum T3 and T4, as well as hepatic and renal 
deiodinase activities (5). Both T3 and T4 are potent inducers for hepatic 
S'MDI and SMDI (data not presented) as shown in the present study and in a 
previous report (11). The pharmacological doses of T3 or T4, however, sig
nificantly reduce thyroid S'MDI. The present study demonstrates conclu
sively that the TSH-mediated induction of thyroid S'MDI is not a result of 
TSH-induced increase of circulating thyroid hormones, but a direct effect 
of TSH. Excess circulating T3 or T4 stimulates, while the hypothyroid state 
reduces the hepatic and renal S'MDI (12). The enzyme activity in other tis
sues, i.e., thyroid (4), BAT (13), brain (14), and pituitary gland (15), in 
contrast, increases significantly in the hypothyroid state. Considering 
that the body would need less of the more potent thyroid hormone, T3, in 
the hyperthyroid state, teleological arguments would suggest that liver de
iodinates all the way to inactive compounds, thus behaving as an organ of 
detoxication, presumably protecting the organism from being exposed to po
tentially toxic levels of T4 and T3 in hyperthyroidism. 

Kinetic studies of thyroid hormones in total caloric deprivation have 
revealed that the T4 production rate is unimpaired and T3 production is 
markedly decreased (16). Hepatic and renal S'MDI are decreased as shown 
in the present study, as well as in others, and are thought to be responsi
ble for the resulting "low T3 syndrome" in starvation. The present study, 
however, provides a possible additional mechanism, i.e., decreased thyroi
dal S'MDI and, consequently, a possible decreased secretion of T3 from the 
thyroid. Furthermore, the conversion defect can be corrected by exogenous 
TSH, suggesting that it may be mediated through TSH which is decreased in 
starvation (17). Even though TSH appears to reverse S'MDI deficiency in 
liver and kidney as shown in the present study (Fig. 1), the reversals in 
liver and kidney are likely due to a secondary rise of circulating thyroid 
hormones following TSH administration, and not a direct effect of TSH. 

Acute cold exposure is associated with increased TSH secretion as a 
result of augmented production of TRH (18). The present study, however, 
showed that 3 and 72 h cold exposure in mice resulted in increased S'MDI 
in BAT but not in thyroid. This result suggests that thyroid S'MDI may 
not be involved in acute cold adaptation. 

SUMMARY 

Thyroid T4 S'MDI is stimulated by TSH and suppressed by pharmacolog
ical doses of T4 or T3, while the thyroid hormone treatment markedly stim
ulates T4 S'MDI in liver and kidney. In mice treated with pharmacological 
doses of T4 for 7 days, the thyroid S'MDI remains responsive to a single 
dose of TSH. Starvation significantly decreased thyroid S'MDI and the re
duction is not related to the status of sulfhydryl group and is reversed by 
TSH. Cold exposure for 3-72 h does not alter thyroid S'MDI but markedly 
stimulates BAT S'MDI. 

CONCLUSIONS 

l) Increased S'MDI in thyroid after TSH is a direct effect of TSH 
rather than a secondary effect of increased circulating thyroid hormones as 
in liver and in kidney. Therefore, thyroid S'MDI, not liver or kidney, may 
be important to an animal's adaptation to primary hypothyroidism. 
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2) The decrease of thyroid 5'MDI in starvation, which is mediated 
through TSH, may be involved in the pathogenesis of "low T3 syndrome" in 
total caloric deprivation. 

3) BAT, rather than thyroid, 5'MDI may be involved 1n the acute cold 
adaptation in adult mice. 
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3,3' ,5'-TRIIODOTHYRONINE (rT3) INHIBITS IODOTHYRONINE-5'-DEIODINATING 
ACTIVITY INDUCED BY EQUIMOLAR CONCENTRATION OF 3,5,3'-TRIIODOTHYRONINE 
(T3) IN CULTURED FETAL LIVER OF MOUSE 

Doo Chol Han, Kanji Sato, Yuko Fujii, Toshio Tsushima, and 
Kazou Shizume 

INTRODUCTION 

Institute of Clinical Endocrinology 
Tokyo Women's Medical College 
Shinjuku, Tokyo, Japan 

rT3 is generally considered to be without thyroid hormone activity at 
physiological concentrations and to play no significant physiological role. 
However, several agonistic and antagonistic effects of rT3 were reported at 
supraphysiological doses (1,2). As is well known, there exists little or 
no iodothyronine-5'-deiodinating activity (I-5'-DA) in the fetal liver of 
rodents (3). The enzyme activity rapidly increases after birth and peaks 
at 3-4 weeks in the case of mouse (4). We recently demonstrated that this 
ontogenetic development of iodothyronine-5'-deiodinase in the liver can also 
be induced in vitro by physiological concentrations of glucocorticoid and 
thyroid hormones (5). To investigate the rT3 effect on I-5'-DA, fetal liver 
of mouse on the 19th day of gestation, in which little or no I-5'-DA was de
tected and, therefore, rT3 was very stable, was cultured for 3-15 days, and 
I-5'-DA was determined in liver homogenate. 

MATERIALS AND METHODS 

Fetal liver on the 19th day of gestation was cultured as described pre
viously (5). Livers of 20-24 fetuses from two pregnant mice were cut into 
explants of less than 1 mm3 and were cultured at 37°C in 12 ml of Dulbecco
Vogt medium supplemented with 6% thyroid hormone-depleted fetal calf serum 
(6), penicillin, streptomycin sulfate (100 pg/ml), hydrocortisone hemisuc
cinate (0.2 pg/ml), and various concentrations of thyroid hormones. At the 
end of incubation, hepatocytes were homogenized in ice-cold 0.25 M sucrose 
solution containing 10 mM Tris-HCl buffer and I-5'-DA was assessed as de
scribed elsewhere (7). In brief, hepatocyte homogenates (10-100 pg) were 
incubated in 200 pl of sodium phosphate buffer (100 mM~ pH 7.0) containing 
10 mM DTT, 1.3 mM EDTA, and lo-7 M or lo-6 M (3' ,5•-12 I] rT3 (~30,000 cpm). 
After 15 min (for lo-7 M 125I-rT3) or 120 min (for 10-6 M 125I-rT3) incuba
tion at 37•c, the reaction was stopped by adding 10% TCA. The enzyme activ
ity was expressed at picomoles of 127I-/mg of protein/min. 

RESULTS 

As reported previously (5), little or no I-5'-DA was detected in the 
fetal liver cultured in medium supplemented with insulin and hydrocortisone 
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but without thyroid hormone (Table 1). Addition of T3 distinctly induced 
the enzyme activity in the fetal liver. The activity was detectable after 
2-4 days culture and peaked at 12-15 days culture. rT3 per se could not 
induce the enzyme activity in the fetal liver at lo-7 - 10-6 M. However, 
when rT3 was added to the medium supplemented with insulin, hydrocortisone, 
and T3 (1o-8M) throughout the culture period (for 10-12 days), rT3 dis
tinctly inhibited I-5'-DA induced by lo-8 M T3, and this inhibitory effect 
was statistically significant by paired t analysis (p<0.025). Antagonistic 
effect of rT3 on the enzyme activity was dose-dependent: lo-6 M rT3 de
creased I-5'-DA by 68% and 10-5M rT3 by 80%. When fetal liver was cul
tured with lo-8 M T3 for 9 days and the rT3 (1o-6 M) was added to the cul
ture medium, I-5'-DA induced by T3 decreased rapidly for the first 22 h, 
with a half life of about 16 h. 

The inhibitory effect of rT3 on T3 stimulation seems competitive; I-
5'-DA induced by 1 x lo-9, 2 x 10-9, and 1 x 10-7M T3 was significantly 
inhibited by 5 x 10-9, 1 x 10-8, and 1o-7M rT3. rT3 also inhibited the 
enzyme activity induced by T4 (10-7 M) in a dose-dependent manner (data 
not shown). 

Lineweaver-Burk analysis of I-5'-DA in the homogenates of fetal liver 
cultured with T3 (10-8 M) and rT3 (0-10-5 M) for 12 days revealed that a 
dose-dependent decrease in I-5'-DA (Table 1) was due to a decrease in Vmax, 
whereas no alteration in Km (7.1 x 10-8M) was detected, suggesting that 
rT3 inhibits the increase in the amount of the enzyme induced by T3. 

Free T3 concentration in the medium supplemented with 10-8 M T3 when 
determined by equilibrium dialysis, was about 7 x 10-10 M. When 10-8 M rT3 
was added to this medium, free T3 concentration was 6 x 10-10 M. Therefore, 
rT3 could elicit an anti-T3 effect in inducing I-5'-DA at almost equimolar 
concentration on the basis of free thyroid hormone concentrations. Free 

Table 1. Inhibitory Effect of rT3 on I-5'-DA Induced by T3 in Cultured 
Fetal Liver 

Indothyronines 

T3 ( - ), rT3 ( - ) 

T3 ( - ), rT3 (1o-6 M) 

T3 (1o-8 M), rT3 ( - ) 

T3 (1o-8 M), rT3 Clo-8 M) 

T3 (lo-8 M), rT3 (1o-7 M) 

T3 C1o-8 M), rT3 (1o-6 M) 

T3 (1o-8 M), rT3 (Io-5 M) 

I-5'-DA 
(picomoles of 127I/mg protein/min) 

N.D. 

N.D. 

1.77 + 0.37 

1.45 + 0.38* 

1.08 + 0.49** 

0.56 + 0.18** 

0.37 + 0.17** 

Fetal liver of mouse on the 19th day of gestation was cultured in 
Dulbecco-Vogt medium supplemented with thyroid hormone-depleted fetal 
calf serum (6%)~ insulin (1 ~/ml), hydrocortisone hemisuccinate (0.2 
~g/ml), T3 (10-~ M), and various concentrations of rT3 (O-lo-5 M). 
After 10-12 days of culture, hepatocytes were homogenized and I-5'-DA 
was determined. Data are mean + SD of 8 different experiments. 
*p<0.025, **p<0.0025. Statisti~al analysis was performed by paired 
Student's t test. 
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rT3 concentrations in the medium contatntng 1 x lo-9 and 4 x lo-9 M rT3, 
a minimal rT3 concentration which slifhtly or significantly decreased I-5'
DA induced by lo-9 M T3, were 6 x 10- 1 and 2.4 x lo-10 M, respectively. 

DISCUSSION 

In a number of studies, rT3 has elicited agonistic or antagonistic ef
fects in vitro or in vivo at supraphysiological doses, but could exert no 
biological effect~ physiological doses. However, these studies were per
formed in adults or mature animals in which iodothyronine-5'-deiodinase was 
well developed. In mature animals, rT3, the best substrate for iodothyro
nine-5'-deiodinase in the liver and kidney, is so rapidly degraded in the 
peripheral tissues that biological effects of rT3, if any, will be substan
tially obscured. Using fetal liver of mouse, in which little or no I-5'-DA 
was detected and, therefore, rT3 is very stable, we have demonstrated that 
rT3 could exert a very strong antagonistic effect against T3 induction of 
I-5'-DA. 

The mechanism by which rT3 inhibits I-5'-DA induced by T3 is unknown. 
However, a contamination of liver homogenate with rT3 brought from the cul
ture medium into the assay tube is most unlikely; the amount of rT3 in 20 
~1 of homogenate in the liver cultured with lo-6 or lo-S M rT3 was 0.12 and 
0.60 picomoles, respectively. This is too small to affect the substrate 
concentration in the test tube, in which 20 or 200 picomoles of [3' ,s•-125r] 
rT3 were present. In addition, I-5'-DA assessed at low (lo-7 M) and high 
(lo-6 M) substrate concentrations was almost identical. Furthermore, a 
gradual decrease in I-5'-DA with a half life of 16 h also suggests that the 
decrease in I-5'-DA induced by rT3 is due to a real decrease in the enzyme 
acttvtty. Lineweaver-Burk analysis revealed that a decrease in I-5'-DA was 
due to a decrease in Vmax, but not due to alteration of Km. These data sug
gest that rT3 inhibits I-5'-DA by decreasing the amount of iodothyronine-
5'-deiodinase induced by T3. Previously we reported that iodothyronine-5'
as well as -5-deiodinase is synthesized and degraded continuously in monkey 
hepatocarcinoma cells (7). Therefore, we speculate that the inhibitory 
effect of rT3 on I-5'-DA induction by T3 is due to inhibition of enzyme 
synthesis, stimulation of enzyme degradation, or both. 

The inhibitory action of rT3 on the effect of lo-8 M T3 was observed 
at 10-8M rT3, and the corresponding free T3 and rT3 were 7 x lo-10 M and 
6 x lo-10 M, respectively. Therefore, rT3 antagonized T3 at almost equi
molar concentrations on the basis of free thyroid hormone concentration. 
To our knowledge, this is the most potent anti-T3 effect of rT3 ever re
ported. It should be pointed out that rat hepatocytes contain nuclear re
ceptors which bind not only for T3, but also for rT3 (8,9). Since the Ka 
values of the binding of rT3 to each receptor are similar (0.65 x 109 M-1 
for T3, 0.68 x 109 M-1 for rT3), we speculate that the rT3 effect on I-5'
DA is probably mediated through a rT3-nuclear receptor interaction. 

When fetal liver was cultured at lo-9 M T3, rT3 could elicit an anti
T3 effect at 1-4 x lo-9 M (free T3: 7 x lo-ll M, free rT3: 6-24 x lo-ll M). 
These free rT3 concentrations may be attainable in vivo, for example in 
amniotic fluid in which high rT3 concentrations ~e reported (132-605 ng/ 
dl) (10). 

SUMMARY 

Using fetal mouse liver explants, in which little or no iodothyronine-
5'-deiodinase is present and, therefore, rT3 is very stable, we have demon
strated that rT3 exhibits a very strong antagonistic effect against induc
tion by T3 of iodothyronine-5'-deiodinase. 
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DESIGN OF ACTIVE SITE-DIRECTED IODOTHYRONINE DEIODINASE LIGANDS USING TBPA 

AS A BINDING SITE MODEL 

INTRODUCTION 

Josef Koehrle, Michael Auf'mkolk, Matthias Spanka, Vivian 
Cody,l and Rolf-Dieter Hesch 

Abteilung Klinische Endocrinologie, Medizinische Hochschule 
Hannover, GFR, and !Medical Foundation Buffalo, Inc. 
Buffalo, NY, USA 

Rat liver microsomal type I iodothyronine deiodinase (ITH-D) accounts 
for the major part of the production of thyromimetically active L-T3 from 
L-T4 in euthyroid conditions. Therefore, structure-activity-relationships 
(SAR) were evaluated for various classes of enzyme ligands (ITH-analogues, 
dyes, flavonoids) which serve either as ITH-D substrates or inhibitors in 
vitro (1). We have previously reported that flavonoids, and other phenolic 
secondary metabolites of plants used in folk medicine for treatment of thy
roidal diseases, are potent ITH-D inhibitors (2). Analysis of SAR for ITH
metabolites and ITH-analogues revealed that the ligand-binding site of the 
ITH-D exhibits high analogy to the serum ITH-transport protein, thyroxine
binding prealbumin (TBPA), with respect to essential structural requirements 
for ligands, in contrast to TBG or the nuclear T3-receptor, both of which 
show only minor similarity (3). The x-ray structures of ITHs, TBPA, and the 
T4-TBPA-complex were solved in high resolution (4-6). Therefore, these data 
for the T4-binding site of TBPA could be used for computer-graphic molecular 
modeling of the putative enzyme ligand binding site of the ITH-D. In order 
to test our previously developed hypothesis concerning the high similarity 
of both ligand binding sites (3,7-9), we tried to displace l25I-labeled 
L-T4 from binding to hTBPA by competition with representative effectors of 
the ITH-D-reaction. 

METHODS 

ITH-D assays were performed for different pathways of the ITH-monode
iodination cascade using various ITH-substrates or analogues in the pres
ence or absence of test substances with rat liver microsomal or detergent
solubilized membrane fractions, rat cerebellum homogenates, or intact, 
freshly isolated rat hepatocytes in suspension serving as ITH-D enzyme 
sources (7-9). Dose-response curves or Lineweaver-Burk kinetic analyses 
were established for inhibitors and/or substrates. Competition of binding 
of 125I-L-T4 to TBPA was analyzed with modifications (9) according to Som
mack et al. (10). Computer-graphic analysis on a MMS-X-system was performed 
as described (9). ITH-D ligands used are either commercially available or 
obtained from various non-commercial sources (7-9). 
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RESULTS 

Compounds consisting of only a single aromatic ring are potent ITH-D 
inhibitors if they are able to mimic the characteristics of either the phe
nolic or the tyrosyl ring of iodothyronines. However, the monomeric parts 
of the ITH-diphenylether structure are not active as inhibitors. The most 
potent derivatives with ID-50% values in the range of the apparent Michaelis
Menten constant of L-T4 (2 ~M) are 3,5-diiodo-4-hydroxy-benzoic acid-butyl
ester (1 ~M), 3,5-diiodo-salicylate (2 ~M), and iopanoic acid (4 ~M) (7). 
These compounds contain at least two iodine atoms in meta-position and bulky 
and/or hydrogen-bonding residues in the 1- (and 2-) postttons. Iodine-free 
cinnamic and benzoic-acid derivatives consisting of only a single aromatic 
ring are almost inactive as ITH-D inhibitors (7,8). In contrast, dimers 
and polymers derived from cinnamic acid, the precursor in the biosynthesis 
pathway of phenolic secondary metabolites of plants, are potent iodine-free 
inhibitors of the ITH-D (1,2,7-9). The minimal essential inhibitor struc
tures derived from systematic SAR-analysis of more than 70 analogues of the 
flavonoid classes [(dihydro-)chalcones, aurones, and other flavonoids] are 
summarized in Fig. la-c (8,9). Potent two-ring phenolic compounds are able 
to partially or completely adopt an ITH-analogue conformation (Fig. ld), and 
to expose residues essential for inhibitory activity at molecular positions 
which correspond to essential parts of the natural ITH-D substrate ligands, 
the iodothyronines and their metabolites. These positions are complementary 
to the putative essential pockets of the ITH-D, where enzyme-ligand inter
actions may occur (schematized in Fig. 1). Favorable interactions result 
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Fig. 1. Minimal essential inhibitor structures for flavo
noids in comparison to the antiskewed structure of 
rT3. The essential ligand-enzyme interactions are 
schematized for chalcones (upper left), flavon(ol)s 
(upper right), aurones (lower left), and the iodo
thyronine substrate rT3 (lower right). 



from ionic contacts at both distal phenolic groups of flavonoids, the side 
chain of ITH-analogues, as well as from a putative intramolecular hydrogen
bonding, keto-hydroxy-group arrangement in the flavonoids which might sub
stitute for an iodine atom of the ITH-analogues in the corresponding bind
ing pocket (Fig. 1). Furthermore, high inhibitory potency is achieved for 
compounds which have non-planar, i.e., skewed (T4-analgue) or antiskewed 
(rT3-analogue) (Fig. ld), conformations (4,5,8,9). Bulky sugar residues, 
methylation, or the introduction of neural apolar substituents at appro
priate essential molecule positions abolish inhibitory potency. For com
pounds consisting of two aromatic ring systems (flavonoids, iodothyronine 
analogues), partial or complete fulfillment of the following requirements 
is essential to reach Ki-values equal to or lower than the Km-values of 
the iodothyronine substrates: 1. Negative charges at both distal ends of 
the molecule. 2. An iodothyronine analogue conformation fixed by bulky 
(halogen-) substituents in ortho-position to the bridge structure connect
ing the two aromatic rings (corresponding to the 3,5-position of iodothy
ronines). 3. A substituent at this bridge structure which is isosteric to 
the oxygen atom and carries lone electron pair(s). 4. Substituents replac
ing the phenolic region of the iodothyronines exhibiting polar or hydrogen
bonding properties. 5. Halogen atoms at the phenolic ring (not essential 
but increase ligand affinity). 

Also, tricyclic non-planar halogenated phenolic indicator- or food 
dyes are potent ITH-D inhibitors with ID-50% values equal to or lower than 
the Km-value of rT3 in the 5'-D-reaction. Highest activity is reached by 
iodinated xanthenes (erythrosin, rose bengal; ID-50% = 0.2 pM). This indi
cates again that halogenation, especially iodination, increases the ligand 
affinity for the ITH-D as already found for the flavonoids and monomeric 
phenols (1,7-9). Indicator and food dyes with a coplanar orientation of 
the three aromatic rings are inactive as ITH-D inhibitors. 

The most potent ITH-D inhibitor among the flavonoid-analogues, 3'-iodo-
4,4' ,6-trihydroxy-aurone (Ki=0.05 pM), has an almost optimal conformation 
similarity to the antiskewed conformation of rT3 (8), that naturally occur
ring ITH-D ligand with the highest enzyme affinity. Computer-graphic stud
ies illustrate the T4-binding pockets of the model protein TBPA with the 
electron densities of the protein backbone (Fig. 2a). The phenolic ring 
of the skewed T4-structure (Fig. 2a,b) (dotted line, upper molecule) is 
overlapped by the phenolic ring of the antiskewed structure of rT3 (dotted 
line, lower molecule). Therefore, the tyrosyl-ring of rT3 points into a 
free pocket of the TBPA binding site which is not occupied by the tyrosyl
ring of T4. 3'-iodo-4,4' ,6-trihydroxy-aurone (the solid line molecule) is 
also overlapped with its phenolic ring similar to those of the iodothyro
nines. The benzofuran-ring of the aurone occupies a space just between the 
two tyrosyl rings of the ITHs. This orientation produces no conflicting 
interactions with the TBPA-backbone and enables favorable contacts between 
essential functional groups of the aurone and the TBPA backbone amino acid 
residues. 

An example of a potent ITH-D inhibitor, 2'-CH3-3,3' ,5'-triiodo-L-thyro
nine (ID-50% = 7 pM) is given in Fig. 2b. The introduction of a 2'-substi
tuent fixes this compound in the skewed T4-analogue conformation by com
pletely blocking the rotation of the phenolic ring around the diphenyl-ether 
bond, which is already highly restricted by the two 3,5-diiodo-substituents. 
Fib. 2b illustrates that the 2'-substituent is able to occupy a pocket in 
this region of TBPA which is not filled by naturally-occurring iodothyro
nines. This pocket can also be filled by substituents with more polar (-OH) 
or more hydrophobic (-benzyl) or also more voluminous character (-haloge
nated phenol), indicating that there exists more space in this region of 
the ligand-binding site pocket of the model protein TBPA and of the ITH-D 
available for substituents than normally occupied by the 3'-iodine atom of 
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Fig. 2a. 

------

2b. 

Computer graphic presentation of the crystallographic data of the 
TBPA-T4-complex showing the protein van der Waals surface focus
ing on the tyrosyl-ring region of the T4-binding site of TBPA. 
The phenolic ring of the skewed T4 (dotted, upper molecule) is 
overlapped by the phenolic ring of the antiskewed rT3 (dotted, 
lower molecule) and the phenolic ring of 3'-iodo-4,4' ,6-tri
hydroxy-aurone (solid molecule), illustrating the close conforma
tional similarity of ITH-D substrates and inhibitors. 
TBPA protein surface as in 2a. The ITH-D inhibitor 2'-CH3-3,3,5'
triiodothyronine (solid molecule) is superimposed on T4 (dotted). 
The free 2'-region pocket of TBPA is not occupied by the natural 
ligand T4 in contrast to potent ITH-D inhibitors with a skewed 
conformation fixed by 2'-substituents. 

naturally-occurring ITHs; e.g., two of the aromatic rings of the dye tetra
bromophenolblue (ID-50% = 10 ~M) can occupy the phenolic and the tyrosyl
ring pockets of the T4-binding site of TBPA and the third aromatic ring of 
the non-planar dye can be accommodated in the 2'-pocket without producing 
conflicting interctions with the protein backbone as found for structurally 
related inactive compounds (flavonoid-glycosides). 

A comparison of the ID-50% values for inhibition of various routes of 
the ITH-monodeiodination cascade, as well as for the inhibition of T4-bind
ing to hTBPA, is given in Fig. 3. Representative inhibitors of the ITH-D
reactions tested with either rat liver microsomal fractions, rat cerebellum 
homogenates, or freshly ioslated intact rat hepatocytes in suspension, are 
able to inhibit these reactions to a similar extent and with similar SAR. 
Furthermore, the last column of Fig. 3 shows that inhibitor concentrations 
necessary for half-maximal displacement of T4 from binding to hTBPA are 
very similar to those values found for ITH-D inhibition, and similar SAR 
are found. This constitutes strong evidence in favor of our model under
scoring the high similarity of the ligand binding sites of type I ITH-D and 
of TBPA. This similarity is not restricted to ITH-metabolites and analogues 
but is also found for phenolic secondary metabolites of plants, especially 

rat liver hepato- cerebellum 
microsome a cytas homogenate 

ITB-D-reaction T4 T4 T4 T4A T4 T4 
~\, ,/\,. ,~, ,~, ~\,. /\, 

TJ rT3 T3 rTJ T3 rT3 T3A rTJA TJ rT3 TJ rTJ 
\,.,/ \,. ~ \../ \,/ '-,.,/ "'~ compound 3,3 '-T2 3,3'-T2 3,3'-T2 3,3'-T2A 3,3'-T2 3,3'-T2 

phloretin 2.5 2.5 2.5 

4,4' ,6-trihydroxy- 1.5 1.5 
aurone 

3 'iodo-4, 4' ,6-tri- 0.5 0.5 
hydroxy-aurone 

EMD 46806 1.5 3.5 

Luteolin 

Luteolin-7-P- ISO 
glucoside 

Values indicate halfmaximal ~nh1.bitory doses (ID 50, ~ ) 1.n the different reactions. 

Solid arrows indicate the deiodinase react1on under study. 

TBPA-
binding 

o. 7 

0.7 

w!S 

Fig. 3. Flavonoid inhibition of various ITH-deiodinase pathways and of 
binding of 125r-labeled L-T4 to human TBPA. 
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flavonoids, as well as for food and indicator dyes. Furthermore, these data 
show that computer-graphic molecular modeling of ligand-protein interaction 
is a useful tool to analyze and explain SAR data and to develop optimized 
ligands for the affinity-labeling of the ITH-D and for the design of new 
types of "antithyroidal" iodothyronine deiodinase-directed drugs. 

REFERENCES 

1. Hesch RD and Koehrle J. In SH Ingbar and LE Braverman (eds), The Thy
roid, JP Lippincott, Philadelphia, 1985. 

2. Auf'mkolk M, Koehrle J, Gumbinger H, et al. Horm Metabol Res 16: 136, 
1984. 

3. Koehrle J and Hesch RD. Horm Metabol Res 14 Suppl: 42, 1984. 
4. Cody V. Endocrine Rev 1: 140, 1980. 
5. Okabe N, Fujiwara T, Yamagata Y, et al. Biochim Biophys Acta 717: 

179' 1982. 
6. Blake CCF and Oatley SJ. Nature 268: 115, 1977. 
7. Koehrle J. Schilddruesenhormonstoffwechsel 1983. Ferdinand Enke 

Verlag, Stuttgart, 1983. 
8. Koehrle J, Auf'mkolk M, Spanka M, et al. In M Gabor (ed), Proceedings 

International Bioflavonoid Symposium, Szeged, 1985, in press. 
9. Koehrle J, Auf'mkolk M, Spanka M, et al. In V Cody, E Middleton, and 

JB Harborne (eds), Plant Flavonoids in Biology and Medicine, Alan 
Liss, New York, 1985, in press. 

10. Somack R, Andrea TA, and Jorgensen EC. Biochemistry 21: 163, 1982. 

788. 



GENERATED DIHYDROLIPOAMIDE AND CYTOSOLIC COMPONENTS STIMULATE HEPATIC 
MICROSOMAL THYROXINE 5'-DEIODINATION: SIMILAR EFFECTS OF CYTOSOLIC 
COMPONENTS ON OTHER SULFHYDRYL COMPOUNDS* 

Kenzo Sawada, Brian C. W. Hummel, and Paul G. Walfish 

Department of Medicine, University of Toronto, and Thyroid 
Research Laboratory and Endocrine Division, Mount Sinai 
Hospital, Toronto, Ontario, Canada 

INTRODUCTION 

5'-deiodinase (5'-DI) is a thiol-dependent enzyme (1,2) and sulfhydryl 
compounds, such as dithiothreitol (DTT), 2-mercaptoethanol (2-ME), andre
duced glutathione (GSH, molecular weight [M.W.] 307 Da.) have been shown 
to function as activators by acting as direct reductants of the enzyme SH 
groups oxidized during deiodination. While several investigators have re
ported that isolated hepatic microsomes have very little 5'-DI activity in 
the absence of added thiols, reconstitution with cytosol has been reported 
to enhance 5'-DI activity, suggesting that cytosol contains one or more un
identified factors which are involved in 5'-deiodination (3). Recently, 
we have reported that cytosolic components of approximate M.W. 13,000 Da. 
(fraction B), which we have assigned an equivalent abbreviation of IMCC, 
might play a role as a direct reductant in an NADPH-dependent non-gluta
thione cytosolic reductase system (4). Hence, while sulfhydryl compounds 
may act directly with the 5'-DI, it is also possible that endogenous cyto
solic factors may function as regulatory intermediaries between the enzyme 
and sulfydryl compounds, and that the overall influence of such compounds 
on 5'-DI may be mediated by such cytosolic cofactors. 

In the present report, we provide evidence that such cytosolic compo
nents of intermediate molecular weight (IMCC) may operate as a highly ef
ficient intermediary between the microsomal 5'-DI and a variety of sulf
hydryl compounds such as dihydrolipoamide (DHL), DTT, 2-ME, and GSH. 

MATERIALS AND METHODS 

Hepatic cytosol and microsomes were prepared by standard differential 
centrifugation methods using 0.125 M phosphate buffer, pH 7.4, containing 
1 mM EDTA (PB-EDTA) by procedures previously described from our laboratory 
(5). Young male Sprague-Dawley rats maintained on regular chow ad libitum 
were used. Using Sephadex G-50 or Sephacryl S-200 column chromatography, 
IMCC were prepared by methods similar to those reported from our laboratory 
(5). 5'-DI activity was determined using either nonradioactive T4 or outer 

*Supported by Grant #MA-8092 from the Medical Research Council of Canada, 
and a Mount Sinal Hospital Department of Medicine Research Fund Fellow
ship (K.S.). 
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ring (3' or 5') labeled 125I-rT3 as a substrate. In some experiments, a 
coupled system with NADH, lipoamide, and endogenous or 0.125 U pig heart 
lipoamide dehydrogenase was used to generate DHL from lipoamide. In a typ
ical experiment, using T4 (final concentration 6.4 ~M) as a substrate, incu
bations were conducted with various combinations of DHL-generating system, 
IMCC, washed microsomes, and PB-EDTA in a final volume of 1 ml. After 60 
minutes, 2 ml of ethanol (98%) was added. 5'-DI was determined by measuring 
T3 generated in the reaction mixture using a T3 radioimmunoassay (RIA), and 
results were expressed as ng of T3 generated per gm equivalent net weight 
of microsomes per hour. In similar experiments using 125I-rT3 as a sub
strate, incubation mixtures contained l25I-rT3 (100,000 cpm, final concen
tration 0.21 nM), washed microsomes, IMCC or buffer, and DHL, DTT, 2-ME, or 
GSH in a final volume of 300 ~1 as described previously (5). Incubation was 
for 15 minutes at 3o•c. Reactions were stopped by the addition of 500 ~1 
human serum followed by 500 ~1 10% trichloroacetic acid (TCA). Calculations 
were based on counts of 125I- in 500 ~1 supernatant, and since 50% of the 
iodide released was nonradioactive and 125I- in 500 ~1 supernatant is 2.4 
2.4 times less than that in the total volume, our measured activities repre
sent 4.8 times less than the true rate of deiodination after correction for 
non-specific free iodide release. Hence, the correction for our illustrated 
results will be 1% 125I- released = 3.0 x lo-3 pmoles rT3 deiodinated. 

RESULTS 

Using T4 as a substrate, measurements of 5'-DI act1v1ty were made with 
various reaction mixtures to determine the effects of added cytosol, NADH, 
and lipoamide on unwashed microsomal 5'-DI act1v1ty. While cytosol alone 
had no stimulative activity, activation of 5'-DI of unwashed microsomes was 
maximized when all constituents were present, including NADH, lipoamide, 
and endogenous lipoamide dehydrogenase (the latter demonstrated to be pres
ent in both microsomes and cytosol). In reconstitution experiments of frac
tions from gel column chromatography of cytosol with microsomes, IMCC was 
shown to be stimulatory in the 5'-deiodination in the presence of DHL or 
DHL-generating system. 

Using 125I-rT3 as substrate, directly synthesized DHL, OTT, 2-ME, and 
GSH were studied alone or in the presence of added 100 ~1 of IMCC obtained 
from gel chromatography of cytosol. The maximal stimulatory effect of DHL 
alone on 5'-DI was produced at a concentration as low as 15 ~M, which could 
be further augmented by three to fourfold in the presence of added 100 ~1 
of IMCC (data not shown). An effect of DTT alone on microsomal 5'-DI could 
be seen in concentrations as low as 40 ~M, which could be further augmented 
by a factor of 3-4 fold by the addition of IMCC. Similar but less marked 
effects were observed for 2-ME and GSH at 1 mM concentrations, with a pres
ervation of the known relative activation potency of these thiols towards 
5'-DI both in the presence and absence of IMCC (i.e, DHL > DTT > 2-ME > GSH; 
Table 1). 

IMCC in the absence of microsomes, either with or without added DTT, 
did not exhibit 5'-DI activity. 

DISCUSSION 

The present data is consistent with previous reports which demonstra
ted stimulation of hepatic 5'-DI by DHL (6) or its generating system with 
further augmentation of a maximal stimulatory effect of DHL by cytosolic 
cofactors (5), which appear to be required for the full activation of 5'
DI. 
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Table 1. Effects of Various Thiols on Microsomal 5'-deiodination in the 
Presence and Absence of IMCC 

Thiel 

GSH 
2-ME 
DHL 
DTT 

Concentration (mM) 

1.000 
1.000 
0.062 
1.000 

5'-DI Activity (mean% 125r-released/15 min) 
IMCC Absent IMCC Present 

Result Rel. Act.** Result Rel. Act.** 

0.10 
0.57 
1.60 
1.50 

7 
38 

107 
100 

0.23 
2.4* 
4.10* 
4.40* 

15 
160 
273 
293 

IMCC = Intermediate molecular weight cytosolic components. *p<O.Ol vs 
IMCC absent; **Relative to DTT activity with IMCC absent=lOO. 

The potentiating influence of IMCC on the maximal stimulating action 
of other sulfhydryl compounds such as DTT, 2-ME, and GSH has been demon
strated, indicating that the augmenting effect of IMCC is not specific for 
any particular thiol we have studied to date. Furthermore, the combined 
effect of IMCC with any thiol was governed by the pre-existing potency of 
that thiol in the absence of IMCC which failed to alter the relative max
imal potency order of each thiol (Table 1). Moreover, IMCC in the presence 
of DTT was not observed to have any intrinsic 5'-DI act~v~ty. Nevertheless, 
the maximal microsomal 5'-DI activity attainable by any thiol could be fur
ther augmented by the addition of IMCC. 

These observations suggest the possibility that the 5'-DI may have an 
absolute requirement for IMCC and that the relative potencies of various 
thiols as activators of 5'-DI may be a function of their oxidation-reduction 
potential to reduce oxidized IMCC followed by the reduction of the oxidized 
enzyme. However, the precise mechanisms involved in the augmentation of 
sulfhydryl-induced stimulation of microsomal 5'-DI is unknown. Of interest 
is that the cytosol fraction designated as B, which has similar M.W. to 
IMCC, is also required for the activation of 5'-DI by a non-glutathione 
NADPH-dependent cytosolic reductase system (4). Thus, thiols might be gen
erated in a particular constituent of IMCC by a thiol-disulfide interchange 
resulting in a highly efficient intermediary, which could be the immediate 
reductant of the oxidized enzyme. Goswami and Rosenberg (7) recently re
ported the augmentation of 5'-DI activity by a glutaredoxin-like cytosolic 
component of intermediate (11,000 Da.) molecular weight in the presence of 
GSH, which could be present in our IMCC. However, it is not known which 
cofactor (the glutaredoxin-like protein or that described by us [4]) is 
responsible for the potentiating effects on thiols such as we report. 

An additional consideration is the possibility that small amounts of 
IMCC are adsorbed to or admixed with microsomes, thus explaining the ap
parent direct reactivation of the oxidized enzyme (ESI) by thiols in the 
absence of added IMCC. However, the role of IMCC as a regulator of micro
somal 5'-DI enzyme activity, possibly involving the induction of a confor
mational change in 5'-DI site to one more favorable to catalysis rather than 
by reducing ESI, is also a possibility requiring further study. Assays of 
5'-DI activity in tissues are frequently performed in the presence of DTT. 
Since our observations suggest the possibility that the presence or absence 
of IMCC in subcellular fractions or tissue preparations could substantially 
alter the apparent maximal 5'-DI activity, which may also change its appar
ent sensitivity to propylthiouracil (PTU) as determined by the concentration 
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of DTT required for maximizing tissue 5'-DI activity, the interpretation of 
such previously published data requires caution and may be subject to fur
ther re-evaluation. Hence, measurements of IMCC concentrations in various 
tissues, as well as inhibition studies using microsomes in the presence of 
several concentrations of IMCC, thiouracils, and DTT could be required for 
a complete understanding of the mechanism of 5'-deiodination and the factors 
controlling its rate of activation. 
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CHARACTERISTICS OF T4 INNER RING DEIODINASE IN THE LIVER, KIDNEY, AND 

CEREBRAL CORTEX OF RAT: TWO KINDS OF ISOENZYMES 

Yasunori Ozawa, Yoshimasa Shishiba, and Itsuko Kinami 

Division of Endocrinology, Toranomon Hospital and Okinaka 
Memorial Institute for Medical Research, Toranomon, Minato
ku, Tokyo, Japan 

INTRODUCTION 

The major pathway of the peripheral metabolism of thyroid hormone is 
serial deiodination by enzymes. The first step of the deiodination of thy
roxine is the removal of iodine at 5 or 5' position, and these two activi
ties are known to be comparable in in vivo kinetics studies. 

The nature of thyroxine 5' deiodinase has been well verified in many 
tissues by various in vitro studies. However, it was difficult to study 
in vitro the activiry of thyroxine 5 deiodinase, the inner ring deiodinase 
~the liver or kidney, because the generated reverse T3 (rT)) degrades very 
rapidly during incubation. In the present investigation, by protecting the 
generated reverse T3 from degradation by means of addition of anti-rT) anti
body to the incubation media, quantitative analysis of T4 inner ring deio
dinase was possible. 

MATERIALS AND METHODS 

Tissue Preparation 

Wistar strain rats were sacrificed by ether anesthesia and bleeding 
from the carotid artery. The liver and kidney were removed, chopped, and 
homogenized in Tris-HCl buffer, pH 7.4, with a Polytron PT 10 for 2 minutes. 
The homongenate was centrifuged at 600 x g for five minutes. The pellet was 
again homogenized by Polytron for 2 minutes, and the supernatants were com
bined and centrifuged at 15,000 x g for 20 min. This supernatant was then 
centrifuged at 100,000 x g for 60 min. The pellet was designated as the 
microsomal fraction. The microsomal fraction of cerebral cortex was pre
pared by the method of Visser at al. (1). 

T4 Inner Ring Deiodinase Activity 

Thyroxine, purchased from Sigma Co., was incubated with total homage
nates or microsomes in Tris-HCl buffer, pH 9.0, for 10 min at 37°C. Two 
volumes of absolute ethanol were added to terminate the reaction. Reverse 
T3 in the supernatant was measured by specific radioimmunoassay. The ap
parent generation of reverse T3 by the incubation was calculated by sub
traction of amount of reverse T3 in identical tubes prior to incubation 
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(background) from the total amount of reverse T3. In the studies with 
liver and kidneys, anti-rT3 antiserum or IgG was added to the incubation 
media, in order to minimize degradation of the generated reverse T3. When 
cerebral cortex was studied, antibody was not added because preliminary 
studies showed that the degradation of reverse T3 by cerebral cortex was 
negligible. In the case of the liver and kidney, the degradation of reverse 
T3 was still substantial in the presence of the antibody, and the amount of 
reverse T3 generated after 10 min incubation was, therefore, further cor
rected by the degradation rate, estimated by computer simulation of the deg
radation curve of cold reverse T3. 

Effect of DTT, PTU, Ipodate, and T3 on T4 Inner Ring Deiodinase Activities 

T4 inner ring deiodinase activities in fresh homogenates or microsomal 
fractions of these organs were studied in the presence of various amounts 
of DTT, PTU, ipodate, and T3. The "background" and degradation rate were 
studied in each concentration of these reagents. 

RESULTS 

Effect of Anti-reverse T3 Antibody on the Degradation of Reverse T3 

When cold reverse T3 was incubated with liver or kidney homogenate, 
the amount of reverse T3 was decreased rapidly. Fig. la shows the degrada
tion curve of reverse T3, when incubated with liver homogenate at pH 9.0. 
When antibody was added to the incubation media, the degradation was slowed 
markedly. The degradation was faster in acidic media (data not shown). 
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Fig. lb shows the apparent generation of reverse T3 from T4 by the incuba
tion with the same preparation as above. 

Effect of DTT on T4 Inner Ring Deiodinase 

T4 inner ring deiodinase activities were not detected without DTT in 
microsomes of the liver and kidney. When the concentration of DTT exceeded 
0.05 mM, T4 inner ring deiodinase activities increased in a dose-dependent 
manner (Fig. 2). T4 inner ring deiodinase activities in cerebral cortex 
increased by DTT in a dose-dependent manner from 1 mM to 50 mM. 

Effect of PTU on T4 Inner Ring Deiodinase 

T4 inner ring deiodinase in homogenates of liver and kidney were inhib
ited by PTU in a dose-dependent manner from 0.5 mM to 10 mM. In contrast, 
the activities were not inhibited at all by PTU up to 50 mM in cerebral 
cortex (Fig. 3) . 
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Fig. 3. Effect of PTU on T4 inner 
ring deiodinase of homoge
nates of the liver, kidney 
and cerebral cortex. 
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Effect of Ipodate on T4 Inner Ring Deiodinase 

As shown in Fig. 4, ipodate inhibited the enzyme act1v1t1es in a dose
dependent manner from 0.01 mM to 1.0 mM in all three organs equally. 

Effect of T3 on T4 Inner Ring Deiodinase 

As shown in Fig. 5, T3 inhibited the T4 inner ring deiodinase activi
ties of cerebral cortex in concentration > 0.3 ~M. In contrast, no inhi
bition was observed in liver and kidney. 

DISCUSSION 

In the present investigation, anti-rT3 antibody was used to protect 
reverse T3 from its degradation. Because preliminary experiments revealed 
that the optimum pH of T4 inner ring deiodinase was about pH 8-9, and that 
the degradation of reverse T3 was less in alkaline medium, buffers at pH 
9.0 were used for the study of the nature of T4 inner ring deiodinase in 
liver and kidney preparations. At pH 7.4, the degradation of reverse T3 
was rapid even in the presence of antibody, and accurate measurement of T4 
inner ring deiodinase was impossible. In contrast to liver and kidney, re
verse T3 degradation activity was very low in brain. Therefore, the study 
of T4 inner ring deiodinase in cerebral cortex did not require the addition 
of anti-rT3 antibody . 
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The microsomes of those organs did not exhibit T4 inner ring deiodinase 
activity without DTT. T4 inner ring deiodinase activities of the liver and 
kidney were increased by DTT in a dose-dependent manner from 0.05 to 10 mM. 
The dose of DTT which produced half maximum increase was about 0.2 mM and 
0.3 mM in the liver and kidney, respectively. However, in the cerebral 
cortex, it was more than 10 mM. 

T4 inner ring deiodinase in the liver and kidney was inhibited also 
by PTU in a dose-dependent manner. In contrast, enzyme activity in the 
cerebral cortex was not inhibited by PTU in concentrations up to 50 mM. 
Resistance to PTU and DTT inhibition in T4 outer ring deiodinase of cere
bral cortex was known previously (2). 

T4 inner ring deiodinase in cerebral cortex was inhibited by T3 at 
concentrations > 0.3 ~M. In contrast, T3 did not inhibit enzyme activity 
in the liver and kidney at concentrations up to 1.5 ~M. This finding con
trasts with the report of the inhibition of outer ring deiodinase by reverse 
T3 (3). 

In summary, T4 inner ring deiodinase of cerebral cortex differs mark
edly from that of the liver and kidney in terms of the sensitivity to DTT, 
PTU, and T3. No differences were observed in the nature of T4 inner ring 
deiodinase between the liver and kidney. This suggests the presence of two 
isoenzymes of T4 inner ring deiodinase with different tissue distribution. 
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INHIBITION OF T4 5'-DEIODINASE IN HUMAN PLACENTAL CELLS BY CYCLIC-AMP, 

BUTYRATE, AND CALCIUM* 

INTRODUCTION 

Jairo T. Hidal and Michael M. Kaplan 

Thyroid Diagnostic Center, Brigham and Women's Hospital 
Harvard Medical School, and Endocrinology Division, New 
England Medical Center Hospital, Tufts University School of 
Medicine, Boston, MA, USA 

Conversion of T4 to T3 (T4 5'-deiodination) by human placental cells 
(1-3), which occurs via the type II iodothyronine pathway (4), is inhibited 
by physiological concentrations of iodothyronines in the potency order T4 = 
rT3 > T3 (3). Type II deiodination is responsible for much of the tissue 
T3 content in the rat brain and anterior pituitary gland (5), and may, under 
some circumstances, contribute significantly to the circulating T3 pool in 
both rats and humans (5,6). Since type II T4 5'-deiodination could thus 
constitute an important step in the expression of thyroid hormone effects, 
we wished to obtain a more complete understanding of the regulation of this 
process in a human system. 

METHODS 

Placentas were obtained within 1 h of delivery of healthy 38-42 week 
infants. The chorionic membrane, stripped from the amnion, was minced and 
digested in collagenase-trypsin-deoxyribonuclease in Hanks' balanced salt 
solution. Cells released between 30 and 90 min were washed and plated in 
medium 199 containing 10% calf serum and 1% penicillin-streptomycin (com
plete M-199) for 48 h. Medium was then changed to complete M-199 with or 
without test agents. At the end of test incubations, the cells were washed, 
scraped from the dishes in 2 ml phosphosaline buffer, and centrifuged. The 
pellet was sonicated in 500 vl of Hepes, pH 7.0-0.32 M sucrose -10 mM DTT. 
Sonicates were kept frozen at -1o•c until they were assayed. Other details 
have been previously described (3). 

T4 5'-deiodination was measured in sonicates from triplicate wells, 
each assayed in duplicate, by quantitating release of 125I- from [125I]T4 
as described (3). The incubation mixture contained 1 nM T4, 10 mM DTT, 1 
vM nonradioactive T3, and 25-75 Vg cell protein in a volume of 100 vl. In
cubations were for 2 h at 37•c in a shaking water bath. Under these con
ditions, equal amounts of 125I- and T3 were produced (3). Protein was mea
sured by the method of Bradford (7) with bovine IgG as standard. 

*Supported in part by NIH Grant AM35141, Biomedical Research Support Grant 
S07-RR05598, Research Career Development Award AM01440 (MMK), and Fellow
ship Grant 4359/82-3 from CAPES, Brazil (JTH). 
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Table 1. Effects of Butyrate and Agents Related to cAMP on Placental 
T4 5'-deiodination 

Concentration Time T4 5'-deiodination rate 
Effector mM h N % of control + SD 

db cAMP 0.1 24 2 100 + 6 
II 1.0 24 3 16 + lb 

Butyrate 0.1 24 2 100 + 11 
II 1.0 24 3 68 + 3b 
II 2.0 24 3 20 + lb 
II 1.0 24 + washa 2 98 + 7 

8-bromo-cAMP 1.0 24 3 53 + 5b 
II 1.0 48 2 57 + 3b 

Cholera toxin 0.01 24 2 63 + 5b 

Theophylline 1.0 24 4 73 + lOC 

Cells were incubated in complete M-199 for 48 h. Medium was then 
changed to complete M-199 with or without the effector to be tested, 
and cells were harvested after the indicated times. N is the number of 
experiments in which each agent was tested. In each experiment, incu
bations were in triplicate wells, and data from similar experiments 
were pooled. aAfter a 24 h incubation in the presence of butyrate, 
cells were washed and incubated in M-199 without butyrate, and compared 
to control wells that had the same medium-change schedule. b(O.Ol vs 
controls in the same experiments by Tukey's test. Cp(0.05 vs control. 

RESULTS 

Effects of Cyclic AMP (cAMP) Analogs and Related Compounds (Table 1) 

Sonicates of dispersed human placental cells incubated for 24 h with 1 
mM dibutyryl-cyclic AMP (dbcAMP) had 16% of the T4 5'-deiodination rate of 
control sonicates, whereas 0.1 mM dbcAMP had no significant effect. Since 
this inhibition could have been due to butyrate released from the dbcAMP, 
butyrate alone was tested, and showed a dose-related inhibition, with 2 mM 
butyrate having an effect similar to 1 mM dbcAMP. The effects of butyrate 
were reversible. When wells exposed to butyrate for 24 h had medium changed 
to control medium for another 24 h, T4 5'-deiodination rates in cell soni
cates did not differ from rates in sonicates of cells never exposed to buty
rate. 

Because an effect of the cAMP moiety could still have been present, 8-
bromo-cAMP was tested. At 1 mM, it caused a reduction in the T4 5'-deio
dination rate to about 55% of control after a 24 or 48 h exposure. To fur
ther verify that changes in intracellular cAMP were inhibitory to deiodinase 
activity, incubations were performed with cholera toxin and theophylline. 
Both agents reduced T4 5'-deiodination after 24 h. 

Effects of Agents that Alter Intracellular Calcium 

Sonicates of cells incubated with 3.4 mM ca++ showed a 30% decrease in 
T4 5'-deiodination rate compared to controls, which had 1.7 mM ca++ in the 
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Table 2. Effect of Calcium-active Agents on Placental T4 
5'-deiodination 

T4 5'-deiodination rate 
Effector N % of control + SD 

ca++ 3.4 mM 3 73 + 9a 

EGTA 1.7 mM 3 77 + 8a 

Ca 3.4 mM + EGTA 1. 7 mM 3 70 + 6b 

A-23187 0.1 ]JM 2 95 + 9 

A-23187 1.0 llM 3 34 + 3b 

A-23187 10 llM 3 <5b 

Verapamil 1.0 ]JM 2 99 + 7 

Verapamil 10 llM 2 92 + 6 

Verapamil 50 ]JM 2 65 + 6b 

Trifluoperazine 1.0 ]JM 2 106 + 12 

Trifluoperazine 10 ]JM 2 93 + 9 

Cells were incubated in triplicate wells for 48 h in com
plete M-199 with or without the test agent. Sonicates 
prepared thereafter were assayed for T4 5'-deiodination 
in duplicate. N is the number of experiments in which 
each agent was tested; data from these experiments were 
pooled. Theca++ concentration in the medium was 1.7 mM 
except in those wells for which 3.4 mM is specified. 
ap<0.05 vs control by Tukey's test; bp<0.01 vs control. 

culture medium (Table 2). Addition of 1.7 mM EGTA to the culture medium re
duced the T4 5'-deiodination rate in cell sonicates to 77% of control. How
ever, increasing the culture medium ca++ concentration to 3.5 mM, to restore 
the non-chelated ca++ concentration back to the original 1.7 mM, failed to 
reverse the inhibition of EGTA. This suggests that inhibition by EGTA occurs 
by EGTA occurs by a mechanism other than chelation of extracellular calcium. 

Addition of the calcium ionophore A-23187 to the culture medium resulted 
in a dose-d~pendent inhibition of T4 5'-deiodination in cell sonicates, with 
near-total inhibition at 10 ]JM (Table 2). Addition of equal amounts of the 
ionophore vehicle, ethanol, had no effect. The effects of A-23187 were re
versible; changing the medium to M-199 alone after a 48 h exposure restored 
T4 5'-deiodination to levels in sonicates of control cells subjected to the 
same schedule of medium changes. Verapamil was inhibitory to T4 5'-deiodin
ation at 50 ]JM, whereas trifluoperazine had no effect at 1 or 10 llM (Table 
2). 

DISCUSSION 

Our data indicate that increased intracellular cAMP is inhibitory to 
human placental type II iodothyronine deiodination. Results were consistent 
for the three agents, 8-bromo-cAMP, a non-hydrolyzable cAMP analog and ago
nist, cholera toxin, which activates adenylate cyclase by ADP ribosylation 
of the guanine nucleotide subunit of the cyclase complex, and theophylline, 
which inhibits degradation of endogenous cAMP. These results are opposite 
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to the marked stimulatory effect of cAMP on this reaction in cultured fetal 
rat glial precursor cells (8). Although dbcAMP also resulted in decreased 
T4 5'-deiodinase activity, this can be attributed in large part to release 
of butyrate into the culture medium, because addition of butyrate itself 
caused a similar degree of reversible inhibition. Butyrate alters many 
functions of cultured cells, acting through changes in acetylation and phos
phorylation of histones and in DNA synthesis. It induces placental alkaline 
phosphatase biosynthesis in cultured JEG-3 choriocarcinoma cells (9). The 
mechanism by which butyrate alters placental type II deiodinase activity 
remains to be elucidated. Changes in intracellular ca++ also modulate many 
intracellular functions. Our results indicate that raising the intracel
lular calcium, either by increasing the medium ca++ or, presumptively, by 
adding A-23187, is inhibitory of T4 5'-deiodination. The absence of effect 
of trifluoperazine strongly suggests that this effect of calcium is not me
diated by calmodulin. It is possible that reducing intracellular calcium 
is also inhibitory, as judged by the effects of verapamil. However, verapa
mil has effects besides inhibition of membrane calcium transport channels, 
and our attempt at reduction of intracellular ca++ by chelation of medium 
ca++ with EGTA gave ambiguous results. 
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