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PREFACE 

This volume contains the proceedings of a conference held at the 
National Institutes of Health in Bethesda on March 21-23. 1988. jointly 
sponsored by the International Council for Control of Iodine Deficiency 
Disorders (ICCIDD) and the Fogarty International Center of the National 
Institutes of Health. Several themes converged to make this meeting 
timely. 

The first is an increasing awareness of iodine deficiency disorders 
as a world-wide problem of public health and a preventable cause of mental 
deficiency. and as a subject of scientific effort. Increased interest in 
these problems owes a great deal to accessibility to remote and under
developed areas of the world where iodine deficiency persists. As with 
any subject. greater scrutiny yields unexpected complexity and interest. 
It is true that provision of iodine. typically as iodized salt, is the 
necessary and sufficient preventative for iodine deficiency disorders. 
without including endemic cretinism. This provision is a governmental, 
economic and social problem. Apart from this, however, the scientific and 
medical problem of iodine deficiency and its effect on brain development 
and function is one of great interest and importance for developmental 
neurology and psychology. Even though the specific preventative agent is 
known, we do not totally understand the neurobiological questions raised. 
Accessibility to endemic areas makes it possible to bring modern methods 
of clinical evaluation and sophisticated laboratory methods to the field, 
resulting in a more detailed picture of the clinical and biochemical 
features of endemic cretinism. As always, new knowledge has challenged 
old and comfortable ideas and encouraged new approaches. 

An example is the development of experimental animal models of iodine 
deficiency in an attempt to elucidate features of the disorder. Details 
of the in utero pathogenesis of the neurological defect in neurological 
cretins-oave-TOng been obscure, as has the basis for the difference 
between neurological and myxedematous forms of endemic cretinism. These 
questions have been studied in experimental animals. The most striking 
result has been a revision of the concept that maternal thyroid hormones 
are not transported to the fetus. This affords one example - among 
several in these pages - of the ways in which studies of a specific 
problem can yield results of general scientific interest. 

A second theme has been a focus on the neurological features. 
Endemic cretinism is a distinct neurological clinical entity virtually 
unknown to neurologists in the Western world. It is different from 
sporadic cretinism. Its pathogenesis, neuropathology and neurophysiology 
have been little studied and less understood. 
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A related development is the tremendous expansion of neuroscience. 
Thyroid hormones occupy a central place in brain development. It seems 
pertinent to bring the neurobiological effects of thyroid hormone disorder 
to the attention of the neuroscience community, especially as hypo
thyroidism affects nerve cell growth and connectivity, neurotransmitter 
levels, membrane functions, and other areas of neurobiology. 

A third theme prompting this meeting was the opportunity to bring the 
unique, and until recently largely unrecognized, Chinese experience with 
iodine deficiency to the attention of the Western scientific world. 
Iodine deficiency and cretinism have been widespread in China and have 
been the subjects of major research and treatment efforts. Their studies 
of human material have not been equaled elsewhere and yield invaluable 
insights into the pathophysiology, neuropathology, and epidemiology of 
endemic cretinism. 

A fourth theme is the realization that iodine deficiency may affect 
brain development and function in people in endemic areas who are not 
cretinous. In any deficiency disorder, one expects to find varying 
degrees of disability shading off to normal. Can individuals who are not 
frankly cretinous nevertheless have defects in psychomotor function 
because of iodine deficiency? This question is of obvious importance, but 
is very difficult to answer and presents a great challenge to the skills 
of psychologists and epidemiologists. Iodine-deficient populations exist 
in impoverished rural areas where culture and education are far different 
from metropolitan experience. Standard tests may have limited usefulness. 
It is difficult to find control populations comparable in all important 
respects except for iodine deficiency. The problem has been addressed in 
different ways in different parts of the world. Results of these studies 
are presented here. They underscore the importance of iodine deficiency 
in limiting human potential. They also illustrate the subtle and complex 
interaction of human brain development and intellectual and cultural 
capabilities. 

The joining of these themes resulted in a meeting in which topics 
ranged from the molecular biology of the thyroid receptor to the 
educational and social consequences of iodine deficiency. This conference 
is part of the FIC program in advanced studies, a major theme of which is 
the study of preventable disease and the extra-scientific problems 
involved in the application of scientific knowledge to disease prevention. 
The meeting was conceived by Drs. V. Ramalingaswami, John Stanbury, and 
Basil Hetzel, while Dr. Ramalingaswami was a Scholar-in-Residence at the 
Fogarty International Center. The editors are grateful to these 
individuals for their vision and leadership, and to the authors for their 
contributions. 

The scourge of endemic cretinism is still very much a reality. We 
hope that these efforts to understand it will contribute to the 
elimination of this anachronistic and preventable disease. 

Robert Delong 
Jacob Robbins 
Peter Condliffe 
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IODINE AND THE BRAIN 

Basil S. Hetzel 

Executive Director, International Council for 
Control of Iodine Deficiency Diso~ders, 
Adelaide, Australia 

It is an honour for me on behalf of the International Council for 
Control of Iodine Deficiency Disorders to introduce this Conference on 
Iodine and Brain which has been jointly sponsored by NIH through the 
Fogarty International Center and the ICCIDD. 

We are pleased to have this opportunity of drawing attention to a very 
important area that has, until recently, been relatively neglected in 
studies of brain development. 

The ICCIDD was formed only two years ago as a global multidisciplinary 
group of 400 scientists, planners, economists, technologists and others 
concerned with the enormous' gap that exists between our knowledge 6f the 
effects of iodine deficiency and its correction, and the use of this 
knowledge in public health programs that would prevent the effects of 
iodine deficiency. 

There is a widespread perception that iodine deficiency has already 
been controlled in a previous generation. How different the reality is!! 

Some 800 million are conservatively estimated to be at risk from 
iodine deficiency disorders through living in an iodine deficient 
environment. These populations are to found particularly in Asia, Africa 
and Latin America. There are estimated to be no less than one third of the 
population of China at risk (in excess of 300 million); some 200 million in 
India, another 150 million in Africa with smaller, but very significant 
populations at risk in Latin America and other parts of Asia. 

The reason for persistence of iodine deficiency is that most of these 
populations live within systems of subsistence agriculture which means that 
they are locked into a vicious cycle of iodine deficiency as long as they 
are dependent on food grown in the local iodine deficient environment. 

Release from this vicious cycle can only be achieved by iodine 
provided as a supplement, or through dietary diversification, as has 
occurred in previous generations in Central and Southern Europe. 



We now recognise that the effect of iodine deficiency is primarily due 
to a massive prevalence of hypothyroidism with its special effects on the 
brain. Recent elegant experimental studies have clearly demonstrated that 
hypothyroidism has a selective effect on the brain, in contrast to other 
organs and this has major significance for public health. It has become 
apparent that possibly a third of those living in a severely iodine 
deficient area, may have some degree of hypothyroidism affecting brain 
function. This indicates the importance and appropriateness of the title 
of this symposium on Iodine and the Brain. 

In order to achieve its objective of bridging the gap between our 
knowledge of iodine deficiency and its application to the many millions 
that would benefit from it, the ICCIDD has established an organisation with 
a Board of some 32 members, two thirds of whom come from Third World 
countries, and an Executive Committee of seven with six Regional 
Coordinators who are responsible for each of the major World Health 
Organization Regions. The list of Office Bearers is shown in the 
accompanying appendix. 

The ICCIDD has already published a monograph on the Prevention and 
Control of Iodine Deficiency Disorders, which is a State-of-the-Art review 
carried out on the occasion of the inaugural meeting held in Kathmandu, 
Nepal in March 1986. It has established a quarterly Newsletter which has a 
global circulation and maintains a network in excess of 400 members as well 
as several thousand others who are on the mailing list. There are a series 
of working groups concerned with major issues such as salt iodination, 
production of iodised oil, survey methods and economic aspects of IDD 
control programs. 

In helping WHO and UNICEF to attack this problem, the ICCIDD has 
established in collaboration with these bodies, at the global level, an IDD 
Working Group responsible to the subcommittee of nutrition of the United 
Nations Agencies Administrative Coordinative Committee (ACC/SCN). This 
group has representation from WHO, UNICEF, The World Bank, and number of 
bilate~al agencies concerned with the IDD problem. It reports annually on 
progress and is dedicated to developing National IDD Control Programs. 

At the regional level in Africa, the ICCIDD has established a Task 
Force that has begun to meet the great challenge in this vast Continent 
where it is estimated that 100-150 million are at risk but where public 
health programs have barely begun! 

At the country level, the ICCIDD has been involved in consultation 
with such countries as India, Indonesia, and Nepal in Asia, and Bolivia, 
Peru and Ecuador in Latin America. Regular close contact is maintained 
with the WHO and UNICEF in all these activities. 

This new development of the International Council for Control of 
Iodine Deficiency Disorders is part of a new interest in the problem of 
iodine deficiency. This is indicated by the recent passage of a Resolution 
by the World Health Assembly in May 1986, calling for the Prevention and 
Control of Iodine Deficiency Disorders, pointing to its feasibility within 
a 5-10 year period. This resolution was sponsored by Australia and 
co-sponsored by 22 other countries and was carried unanimously. 

Another important development has been the adoption of a global 
strategy for the prevention and control of iodine deficiency disorders by a 
combined United Nations Agencies group, SubCommittee of Nutrition in March 
1987. As already mentioned, the ICCIDD is now a partner with the other 
agencies in an IDD Working Group set up by the SubCommittee of Nutrition. 
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This new interest, therefore, includes a scientific development in the 
ICCIDD, a political development in the World Health Assembly, and an 
organisational development with the adoption of a global strategy. 

All this activity has stemmed from a new perception of the effects of 
iodine deficiency. The concept of the Iodine Deficiency Disorders refers 
to a broad spectrum of conditions which affect the fetus, the neonate, the 
child and the adult. Particularly important are the fetal effects, 
including miscarriage, stillbirth, as well as neurological cretinism which 
is of special interest to this symposium, as it is the reference point for 
studies on iodine and the brain. This condition, well known in the ancient 
and mediaeval worlds, was described in Diderot's Encyclopedie in 1754 when 
a cretin was defined as an "imbecile with a goitre down to the waist". 

Up until the 1970's there was dispute as to whether cretinism was 
truly related to iodine deficiency. The spontaneous decline during the 
19th century, without formal iodisation programs, raised this possibility. 
It is now recognised that this spontaneous decline was probably due to 
increase in iodine intake associated with social and economic development. 

However, it was in the 1970's that the matter was settled: A 
controlled trial with iodised oil in the Western Highlands of Papua New 
Guinea took advantage of the demonstrable effect of and injection of 
iodised oil in correcting severe iodine deficiency for a period of up to 5 
years. Alternate families were injected with iodised oil or saline in 
order to see whether indeed the correction of iodine deficiency would 
prevent cretinism. 

It was possible to show by 1970 that cretins had disappeared from the 
progeny of treated mothers, but continued to appear from the untreated 
mothers. Although cretins had been born to seven treated mothers, six of 
seven of these mothers were already known to be pregnant when injected. It 
was therefore concluded that cretinism could be prevented if the iodine 
deficiency could be corrected before pregnancy. 

This finding has been supported by evidence from Ecuador, Zaire and 
China and there is now no reasonable doubt about the relation between 
iodine deficiency and cretinism. It is this relationship on which more 
fundamental research can now be based in order to explore the mechanisms 
involved. It is likely that this new knowledge will be applicable over a 
wide area of brain physiology and brain function. 

I believe that we can be confident this symposium will be a very 
significant landmark in the field and the development of our knowledge on 
iodine and the brain. 

We appreciate very much the interest and help of the Fogarty 
International Center, N.I.H. in this joint symposium. 
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REGULATION OF THYROID HORMONE METABOLISM 

IN THE BRAIN 

P. Reed Larsen 

Howard Hughes Medical Institute Laboratory and 
Dept. of Medicine, Brigham and Women's Hospital 
Harvard Medical School, Boston, Massachusetts 

In recent years, it has become apparent that most of the 3,5,3'
triiodothyronine (T3) present in the cerebral cortical nuclei is derived 
from local thyroxine (T4) to T3 conversion. In this discussion, I will 
review our knowledge of the processes by which this situation arises 
and how it might serve to protect the brain from thyroid hormone 
deficiency in circumstances where serum T4 is reduced, such as occurs 
in hypothyroidism or in iodine deficiency. The review will include the 
enzymology of the brain deiodinases and how they respond to alterations 
in thyroid status, as well as our knowledge of their anatomical and 
cellular localization. In addition, the various levels of adaptation 
of thyroid hormone economy in the hypothyroid neonatal rat brain will 
be examined. Considerable knowledge has accumulated in this area over 
the last eight years. The interested reader should supplement the 
information in the discussion with the bibliographic citations and 
especially a recent comprehensive volume reviewing the subject of 
thyroid hormone metabolism (1). 

THYROID HORMONE ACTIVATION IN THE BRAIN 

In early studies of the thyroid hormone regulation of TSH release 
in the rat, we identified a 6-n-propylthiouracil (PTU) insensitive 
iodothyronine 5' monodeiodinase which efficiently converted T4 to T3 in 
the anterior pituitary and accounted for a significant fraction of 
pituitary nuclear T3 (2,3). Subsequently, we identified a similar 
deiodination process in the brain and found that conversion of T4 to T3 
in vivo was blocked by iopanoic acid (4). Equilibrium studies performed 
with 125-1 T4 and 131-1 T3 demonstrated that in the cerebral cortex 
between 70 and 80% of the T3 specifically bound to the nucleus was 
derived from local production of T3 within the central nervous system 
(Figure 1). This contrasts with the circumstances in the liver and 
kidney where virtually all of the specifically bound nuclear T3 derives 
from plasma (3,5). Thus the brain is similar in this regard to the 
anterior pituitary and the brown adipose tissue (6). For the sake of 
brevity, the T3 derived from local T4 to T3 conversion in a given tissue 
will be termed T3(T4) and that derived from the plasma as T3(T3) 
throughout this review. As shown in Figure 1, the presence of a local 
5' deiodinase pathway for T4 to T3 conversion resulted in nearly complete 
saturation of the nuclear T3 binding proteins in cerebral cortex based 
on an in vivo analysis. These results indicated that in the rat, T4 
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would serve an important role as the precursor to the active thyroid 
hormone in the brain. 

Kaplan and Yaskowski first studied the enzymology of iodothyronine 
metabolism in the rat cerebral cortex, cerebellum and hypothalamus (7). 
They observed a striking increase in the activity of T4 5'deiodination 
in hypothyroidism and, in addition, a reduction in this process when 
animals were made hyperthyroid. They also observed enzymatic deiodination 
of T3 in the inner or tyrosyl ring (later termed Type III deiodination). 
This process was also responsive to thyroid status but the changes were 
opposite in direction to that of 5' iodothyronine deiodination (Table 
1). This suggested the possibility that a compensatory change was 
occurring within the central nervous system which would, by increasing 
fractional T4 to T3 conversion and decreasing the rate of T3 degradation, 
act to sustain T3 concentrations as long as possible during T4 deficiency. 
Both deiodinase activities were found thoughout the central nervous 
system but 5' deiodination was more prominent within the cerebellum and 
cerebral cortex while 5 deiodination of T3 was especially high in the 
hypothalamus. 

More recent studies of the hypothalamus have shown that the situation 
with respect to deiodination is likely to be more complex than originally 
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FIGURE 1. Sources of nuclear T3 in anterior pituitary, liver, kidney, 
cerebral cortex and cerebellum of euthyroid rats based on results of 
tracer distribution studies. The maximal T3 binding capacity of nuclear 
receptors for each tissue as assessed by in vivo saturation analysis is 
indicated by the height of the bar. The component of nuclear T3 deriving 
from either plasma T3[T3(T3)] or from intracellular T4 5' monodeiodination 
[T3(T4)] in each tissue is indicated by the coded areas within each bar. 

6 



TABLE 1 

IODOTHYRONINE DEIODINASES IN THE RAT CENTRAL NERVOUS SYSTEM 

TYPE I (5') TYPE II (5 ') TYPE III (5) 

SUBSTRATE PREFERENCE RT3»T4>T3 T4>RT3 T3>T4 

Ky FOR T4 1 X 10-6 Y 1 X 10-9 Y 6 X 10-9 y (T3) , 
37 X 10-9 Y (T4) 

DEIODINATION SITE OUTER AND OUTER RING INNER RING 
INNER RING 

KINETIC YECHANISY PING-PONG SEQUENTIAL SEQUENTIAL 
DITHIOTHREITOL (DTT) STDlULATES STDlULATES STDlULATES 

APPARENT KI FOR PTU 5 X 10-7 Y 4 X 10-3 Y ? (>10-3 Y) 
(AT 5 W DTT) 

IOPANOIC ACID INHIBIT INHIBIT INHIBIT 
HYPOTHYROIDISY DECREASE INCREASE DECREASE 
HYPERTHYROIDISY NO CHANGE DECREASE INCREASE 

appreciated. By examination of 5' deiodinase activity in 1.2 mm punches 
of 1 mm slices of hypothyroid rat brain, Riskind et al observed a marked 
localization of 5' deiodinase activity in the arcuate nucleus and median 
eminence areas (8). The deiodinase activity was about 10 fold higher 
in these regions than in any other area of the hypothalamus and was 4 
to 5 times higher than that in the frontal cortex. Of particular 
interest was the lack of increased deiodinase activity in the 
paraventricular nuclei, since these contain the cell bodies of the 
neurons which generate the TRH regulating TSH release. Deiodinase 
activity was also highest in this area of euthyroid rat brain. The 
arcuate nucleus/median eminence area is the site where the tuberoinfundibular 
neurons terminate in the neurohemeral structures and in which dopamine 
and growth hormone releasing hormone are synthesized. There is a high 
potential for modulation of the access of neuropeptides having a critical 
role in TSH and growth hormone release into the portal circulation in 
this anatomical location, though there is no direct information as to 
how how this might occur. Nonetheless, the marked sequestration of the 
5' deiodinase in this region suggests an important physiological role. 
No similar data are available for the inner ring deiodinase. 

Kaplan and Yaskoski found a characteristic pattern of deiodinase 
changes occurring during development in the rat (9). There was a peak 
of T4 5' deiodinase activity between two and six weeks in cerebellum, 
cerebrum and hypothalamus, whereas inner ring deiodination of T3 was 
highest at birth and fell precipitously over the first few weeks of 
life. The physiological importance of these patterns is not understood 
at present. However, the results were the first to suggest that unlike 
the situation in the liver, inner and outer ring deiodination would be 
catalyzed by different proteins, rather than being a directed function 
of a single enzyme. 

While early studies indicated that the enzyme converting T4 to T3 
would accept either T4 or reverse T3 CrT3) as a substrate for 5' 
deiodination, there were several difficulties with the concept that rT3 
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and T4 5' deiodination in the ce~3ral nervous system were catalyzed by 
the same enzyme. First, PTU (10 M) partially inhibited the 5' 
deiodination of rT3, but not of T4 in euthyroid microsomes (10,11). 
This was observed with partially purified enzyme, as well as after in 
vivo PTU administration (12). Subsequent studies comparing the behavior 
of these two substrates under varying substrate concentrations and 
thyroid states allowed the discrimination of two pathways for outer 
ring deiodination in the cerebral cortex. 5' Deiodination of one 
substrate was significantly inhibited by 1 roM PTU while that of T4 was 
relatively insensitive (Table 1). This is demonstrated in Figure 2 
showing results of in vivo studies where deiodination of T4 and rT3 are 
compared in euthyroid rats given either PTU or iopanoic acid (12). In 
Figure 2A it is apparent that PTU has no effect on T4 to T3 deiodination 
in the cerebral cortex, whereas Figure 2B shows approximately 80% 
inhibition of rT3 deiodination by the same PTU concentrations. Both 
pathways are inhibited by iopanoic acid. Many other experiments have 
demonstrated the contrast between these two 5' deiodinase activities 
which are summarized in Table 1. One discriminating difference is in 
the sensitivity of the two activities (Type I, PTU sensitive and Type 
II, PTU resistant) to inhibition by carboxymethylation (13). Iodoacetate 
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FIGURE 2. Iodothyronine 5' deiodinase activity in microsomes from rat 
cerebral cortex. Groups of euthyroid rats were treated with PTU or 
iopanoi~ acid. T4 to T3 conversion was measured by the production of 
125-1 T3 from 5 nM 125-1 T4 in the presence of 15 mY DTT and 1 pM T3 
(panel A). Reverse T3 deiodination was measured by the release of 125-1-
from 2 nM 125-1 rT3 in the presence of 15 mY DTT. PTU-insensitive 
deiodination refers to reactions performed in the presence of 1 mY PTU 
(panel B). Reprinted with permission from Silva, Leonard, Crantz and 
Larsen, J. Clin. Invest. 69:1176-1184, 1982. 
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(10-6 M) causes complete inhibition of PTU sensitive rT3 5' deiodination 
in the euthyroid cerebral cortex wherea~ 1000 fold higher concentrations 
are required to inhibit T4 to T3 conversion in the same preparations. 
Thus the Type I 5' deiodinase activity in cerebral cortex, like that in 
the liver, requires an active sulfhydryl group, the carboxymethylation 
of which causes enzyme inactivation. In hypothyroid animals, most of 
the rT3 is deiodinated by the Type II pathway, since the Type I activity 
is reduced, and Type II activity increased several fold. Further 
studies with brain and brown adipose tissue microsomes have shown that 
the sensitivity of Type II activity to PTU is inversely related to the 
DTT concentration used during the assay, so that it is important to 
keep this factor in mind when assessing the sensitivity of a particular 
enzymatic activity to inhibition by this agent (15,16). Interested 
readers are referred to these references for a more thorough discussion 
of this complex area. While the two 5' deiodinase activities are quite 
distinct enzymatically, until such time as the protein sequences are 
determined, a definitive answer as to their structural similarities 
cannot be given. 

Having defined critical conditions for the examination of outer 
ring deiodination, similar techniques were applied to the Type III or 
inner ring deiodinase activity (17-19). The results were anticipated 
by the initial studies of the enzyme homogenates. The Type III enzyme 
prefers T3 as a substrate, follows seque~3ial, rather than ping-pong, 
kinetics and is insensitive to PTU at 10 M (Table 1). Despite the 
fact that T3 is the preferred substrate for the Type III activity, it 
is this enzyme which produces rT3 from T4 in the central nervous system. 

We and others have performed studies attempting to assign the 
various enzyme activities .to specific cell types in the central nervous 
system. Using primary mixed cultures of dispersed fetal rat brain 
cells, we demonstrated the presence of all three enzyme activities 
(20). The predominant pathway for iodothyronine metabolism in such 
preparations was Type III, although when corrections were made for the 
degradation of newly formed product, Type I and Type II activities were 
also demonstrable. Types II and III activities were influenced by the 
medium thyroid hormone concentration in the expected manner, but in the 
early studies we were unable to develop pure populations of glia or 
neurons. Studies by others have demonstrated Type II activity in the 
mouse neuroblastoma cell line NB41A3 (21) and in glial cells in primary 
culture (22). Astrocytes have been found to have a predominant Type 
III activity (23), although if mixed cultures containing both 
oligodendroglial cells and astrocytes are exposed to low substrate 
concentration (50 pM T4), the predominant deiodination pathway is 
phenolic ring deiodination (22). Another mouse neuroblastoma line (S-
20Y) has been found to have Type I activity but has not been thoroughly 
evaluated for Types II or III (24). Thus it seems likely that both 
neurons and glial cells contain Types I and II activity and that Type 
III activity is present in glial cells though it may not be expressed 
in neurons. The flux of an iodothyronine between the two pathways, 5' 
versus 5 deiodination, will thus be influenced not only by thyroid 
status but also by the cell type in which it resides. Despite the 
dramatic effects of thyroid hormones, glucocorticoids have little 
influence on the central nervous system deiodination activities as 
measured in homogenates or microsomes (25,26). This contrasts with the 
situation in the liver where Type I activity seems to be inhibited by 
these perturbations. 

One cannot assume, however, that thyroid hormone economy in brain 
can be entirely understood by the study of the deiodinases, even though 
some general principles can be derived from such experiments. The 
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TABLE 3 

COMPARISON OF IN VIVO AND IN VITRO ESTDlATES 
OF SPECIFIC HIGHAFFINITY NUCLEAR T3 BINDING SITES 

IN RAT CEREBRAL CORm AND LIVER 

Cerebral Cortex 

MBC (ng T3/mg DNA) 
KD (M) 

Liver 

MBC (ng T3/mg DNA) 
KD (M) 

In Vivo 

0.27 
1.5 x 10-lh 

0.76 
6.5 x 10-12. 

In vitro 

0.97 
5.6 x 10-10 

0.77 
4.6 x 10-10 

.Assumes a free hormone fraction of 0.42~. Data are from Kolodny 
et aI, 1985 (31). 

reason for this is that the entry of thyroid hormone, particularly T3, 
into the brain is markedly different from its entry into a tissue such 
as the liver. The differences in this uptake mechanism influence the 
source of T3 in the b'rain and are in part the explanation for the 
predominance of T3(T4) in this tissue. Principal factors to be considered 
in comparing the physiology of the thyroid hormone activation process 
in liver and brain are presented in Table 2 (27). A most striking 
difference is the fact that thyroid hormones are rapidly taken up by 
liver, whereas plasma clearance of T3 and T4 is very low in the brain, 
in part due to the rapid capillary transit time in this tissue. A 
consequence of this is that plasma T3 enters the brain with considerable 
difficulty, resulting in a much lower tissue to plasma T3 ratio for 
brain than for the liver. When combined with the presence of the Type 
III deiodinase, it becomes quite difficult for plasma T3 to enter the 
nuclear compartment. In fact, preliminary studies in our laboratory by 
Dr. Peter Rudas have suggested that the residence time of T3(T4) in the 
brain is much longer than that of T3(T3), as if the former were produced 
in a compartment which is less accessible to deiodination and/or 
excretory pathways than is the T3 entering directly from the ~lasma. 
The T3 produced from T4 in liver seems to leave the tissue promptly. 
The anatomical correlations of these kinetic studies have not been made 
at the present time, but presumably will be derived from comparative 
studies of the in situ distribution of the deiodinases. A further 
important difference between the two tissues is that in hypothyroidism, 
5'0-1 activity is reduced in liver whereas the opposite occurs in brain. 
In hyperthyroidism, the changes are opposite in both tissues. Thus the 
liver responds in a systemic fashion to alterations in thyroid status 
while in the brain the maintenance of the tissue concentrations of T3 
within a narrow range is the highest priority (28-30). 

One result of these unique features of T3 metabolism in brain is 
shown in Table 3. If in vivo saturation techniques are used to determine 
the binding capacity o~the T3 receptors in cerebral cortex, a much 
lower maximal binding capacity is calculated than is the case in vitro 
(5,31). This is not the case in liver where the results of binding---

, , 



capacity determinations are identical in vivo and in vitro. Our results 
showed that the in vitro binding capacity for brain-nuclei was about 1 
ng/mg DNA, a level which is comparable to that in the liver, whereas in 
vivo binding studies suggested that it was about 0.3 ng/mg, about 50'-
that of hepatic nuclei. This is of some interest given the high level 
of expression of c-erb-A mRNA for a T3 binding protein in brain (3~). 
However, even given the higher numbers of binding by in vitro studies, 
the erb-A expression is far higher than the T3 binding-capacity in 
these tissues for this cDNA. It is of interest that high affinity T3 
binding activity is 8 to 10 fold higher in neuronal than in glial nuclei 
(31-,33,34) • 

THE RESPONSE OF THE BRAIN TO HYPOTHYROIDISM 

Within 24 hours of thyroidectomy there is a 4 to 6 fold increase in 
Type II activity in cerebral cortex, whereas no change is found in 
liver Type I or central nervous system Type III activity (35). Figure 
3 demonstrates that there is a rapid recognition and response of the 
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0-

X .... 
~.; 12 12 
- GI l: .. 
U 0 • Tx • • Tx • Tx+20pgofT3 ... 
tG a. 
GI DI 10 .. Tx +T4 20 o Sham 10 • Tx + 200 JIg of T3 
I/) e 
tG I o Sham c .E 
'6 e 
.2 .... 8 8 GI 'a 
'a GI 
I I/) 

io 
tG 
.! 

GI GI 6 
.E ... 6 
c I 
o ... ... 
:.,-
~ 0 4 8 4 o .i (6) 'a 0 
.2 :S • 

2 4 2 

1 2 3 4 5 30 2 3 4 5 4 8 12 16 

Days Days Hours 

(12)!) 

FIGURE 3. Effects of thyroidectomy or thyroid hormone treatment on 
cerebral cortex and hepatic iodothyronine 5' deiodination. Panel A: Time 
course of changes in cerebral cortex 6' deiodination after thyroidectomy. 
Assays were performed using 125-1 rT3 as substrate in the presence of 15 
mil DTT. Panel B: Assays were performed using 125-1 rT3 as substrate in 
the presence of 1 mil DTT. Note the reaction rates in liver are 
approximately 103 times those in the cerebral cortex. Panel C: Effects 
of T3 administration on cerebral cortex 5' deidoination in chronically 
hypothyroid rats. Enzyme assays were performed as in panel A. In all 
experiments, the number of animals per group is indicated in parentheses • 
• indicates p(O.OOl. Tx, thyroidectomized rats. Reprinted from Leonard, 
Kaplan, Visser, Silva and Larsen, Science 214:571,1981, by permission of 
the American Association for the Advancement of Science. 
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TABLE 4 

EFFECT OF T4 INJECTIONS 
ON SERUM AND CEREBROCORTICAL IODOTHYRONINE CONCENTRATIONS 

AND CEREBROCORTICAL 5'D-II ACTIVITIES 
IN HYPOTHYROID RATS* 

Serum T4 (ng/ml) 

Cerebrocortical Iodothyronines 
T4 eng/g) 
rT3 (pg/g) 

Estimated 5'D-II Suppression (~) 
Total 
From Cortical rT3 Alone 

Dose of T4 (pg/100g BW)* 
(Given i.v. 4 hrs earlier) 

0.2 0.6 1.6 

8.6 35 58 

0.27 1.1 3.9 
3.4 18 96 

50 70 90 
0 20 50 

*Obregon et a1 1985 (39), Silva and Leonard 1985 (36) . 

cerebral cortex to a reduction in plasma thyroid hormone. It is also 
possible to reduce the elevated S'D-II level in the hypothyroid brain 
acutely by administration of intravenous iodothyronine. In studies 
comparing T4, T3 and rT3 it was found that the dose causing 50% reduction 
in Type II activity in hypothyroid cerebral cortex was 0.2 ug T4/l00 g 
BW, whereas that for T3 was 5 ug/lOO g BW (36). In fact, T3 was even 
less effective than rT3 which had an EDSO of 2 ug/lOO g BW. This 
suggested that regulation of S'D-II actlvity in brain (and pituitary) 
was not related to transcriptionally mediated processes, a conclusion 
that was further substantiated by the fact that cycloheximide did not 
inhibit the response to T3. Kinetic studies of Type II enzyme in the 
cerebral cortex .of rats given T3 indicated that the turnover rate of 
the enzyme was markedly reduced in hypothyroidism and we found that 
substrates such as T4 or rT3 could accelerate enzyme inactivation by as 
yet unexplained mechanisms (37). 

While rT3 was less potent than was T4 in suppressing enzyme activity 
in the cerebral cortex of hypothyroid rats, these studies did not 
attempt to deal with the rapid plasma clearance of this iodothyronine. 
The clearance of rT3 is at least 30 fold faster than that of T4 and it 
was conceivable that locally produced rT3 could be important in the 
physiological regulation of the deiodinase activity in the intact 
cerebral cortex especially given the high Type III activity in this 
tissue. Accordingly, Obregon et al correlated tissue rT3 concentrations 
with Type II activity after administration of intravenous rT3 to 
hypothyroid animals (38). Reverse T3 caused an immediate inhibition of 
5'0-11 activity. This suppression of 5'0-11 activity required the 
persistence of rT3 in the cerebral cortex and there was a log/linear 
relationship between the cerebrocortical rT3 concentration and the 
suppression of deiodinase activity up to the level of 1 ng/g. The ECSO 
for suppression of cortical 5'0-11 activity was approximately SO pg 
rT3/g cerebral cortex. To determine whether this was a physiologically 
meaningful concentration, Obregon et al also assessed the sources of 
rT3 in cerebral cortex using tracer T4 and rT3 infusions employing 
techniques that were used earlier for studies of local T3 production in 
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TABLE 5 

PARAMETERS OF TISSUE-PLASMA EXCHANGE OF T3 
IN VARIOUS TISSUES OF 2-WEEK-OLD RATS. 

Cerebral Cortex Liver 

Fractional removal Eu 0.26 0.98 
rates (hr-1) Hypo 0.07 0.67 

Equilibrium TjP Eu 1.5 5.1 
(mljg) Hypo 1.6 3.8 

Uptake from plasma Eu 0.38 5.0 
[(mljg)xhr-1] Hypo 0.10 2.5 

• Silva and Matthews 1984 (40) . 

Kidney 

0.97 
0.46 

5.8 
7.2 

5.6 
3.3 

this tissue (39). Especially critical to the studies was the affinity 
chromatographic technique for specific isolation of rT3, since direct 
chromatographic methods did not allow easy resolution of the small 
quantities of locally generated rT3 from the large amounts of the 
labelled T4 precursor. Results of these studies showed that cortical 
T4 concentrations were about 1000 pg/g in euthyroid rats and that 
virtually all of the rT3 present, 30 pg/g, was derived from local inner 
ring deiodination of T4. Less than 1% of cerebral cortical rT3 could 
be accounted for by plasma rT3. Obregon et al also evaluated the rT3 
concentrations in the cerebral cortex in hypothyroid rats given increasing 
doses of T4 to determine whether the rT3 produced locally could explain 
the suppression of enzyme activity in the cerebral cortex (Table 4). 
At the ED50 for T4 (0.2 ug/lOO g BW) for Type II enzyme suppression 
there was only 3.4 pg rT3/g cerebral cortex, an insufficient concentration 
to affect deiodinase activities. With a three times larger T4 dose, 
rT3 levels rose to 18 pg/g, sufficient to cause about 20% inhibition of 
deiodinase activity. The deiodinase suppression was 70% at this T4 
concentration. This is an especially relevant T4 dose since the serum 
T4 concentration four hours after this dose is 35 ng/ml, a normal value 
for euthyroid rats. These results allowed the conclusion that virtually 
all of the Type II deiodinase suppressive effect of T4 in the euthyroid 
cerebral cortex derives from T4 ~ se with a maximum of 20% owing to 
the rT3 locally derived from it. Thus, we are unable to assign a 
significant physiological role for the rT3 in the cerebral cortex as a 
regulator of 5' deiodinase activity. 

As indicated above, in vitro studies using glial or mixed neuronal 
glial cell preparations have indicated that it is possible to regulate 
Type III activity in vitro by addition of thyroid hormones (20,23). 
The mechanism for this increase is unknown, although it appears to be a 
consequence of an increase in Vmax as assessed by kinetic studies. 
This increased activity could be new enzyme synthesis or activation of 
proenzyme. Changes in Type III activity require more time than do 
comparable but inverse changes in S'D-II but nothing further can be 
concluded about the intermediate processes at the present time. 

In order to understand the total responsiveness of the brain to 
hypothyroxinemia one must integrate the consequences of all of the 
changes which occur under these circumstances. For example, in Table S 
are shown the changes in T3 uptake in two week old hypothyroid rats as 
demonstrated in the studies of Silva and Matthews (40). The fractional 
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TABLE 6 

EFFECTS OF TWO WEEKS OF HYPOTHYROIDISM 
ON CEREBROCORTICAL T4 AND T3 METABOLISM IN NEONATAL RATS. 

Euthlroid HI~othyroid HIlEu 

Integrated [125I]T4 16.1 2.0 0.12 
[(Idose/g)xhr) 

Fractional 
(hr-1) 

T3 disposal rate 0.26 0.07 0.26 

Fractional conversion rate 0.39 2.40 6.13 
(hr-l) 

Integrated local [125I]T3(T4) 25.5 69.0 2.74 
[(Idose/g)xhr] 

• Silva and Matthews 1984 (~ . 

removal of T3 from plasma in hypothyroidism is reduced in cerebral 
cortex, liver and kidney, leading to an overall reduction in tissue T3 
uptake. A similar qualitative change occurs in the fractional removal 
of T4 from serum. This may well be due to changes in blood flow as a 
consequence of the hypothyroidism or other nonspecific effects, but the 
changes are opposite in direction to what would be desirable from a 
teleological point of view. 

However, in Table 6 are shown the consequences of the compensatory 
changes in inner and outer ring deiodination rates on the integrated T4 
and T3 economy in the cerebral cortex in the hypothyroid neonates (40). 
There is a 90% reduction in T4 uptake by the cerebral cortex. The rate 
of T3 disposal from the tissue is also reduced to about 26% of its 
euthyroid level. The tissue half life of T3 is prolonged in part, at 
least, due to a decrease in Type III enzyme activity. The fractional 
conversion rate of T4 to T3 is increased 6 fold in these animals and 
the combined effect of the decrease in T3 disposal rate and the increase 
in fractional T4 to T3 conversion is a 2.7 fold increase in integrated 
local T3(T4) concentration. It should be mentioned that Dratman et al 
(41) did not observe significant changes in T3 turnover in hyper- and 
hypothyroidism in rat brain, an observation at variance with those 
generally reported (29,30) and with the above mentioned changes in Type 
III activity (7,19). 

These changes show the complexity of the response of this organ to 
the stress of hypothyroidism. A similar pattern would presumably also 
apply to the events occurring during iodine deficiency since it appears 
to be a reduction in T4 ~ se which is the primary signal at least for 
induction of the changes in the Type II 5' deiodination. In fact, some 
of the changes in blood flow and plasma hormone uptake in iodine 
deficiency could be much less since these are circumstances in which a 
low T4 is not accompanied by a low serum T3 which could lead to myocardial 
hypothyroidism and reduced cardiac output. In other studies, we have 
found that thyroid hormone dependent enzymes in the central nervous 
system remain normal in hypothyroid neonatal rats until serum T4 reaches 
very low levels (42). Furthermore, single injections of only 60 ng of 
T4 to hypothyroid neonatal rats cause a 3 fold greater increase in 
cerebrocortical T3 than does a similar injection in two week old 
euthyroid pups. It is also possible to increase the thyroid hormone 
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dependent enzyme, aspartic transaminase, in the hypothyroid central 
nervous system by giving T4 without affecting hepatic mitochondrial 
alpha-glycerophosphate dehydrogenase (42). All of these changes would 
appear to make excellent teleological sense and demonstrate the advantages 
of a system for local T3 production which is responsive to a reduction 
in hormone supply. 

If we may extrapolate from these results to the clinical situation, 
we conclude that maintenance of optimal intracellular T3 concentrations 
in the central nervous system requires T4 as a substrate and a series 
of adaptations in the metabolism of this prohormone and T3, which then 
compensates for the plasma hypothyroxinemia. To the extent that the 
compensatory changes described in the cerebral cortex of the hypothyroid 
rat do not occur in the human, a reduction of serum T4 in iodine 
deficient persons could present a significant threat to the thyroid 
status of the cerebral cortex, even if serum T3 remained at normal 
concentrations. There are no data with respect to the presence of a 
local T4 to T3 conversion system in the human central nervous system. 
However, the similarity of the responses of the pituitary-thyroid axis 
to hypothyroidism and iodine deficiency in the rat and man suggests 
that the Type II deiodinase is common to both species (28,43). Presumably 
then, the concepts regarding intracerebral thyroid hormone metabolism 
derived from those experiments in the rat are also relevant to man. 
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Although thyroid hormone affects growth, differentiation and develop
ment in multicellular organisms, the molecular basis of its action remains 
unclear. A striking effect of thyroid hormone on differentiation and matu
ration of the developing brain has been documented, and will be further 
discussed during this symposium. The diverse effects of thyroid hormone 
can be mediated by multiple mechanisms at different cellular levels. Sev
eral biochemical parameters: 02 consumption, high affinity-low capacity 
binding sites for 3,3' ,5-triiodo-L-thyronine (T3) in the nucleus, altered 
enzymatic activities of mitochondrial a glycerophosphate dehydrogenase and 
cytosolic malic enzyme have been used to characterize tissue responsiveness 
to T3 . Some of the published results are summarized in Table 1. 

Table 1. Tissue responsiveness to th1roid hormone. Effect of 
thyroid hormone on oxygen consumption ; and malic enzyme mRNA 
levels3; compared to nuclear T3-binding capacity2. Data for 
selected tissues in adult rats were adapted from the cited refer
ences. Oxygen consumption (cu.mm./mg wet weight/h) is the ratio 
in euthyroid versus thyroidectomized (Tx) rats. The fold of 
induction of malic enzyme mRNAs was calculated from values 
obtained from tissues of euthyroid rats and rats treated for 10 
days with 15~g T3/100 g b.w. The binding capacity was measured 
in normal ra ts • 

TISSUE 02 CONSUMPTION BINDING CAPACITY ME mRNA 
Eu/Tx ng T3/mg DNA T3/Eu 

Liver 1. 29 .61 '" '? 
~-

Heart 1. 62 .40 4 

Kidney 1.16 .51 3 

Brain 1. 08 .27 

Spleen 1. 01 .018 

Testis 0.97 .0023 
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02 consumption is increased by thyroid hormone in liver, heart, and 
kidney, but not in brain, spleen or testis. The former tissues show a high 
nuclear binding capacity for T3, when examined as whole tissues, while 
brain contains substantially fewer binding sites and spleen and testis very 
low numbers of binding sites for the hormone. We have chosen rat malic 
enzyme (ME) as a model system to gain insight into the molecular mechanism 
by which T3 regulates protein synthesis. The last column in Table 1 shows 
that the increase in ME mRNA level was detected only in those tissues in 
which 02 consumption was altered by thyroid hormone and those containing a 
high T3 hinding capacity4. Further studies in our laboratory revealed that 
part of the approximately 12-fold increase in the ME mRNA in liver is due 
to ~ 4-fold stimulation of transcriptional activity of the gene4 . A 
greater effect is manifested subsequent to transcription and is caused by 
stabilization of the ME primary transcript (unpublished data). Thus, it 
appears that in liver, T3 regulates ME mRNA levels by at least two mecha
nisms. One mechanism is the regulation of gene transcription, which we 
assume is due in some way to the binding of the thyroid hormone-receptor 
complex to a regulatory element of the ME-sensitive gene. To elucidate the 
molecular basis by which transcriptional activation of the ME gene occurs, 
we planned to clone the liver thyroid hormone receptor mRNA. However, ele
gant studies of Evans'S and Vennstrom's6 laboratories demonstrated that the 
"in vitro" translation products of an erb-A proto-oncogene have binding 
characteristics of the T3 receptor. T3 receptor cDNAs have been isolated 
from chicken embryo6, human placentaS, and rat brain libraries7 . Sequence 
comparison among c-erb-A cDNAs and mutation analyses of steroid receptors 
permitted the identification of the DNA- and hormone-binding domains and 
revealed that these trans-acting factors are members of a superfamily 
related to the viral oncogene erb-A8 

We used the Pst fragment of v-erb-A to screen 4 independent rat liver 
cDNA libraries of about Sx106 phage recombinants. No positive signal was 
obtained, although rat liver thyroid hormone receptor cDNA was recently 
isolated in Dr. Towle's laboratory (personal communication). Then, we 
screened a rat brain cDNA library with the same 32P-labeled fragment used 
to screen the rat liver libraries. From ~ 4x10S recombinants, 12 positive 
clones were obtained and were further characterized by restriction endonu
clease mapping9 . Fig. 1 shows restriction patterns of the Bgl I restricted 
putative T3 receptor cDNAs. Two different patterns were obtained. This 
suggests that two sets of clones were isolated, characterized by the pres
ence or absence of an internal Bgl I site (two bands or one band) and 
designated as variants I and II of rTRa (rat brain T3 receptor recently 
cloned by Thompson et al. 7). A representative from each set was sequenced 
by the dideoxy-chain termination method 1 0 and nucleotide and predicted 
amino acid sequences for the vI and vII clones revealed that the 1910 
nucleotide sequence of the longer cDNA (vI) contains an open reading frame 
encoding a protein of 4S4 amino acids with the translation initiation codon 
at nt 78. The shorter cDNA (vII) starts at nt 413 of vI and then lacks 117 
nt from 1074 to 1190. Both variant forms share an identical 3' noncoding 
sequence (data not shown). Comparison of amino acid sequences of v-erb-A, 
rTRat cTRa, hTR~ and the two variant forms we have isolated (Mitsuhashi et 
al. 1 ) is shown in Fig. 2. Comparative analyses of rTRa and vI, vII 
revealed striking homology in the presumed DNA binding domain (100%) and in 
the first 180 amino acids (vertical dashed line) of the T3 binding domain 
(99%). Extensive amino acid sequence similarities were found with cTRa, 
hTR~ and v-erb-A up to the divergent point, amino acid residue 368, 419, 
354, respectively, located in the hormone binding regions, as indicated by 
the vertical dashed line in Fig. 2. In the unique region of rTRa vI.(amino 
acid residue 332-45l:.), no sequence similarity was found with any amino acid 
sequence available in the protein databank, except a stretch of S amino 
acids which is conserved, with an additional 4 amino acids, in all protein 
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(a) 

(b) 

(e) 

(d) 

(e) 

Southem Analysis of the Bgi I 
Restricted Putative rTR a cDNAs 

Fig. 1. Twelve clones isolated from a rat brain eDNA 
library with 32P-labeled Pst/Pst fragment of v-erb-A 
were digested with Bgl I endonuclease and electro
phoresed on an agarose gel. 

DNA Hormone 

~~ 51 I 1 272 r TRo( v I till ~3.? I 

\ III 

r TR 0( ~1' 89 310 : '1e I 
100 % 99 % 

e TR 0( __ ~187 368 : ~ Q8 1 

97 % 93 % 

h TR B ~238 4 19 : .\561 

90 % 84 % 

v-erb-A ~'73 
, 13851 354 I 

94 % 92 % 

Comparison of Amino Acid Sequences of erb-A Proteins 

",·1 

Fig. 2. Alignment of the amino ac id sequences of v-erb-A, 
human placenta (hTR~), chicken embryo (cTRa), and rat 
brain (rTRa) thyroid hormone receptors with rTRa vI and 
vII. The schematic structure of rTRa vI and vII is 
shown (a), with numbers designating amino acid residues. 
The sequence similarity of erb-A proteins within open 
boxes up to the vertical dashed line, with the corre
sponding region of rTRa vI and vII is indicated by 
percentages. 
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products of other c-erb-A's but is absent from the v-erb-A protein, indi
cated by a solid bar in v-erb-A. 

The diagram in Fig. 3 depicts in detail the differences at the 5' and 
3' coding regions among rTRa and vI, vII and a recently obtained cDNA, 
designated as vI'. Rat TRa is encoded by 410 amino acids. The translation 

Amino- Carboxy-Termini 

39 151 370 410 L-_-'-_____ --I ____________ ---L_---', __ -{~ _. rTR" 

L-___________________ "\JVVVV\f\f\j'- _____ II ___ + vi 

L-___________ ~'V'VV'\fV\_-----/~--- vII 

L----------------------"\JVVVV\f\f\j'-----lr--_ vi' 

Schematic Structures of the Coding Region of rTR It and Variants 

Fig. 3. Amino acid sequences were aligned with num-
bers referring to the amino acid residues of rTRa. The 
solid or wavy lines indicate the common sequences; 3' 
untranslated regions are designated by dot-dashed or 
dashed lines. 

initiation codon of the vI is located at amino acid 39 of rTRa. The 5' end 
of vII starts at amino acid 151 of rTRa, corresponding to the amino acid 
isoleucine and thus probably dop.s not represent an authentic 5' end. The 
amino terminus of vI' coincides with that of rTRa. At amino acid 370 of 
rTRa, the homology abruptly disappears. The last 40 amino acids of rTRa 
are substituted by 122 amino acids (wavy line) in vI and vI', whereas vII 
contains only the last 83 amino acids of vI and VI' (heavy wavy line). 
Interestingly, there is a ~onsensus splicing junction AG:G at each break
point, suggesting that mRNAs of variant forms might be generated by alter
native splicing of transcripts from the receptor gene. Therefore a rat 
genomic library was screened with a probe common to the 3' ends of both 
rTRa and variants. Nucleotide sequence analysis revealed that the same 
genomic clone contains·common and unique sequences not only to the 3' end 
of rTRa but to the variants as well. The formation of the 3' ends of 
receptor and vI,II mRNAs is shown in Fig. 4. To generate rTRa vI and vII 
mRNAs, the internal donor site at the a-b junction (the dashed line in Fig. 
2) is utilized. The exclusion of the b region as part of the intron 
results in the formation of rTRa vI. In the case of rTRa vII, the internal 
acceptor site at the c-d junction is utilized and the c region is excluded 
as well. In either case, splice junction sequences conform to the GT/AG 
rule, i.e., spliced out sequences begin at the 5' end with the dinucleotide 
GT and terminate with the dinucleotide AG. It appears that the putative 
polyadenylation signal at the 3' end of the b region generates rTRa. 

To determine whether the variant forms of rTRa encode a protein that 
specifically binds thyroid hormones, rTRa vI cDNA was cloned into the pGEM 
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5' S X B EX ES S 3' 
~~,IL-______ L-~ ____ ~I~I ____ ~I! __ ~~) 

~ 
a b e d 

( ... AG :GTGACT ... ) ( ... GTTCAG:GG ... ) 

{j U \) 
a b ae d a d 

1D :rro ][] 
rTRa. rTRa.vl rTRa.vll 

Generation of Various mRNAa from the rTR •• Gene 

Fig. 4. Restriction map of the genomic clone encom
passing the 3' ends of coding, noncoding and intronic 
sequence of rTRa and its variant forms is shown at 
the top. The boxed regions and upper case letters 
in parentheses designate cDNA sequences, whereas lower 
case letters in parentheses indicate sequence of introns. 
The a-b junction corresponds to the amino acid residue 
370 and 332 of rTRa and rTRa vI, vII, respectively. 

3 expression vector to allow "in vitro" transcription with the T7 RNA poly
merase followed by translation in a reticulocyte lysate. "In vitro" trans
lation products of rTRa vI correspond to molecular masses 55, 44, and 40 kD 
as determined by NaDodS04-PAGE (Fig. 5, lane 2). The translation effi
ciency was comparablp- to that of hTR~ cDNA (lane 1). The products of "in 
vitro" translation of vI and vI' were then analysed for binding to thyroid 
hormones. Five ~l of the "in vitro" translation mixture programmed with 
the "in vitro" transcript of rTRa (Fig. 6 left columns), rTRa vI' (middle 
columns), and reticulocyte lysate alone (right columns), were incubated 
with increasing concentrations of labeled T3 in the absence or presence of 
1~ unlabeled T3' As can be seen, definite specific binding was detected 
only for rTRa (open boxes). 

Neither T3' L-thyroxlne, nor 3,3',5'-triiodo-L-thyronine bound spe
cifically to "in vitro" translation products derived from either variant of 
rTRa. The binding was indistinguishable from that obtained with reticulo
cyte lysate alone. Hence, the variant forms of rTRa do not bind thyroid 
hormone despite theIr extensive sequence homology with the receptor. They 
will however, be detected with probes which do not discriminate between 
the variant and the receptor messages. Since Thompson et al. 7 reported 
that T3 receptor mRNA is abundantly expressed in brain, contrary to the low 
receptor level determined by ligand binding studies we have examined the 
levels of rTRa vI and vII mRNAs employing various restriction fragments and 
synthetic oligonucleotide probes which discriminate between variant and 
receptor messages. 

The following figures show results of Northern analyses of poly(A)+ 
RNA prepared from various rat tissues and hybridized with different probes. 
In Fig. 7, the structure coding sequence of vI is illustrated by the bar at 
the top with the filled portion designating sequences in common with the 
receptor to the breakpoint shown by a triangle; therefore, probe A used in 
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31 K -

Fig. 5. NaDodS04-PAGE of in vitro translation 
products of hTR~ (lane 1) and rTRa vI (lane 2), 
The pGEM3 expression vector, T7 RNA polymerase 
and reticulocyte lysate was used as suggested 
by the supplier (Promega). Molecular masses 
of protein standards are indicated' on the left. 
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Thyroid Hormone Binding Cherecterlltici of the In Vitro 

Tren.latlon Product. of rTR .. . rTR.o vi and Reticulocyte IYlllt, 

Fig. 6. Five ~l of in vitro translation mixture program
med with in vitro transcripts of rTRa (left columns), 
rTRa vI (middle columns), or reticulocyte lysate alone 
(right columns) were incubated with increasing concentra
tions of labeled T3 (open & shaded bar). One ~M unlabeled 
T3 was added to determine nonspecific binding (filled 
bars) . 



rTRa vi 5·4 •••••••• 1i:==:J----...J3· 

probe A----------------
,.. " 

~ ..... 
'i ,,_" ~ e 
~~i ~ 

9.5 -
7.5 -

4 .4 -

1.4 -

Nontlsm Analya" of 101/11 Poly (A)' RNA from Various 
Rat Tluu .. , eDNA Probe A .. Common to rTR a and vl,lI 

Fig. 7. Schematic representation of the structure of rTRa 
vI is shown at the top. The bar shows the coding sequence 
with the filled in portion common to rTRa. The probe A 
sequence is marked with a solid line. Total cellular RNA 
was prepared using guanidinium thiocyanate l2 and then 
chromatographed on oligo (dT)-cellulose9 . 

rTRa vi 5'1..1 .......... ·===}-___ ..-J13· 

probe 

9.5-
7.5-

4 .4 -

2.4 -

1.4 -

C-----

Nontlam Analysle of 5jIg Poly(A)' from Various 
Rat n..u .. , eDNA Proba C .. Unlqua to ttls Varillnt.. 

Fig. 8. Schematic r.epresentation of the structure of rTRa 
vt is shown at the top and is described in the legend to 
Fig 7. The probe C sequence is designated by a solid line. 
The preparations of RNA are as in Fig 7. 

Northern analysis, shown above, hybridizes to both the variants and the 
receptor mRNAs. Probe A hybridized with rat brain poly(A)+ RNAs ~ 2.6, 
,.4, and 6.8 kb in size, the 2.6 kb message being most abundant. These 
messages are also present in kidney, spleen and liver. Hyhridization of 
poly(A)+ RNA prepared from brain, heart, kidney, spleen, and liver with 
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probe C (unique to the variants) revealed the presence of rTRa vI, and II 
mRNAs in all tested tissues, but much more abundantly in brain and least in 
liver (Fig. 8). This clearly demonstrates that the detection of mRNAs 
using probes which cannot discriminate between the receptor and its variant 
forms do not reflect T3 receptor message levels. 

Lastly, we used cDNA probes B, common to the receptor and its vari
ants, and C, unique to variants, to estimate their relative abundance in 
brain. As can be seen in Fig. 9, signals of similar intensity were 
detected, strongly suggesting the predominance of variant messages in rat 
brain. This was then supported by results obtained with synthetic oligonu
cleotide probes D, hybridizing only to the variants and E, specific to the 
receptor only (sequence taken from ref. 8). A strong signal was seen with 
probe D, while probe E failed to detect any mRNA under the tested condi
tions, implying that the concentration of rat brain receptor is very low 
and a probe of much higher specific activity and more than 5~g of poly(A)+ 
RNA are necessary in order to detect the receptor sequences. Thus, these 
results show that nnly the variant forms of c-erb-A mRNA are expressed at 
high levels in brain and resolve the contradiction between previously 
reported findings that the T3 receptor is present in a low amount in brain 
as determined by Scatchard analysisl3 and those recently reported by Thomp
son et al. 7 using an rTRa cDNA probe. 

rTRa vi 5'LI ........... 1i:===}----.J13· 

probe B----

7.5-

4.4-

2.4-

D E 

D-C-----

B C 

Northem Analysis of 6 lAg Rat Brain PoIyIA)+ RNA 
hybridized with cDNA IB,C) or Oligonucleotide (D,E) Probes 

Fig. 9. See the legend to Fig. 7. The probes C and Dare 
unique to the variants, the probe E is unique to the re
ceptor whereas the probe B is common for both sequences 
studied. The cDNA probes Band C were labeled to specific 
activities ~ 7-10xl08 cpm/~g. The oli§onucleotide probes E 
and D (42-mers) were labeled to ~ lxlO cpm/~g. 

A question arises as to whether the variant forms play any physiolo
gical role. They may bind ligands other than thyroid hormones. Alterna
tively, the presence of an intact DNA-binding domain may allow the variants 
to act as transcriptional factors independent of T3' or even to compete 
wi.th the T3 receptor complex for site specific binding to the thyroid 
hormone responsive element. If these variants of c-erb-A have some modula
tory functions in T3 action, the mechanism of thyroid hormone action might 
be more complicated than previously thought, and regulation at the level of 
alternative splicing could play an important role especially during devel
opment. 
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In conclusion: 1) We have isolated two cDNA clones encoding proteins 
with virtually identical amino-acid sequences with the rat brain T3 recep
tor, except the last 40 amino acids in the carboxy termini; 2) Isolation of 
genomic clones of these cDNAs and Southern analysis indicates that these 3 
different mRNAs are generated from a single gene by alternative splicing of 
the primary transcripts of the rat brain T3 receptor gene; 3) The "in 
vitro" translation products of the variant forms we have isolated lack hor
mone binding activity; 4) Using probes which discriminate between 
T3-binding and variant forms revealed that the rat brain T3 receptor is not 
predominantly expressed in this tissue in accord with previous ligand bind
ing studies; 5) The presence of an intact DNA binding domain in the vari
ants suggests their possible involvement in T3 action. 
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One of the prominent questions surrounding tissue-specific gene 
activation is how a single hormone type such as thyroxine can have such 
diverse physiological effects. Generally, two mechanisms contribute to the 
particular variety of proteins synthesized either during development or in 
response to required physiological changes. On the one hand, specific DNA 
tertiary structure induced by associated nuclear proteins probably presets the 
transcriptional activity of target cell gene networks (1). An additional 
constraint is likely provided by hormones or growth factors mediating 
changing gene expression patterns (2). Each cell produces distinct receptor 
proteins which determine the effective response to hormonal stimulation. 
In this manner, both the ontogenetic history of a particular cell type and the 
hormone receptor field, or its distribution in specific cell types, limit the scope 
of induced proteins during animal development and homeostasis. 

Steroid and thyroid hormones carry out this latter transcriptional 
discriminatory function by specific ligand binding to discrete nuclear receptor 
proteins (3,4). It is thought that the hormone binding triggers a receptor 
structural change which unmasks its latent DNA-binding properties (5-7). 
The higher affinity for DNA enhancer elements, regions specifically bound by 
activated receptors, is then translated into a transcriptional modulatory mode 
by a largely unknown mechanism. Using GH1 cells, growth hormone 
synthesis was shown to be increased in a synergistic fashion by both 
glucocorticoids and thyroid hormones occuring primarily at the 
transcri ptional level (8-10). 

Tissue-specific activation of gene expression is perhaps no more 
apparent than in the study of thyroid hormones. They exert a panoply of 
effects including modulating cardiac function, regulation of enzyme activities 
such as malic enzyme and Na+ /K+-ATPase, and the stimulation of cell 
growth, thermogenesis and oxygen consumption (11). Most of these 
regulated activities are tissue-specific so that oxygen uptake in peripheral 
tissues is stimulated by thyroid hormones, while in the brain no change is 
detected. Yet the brain, when deprived of thyroid hormone, succumbs to 
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dramatic developmental defects such as a marked reduction of neuronal 
arborization in the neonatal cerebellum (12). In addition, thyroid hormone 
endocrinopathies often manifest as various mood disorders suggesting they 
playa role in modulating normal neuronal activity (13). 

Since the brain contains receptors and is a developmental and 
homeostatic target for thyroid hormones, a mechanism must exist which 
discriminates between neural and peripheral tissue-specific functions under 
thyroid hormone control. We describe here the properties of a thyroid 
hormone receptor predominantly expressed in the rat brain. We also present 
in situ hybridization histochemistry data outlining the brain subregions 
containing this receptor mRNA. Its characterization implies a multiple 
receptor system which may help to explain some of the tissue-specific 
physiological effects of thyroid hormones. 

The c-Erh-A Gene Encodes a Thyroid Honnone Receptor 

Biochemical characterization of thyroid hormone-binding species from 
various tissue SOllrces revealed these to be proteins with high-affinity for 
thyroid hormones which are found predominantly in cell nuclei (14-16). 
Purification of the thyroid hormone receptor protein has been hampered by 
its low abundance in cells, but biochemical analysis and photoaffinity 
labelling studies indicate that two nuclear polypeptides of 57 and 47 kD 
specifically bind 125I-T4 (17-20). 

Isolation of cDNAs encoding the glucocorticoid, estrogen, progesterone 
and vitamin D receptors using specific antibodies against each revealed their 
amino acid similarity to the v-erb-A oncogene product (21-24). This 
retroviral product encoded by avian erythroblastosis virus does not cause 
transformation per se, but facilitates transformation of chicken erythroblasts 
by preventing their spontaneous differentiation and decreasing the latency of 
leukemias (25). Its structural similarity with steroid receptors suggested that 
erb-A may encode a trans-acting factor. Identification of the cellular homolog 
of the viral erb-A oncogene product as a protein which binds thyroid 
hormones with high affinity indicates that it may behave as a transcriptional 
activator protein (26, 27). In addition, c-erb-A is localized in the nucleus and 
the polypeptide synthesized in vitro binds to the thyroid hormone
responsive DNA element in the rat growth hormone gene providing further 
support for its assignment as a functional thyroid hormone receptor (26,28). 
Multiple c-erb-A genes identified in the human genome point to the 
possibility of different receptor species encoded by perhaps as many as four 
distinct genes (27, 29, 30). 

Isolation of a Rat c-Erb-A cDNA 

Human c-erb-A cDNA pheA4/12 (27) isolated from placenta and 
encoding a protein of 456 amino acids was used to screen a rat brain cDNA 
library (31). A unique cDNA rbeA12 with an open reading frame of 410 
amino acids was identified which maintained 85% amino acid identity 
overall with the human gene product (Figure 1). Homologous regions 
between the human and rat receptors were confined to those sequences 
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Figure 1. Schematic comparison between various thyroid 
hormone receptor gene products. Boxes with numbers above 
indicate the predicted amino acids encoded by identified c-erb-A 
cDNAs. The degree of amino acid identity between the vertical 
lined region of a given c-erb-A and the rat species is shown below 
the boxed regions. The three "neural-type" receptors which map 
to human chromosome 17 (26, 31, 32) are physically separated 
from the receptor identified from human placenta and mapped 
to chromosome 3. Shaded portions specify the region of 
conserved cysteine residues forming the DNA binding domain 
found in all steroid and thyroid hormone receptors. The 
hormone binding region is also indicated. The cDNA c-erb-A T1 
contains a carboxyl terminus divergent from the rat species at 
amino acid 370 and is represented by diagonally-lined region (32). 
Non-homologous amino terminal residues of pheA4/12 are 
indicated by hatching (27). Nand C refer to amino and carboxy
termini, respectively. 

including a cysteine-rich stretch of amino acids comprising the DNA binding 
domain and downstream into the hormone binding region. However, the 
amino terminal residues were completely divergent upstream of the 
conserved cysteine-rich region. These tentative functional domains were 
assigned by their homology with those experimentally-determined domains 
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of the glucocorticoid and estrogen receptors (7, 33, 34). In addition, a 
systematic comparison of hormone binding properties of the viral oncogene 
product and the chicken c-erb-A polypeptide reveal that the hormone binding 
domain is in the carboxyl terminus (35). 

To examine whether the human placenta and rat c-erb-A cDNAs 
represented different genes, parallel samples of human placenta DNA 
digested with multiple restriction endonucleases were hybridized with the 
cysteine-rich regions from both erb-A species (31). Different hybridization 
patterns were found consistent with each species corresponding to a distinct 
gene. Chromosome assignment was determined by hybridization of the rat 
brain c-erb-A cDNA with laser-sorted human chromosomes. This rat brain c
erb-A detected a homologous human gene only on chromosome 17, not on 
chromosome 3 where the human placenta c-erb-A gene had been previously 
mapped (27,31). 

Variants of the rat neural c-erb-A cDNA rbeA12 have also been 
described (33). A human testis cDNA c-erb-A T1 has been isolated which is 
identical with rbeA12 at the amino acid level suggesting that they correspond 
to the same gene (Figure 1). We have also identified a homologous human 
gene erbA8.7 from a kidney cDNA library which is identical to erb-A T1 
(unpublished observations). Both the rat and human clones hybridize with 
the same human genomic fragments by Southern analysis. They are 
different only at the carboxyl termini where their sequences diverge following 
amino acid residue 370. The strong homology upstream of the point of 
divergence suggests that the variant thyroid hormone receptor (T3R) is 
derived by alternative RNA processing of a single precursor transcript. 

Biochemical Characterization of the Rat Brain c-Erb-A 

The polypeptide encoded by the rat c-erb-A cDNA rbeA12 was tested for 
its ability to bind thyroid hormones (31). Transcripts were synthesized in 
vitro using SP6 polymerase and translated with rabbit reticulocyte lysates. 
The rat brain c-erb-A polypeptides generated in vitro bound [1251] 3,5,3'
triiodo-L-thyronine with a dissociation constant of 3 X 10-11 .M... approximating 
the binding affinity for the thyroid hormone receptor isolated from tissue 
culture cells (36,37). Competition for 125I-T3 with various thyroid hormone 
analogs was similar to that found for the human placenta and the chicken c
erb-A polypeptides and excess aldosterone, estrogen, progesterone, 
testosterone or vitamin 03 failed to compete for labelled thyroid hormone 
binding (26, 27, 31). 

Rat Thyroid Hormone Receptor mRNA is Abundant in the Brain 

We used a DNA fragment derived from the rat brain T3R gene 
spanning the cysteine-rich DNA binding region to probe corresponding 
RNAs from various rat tissues (31). RNA transcripts of 2.6 kb and a variably 
detected message of 4.4 kb were found with this probe. Presence of the two 
RNAs may signify two discrete genes, a precursor transcript or alternative 
RNA processing from a single gene. The T3R mRNA is most enriched in rat 
brain, about 10 fold higher than any other tissue tested. It is also found in the 
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heart and kidney in lower amounts, but also detectable in lung, gut, spleen 
and testes. It is notably absent in liver tissue which could suggest that an 
additional discrete hepatic receptor gene remains to be identified. 

Regional Brain Localization of Thyroid Hormone Receptor mRNA 

In order to identify regional structures responsible for the brain 
hybridization, an anti-sense 48-mer oligonucleotide probe was synthesized 
corresponding to the rat c-erb-A coding region between the DNA and 
hormone binding domains. It was 3' end-labelled with 35S-dATP using 
terminal deoxynucleotidyltransferase (38) and hybridized with RNAs from 
serial sagittal sections of an adult male rat brain (Figure 2, A-F progressively 
corresponding to sections from medial to lateral dissection planes). The 
hybridization pattern demonstrates T3R mRNA in most brain regions, 
particularly those areas containing heavy densities of cell nuclei by thionine 
dye staining methods. Specifically, the mRNA is prominently detected in the 
outer and inner layers of the cerebral cortex, possibly corresponding to cortical 
layers II and V, the olfactory cortex, the hippocampus and amygdala, and the 
granular cell layer of the cerebellum. Intermediate signal was present in the 
striatum, the pontine nuclei and the nucleus tractus solitarius, hypothalamus 

D 

B c 
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Figure 2. In situ hybridization histochemistry of rat brain sagittal 
sections using rat neural T3R-specific oligonucleotide. The 
euthyroid brain from an adult male Sprague-Dawley rat (250 g) 
was fixed for in situ hybridization (38) and probed using an 35S
labelled oligonucleotide complementary to bases 682-729 from 
rbeA12 (31). Hybridized sections were exposed to Kodak XAR5 
film for 15 days at room temperature. Sections from medial (A) 
to lateral (F) dissection planes are presented. Greatest silver grain 
density corresponds to highest levels of T3R mRNA. 
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and midbrain areas including colliculi. The hybridization signal was 
relatively low in structures such as the thalamus and the middle layers of the 
cortex, and undetectable in fiber tract areas such as the corpus callosum and 
anterior commissure. 

Functional Importance of Multiple T 3 Receptors 

The unexpected finding that two T 3Rs are identified in humans may 
shed new light on the diverse roles of thyroxine in animal development and 
physiology. Multiple T3Rs may signify that discrete subsets of genes are 
under control of particular receptor proteins. This may be one reason why 
oxygen consumption in brain is not markedly affected by increased thyroid 
hormone levels whereas cells in peripheral tissues respond more robustly 
(39). Isolation of other thyroid hormone receptor genes may clarify whether 
each receptor species activates different gene subsets in target tissues or 
whether combinations of subtypes confer transcriptional specificity. 

Characterization of alternatively processed neural thyroid hormone 
receptors at their carboxyl termini may suggest different hormone binding 
affinities for each which may have distinct functional consequences. Results 
from Nikodem et al, presented at this conference suggest that the 
predominant variant form (490 amino acids, corresponding to erb-A Tl) of 
the neural T 3R does not bind hormone. Our hormone binding studies with 
erbA8.7 agree with this finding. We cannot rationalize these results with 
previous hormone binding data on erb-A Tl which binds both T3 and T4 (33). 
It is possible that a single mutation is responsible for our inability to detect 
hormone binding with erbA8.7. Either this variant receptor binds some 
unknown or unidentified hormonal ligand or perhaps it maintains some 
transcriptional activity even without the presence of hormone. 
Alternatively it may code for a receptor-like molecule with transcriptional 
repressor function. 

Regional distribution of the T3R mRNA in cortex, hippocampus and 
cerebellum is consonant with 125I-T3 autoradiographic binding evidence from 
adult rat brains (40). Although we have not established whether the receptor 
mRNA is distributed in neurons or glial cells, the hybridization patterns 
grossly correspond to cell nuclei staining patterns suggesting a general 
neuromodulatory role for thyroid hormones. The results with the 
oligonucleotide used here do not distinguish between the authentic or 
variant T3R mRNAs. It will be more informative to monitor T3R mRNA 
with variant and receptor carboxy-terminal specific oligonucleotides by in situ 
hybridization to examine whether the different mRNAs overlap in their 
expression patterns. In addition, what effects altered thyroid states might 
exert on T3R mRNA levels remains an area for future investigation. 
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The phenomenon of thyroid hormone transport encompasses a number of 
sequential steps beginning with their secretion by the thyroid follicles 
and ending with their distribution to mUltiple sites of metabolism and 
action within virtually all the body's organs. These steps include 
equilibration with multiple carrier proteins in the plasma, transcapil
lary passage of both the hormones and the carrier proteins into extravas
cular spaces, entry into cells through their external membranes, and 
translocation to subcellular compartments and organelles. Some that are 
the subject of current inquiry or controversy, include the interaction of 
the hormones with "minor" transport protein in plasma, the kinetics of 
transcapillary movement, the presence of specific receptors for the car
rier proteins and the hormones on endothelial and epithelial cell mem
branes, and specific transport mechanisms within cell organelles. 

In most organs, the capillaries or sinusoids are permeable in vary
ing degree to large molecules, so that the hormone-carrier protein c,om
plexes can penetrate the endothelium and present themselves to the 
epithelial membranes. In contrast, the endothelial cells in central ner
vous system capillaries are completely surrounded by tight junctions, 
creating the blood-brain barrier that severely limits passage of macro
molecules and hydrophyllic molecules 1,2. Other elements that contribute 
to the barrier include scanty pinocytotic vesicles in brain endothelial 
cells and biochemical factors such as active clearance from CSF or brain 
parenchyma to blood3 . Although a barrier to macromolecular transport has 
been clearly demonstrated at the endothelial surface 1 ,2 this does not 
necessarily pertain to small, lipophyllic molecules. In theory, the 
lipophyllic thyroid hormones, once they are dissociated from the carrier 
proteins, could penetrate this barrier. In vivo infusion or perfusion 
studies4,S, however, have shown that the passage of T4 and T3 from blood 
to brain is saturable. It is also stereospecific in that brain uptake of 
L-T3 is 3-fold greater than D-T36, and it has been postulated that this 
selective transport is a property of the capillary endothelium. Since 
the brain capillaries are in close contact with glial foot processes over 
virtually their entire surface1,2,7, it is also possible that the spe
cific transport of thyroid hormones occurs at the glial plasma membrane. 
As we will show later, specific thyroid hormone transport into glial 
cells does indeed occur. Until similar studies are done with isolated 
brain endothelial cells, the exact site of this selective transport at 
the blood-brain barrier must remain open. 
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Inasmuch as the concentration of unbound hormone in plasma is too 
low to account for the amount of hormone that crosses the capillary bed, 
it has been postulated that a special mechanism must exist to promote 
release of hormone from the bound state, in particular from plasma albu
min8• On the other hand, it can be clearly shown that the dissociation 
rate from each of the transport proteins is fast enough to replenish the 
pool of unbound hormone during capillary transit9• Furthermore, blood 
cells in the capillary lumen result in mixing of the contents 10 thus 
preventing laminar flow at the capillary wall and local depletion of the 
free hormone pool. Since the rate of dissociation from albumin is faster 
than from PA and, especially from TBG9, it can be expected that much, if 
not most, of the T4 and T3 that leaves the capillary is derived from the 
albumin-bound pool even though albumin binds only a small fraction of the 
total hormone. 

The surface area of the capillary bed in the central nervous system 
is estimated to be 5000 times greater than that of the choroid plexus 11 . 
Largely for this reason, capillary transport is envisioned as the main 
route of entry of the thyroid hormones7; however, the role of the choroid 
plexus-cerebrospinal fluid system is poorly understood. It has long been 
known that T4' T3 and their transport proteins are found at low concen~ 

trations in the CSF12. Interestingly, free T~ and free T3 concentrations 
in CSF are several-fold higher than in plasma!3. A major constituent of 
CSF proteins is prealbumin (transthyretin)12,13, and the ratio of PA to 
other proteins in CSF is at least 10 times greater than expected from 
the ratios in plasma14- 16 • This has now been explained by the surprising 
finding that the epithelial cells of the choroid plexus synthesize PA and 
apparently secrete it directly into the CSF in the lateral, third and 
fourth ventricles17 ,18. It has therefore been proposed that this consti
tutes a special mechanism for the distribution of thyroxine in the CNS19. 
About one-third of the CSF is generated in the ventricles and then flows 
into the subarachnoid space and the spinal canal20 • It is thus possible 
that T4 is carried from plasma to CSF by newly synthesized PA and thence 
unidirectionally, to other regions of the CNS. Kinetic studies in rats 19 
showed that intravenously injected T4 was rapidly and intensely concen
trated in the choroid plexus, and then accumulated more slowly in regions 
of the brain. T3' which has a lower affinity for PA, was concentrated 
much less intensely in the choroid plexus, and decreased rapidly with 
time. The uptake of both T4 and T3 into choroid plexus appeared to be 
nonsaturable. 

Kinetic studies in baboons21 have shown that both T4 and T3 are 
capable of bidirectional transfer across the blood-brain barrier by way 
of the CSF and the return of the hormones from CSF to plasma favored T4 
over T3 . Passage of T3 from blood to CSF was more rapid and complete 
than T4 , which is contrary to the finding in rats. 

It has also been shown that intrathecally injected T4 influences 
body temperature regulation in dogs22 and that intrathecally administered 
T3 in rats causes greater heart rate stimulation than intravenous T3 23 . 
These studies indicate that thyroid hormones can regulate certain body 
functions by effects exerted at specific sites within the brain in addi
tion to direct effects on the organs themselves and that these sites can 
be approached through the CSF. 
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It is of interest that PA is detected in the tela choroidea, the 
precursor of the choroid plexus in the 11-day rat fetus24 , and thus could 
have a role in fetal brain development. Anatomical studies on sheep, pig 
and human fetuses show that epithelial tight junctions develop early in 
cerebral endothelium and choroid plexus epithelium25 • At the 50 to 
70-days gestation period in the sheep, and the late fetal and early new
born period in the rat, there is development of the blood-brain barrier 
mechanisms that decrease penetration of hydrophyllic molecules. At the 
same time the protein concentration in the CSF decreases. 

A further complexity in the distribution of thyroid hormones to the 
CNS is seen in studies of the equilibration of continuously infused 
labeled hormones with tissues26 The ratio of T3 derived from injected 
T4 to T3 derived from plasma fails to achieve equilibrium with the plasma 
and other organs, and the brain maintains a ratio higher than in other 
tissues. Studies of this kind that focus on specific regions of the 
brain would be of interest. It is also important to note, especially in 
the context of this symposium, that hormone accumulation in the brain 
varies during maturation. Brain uptake of T4 in 10 day old rats is 3 
times higher than in 30 day old rats27 . 

An additional point of interest is that iodide ion is specifically 
transported by the choroid plexus in the direction of CSF to blood28 . 
This is res~onsible for the very low ratio of CSF to serum iodide meas
ured in man 9. This transport mechanism is genetically related to iodide 
transport in thyroid cells30 

As noted earlier, glial cells are a potentially important component 
of the blood-brain barrier. In our laboratory, we are investigating the 
uptake of thyroid hormone into cultured cells as models of intracellular 
uptake in the CNS, and we have included a human glioma cell line in these 
studies. We have also made a point of looking at the uptake of T4 as 
well as T3 since the major source of intracellular T3 in nerve cells is 
from monodeiodination of T4 after it is taken into the cell. In the 
glioma cells as well as in human and mouse neuroblastoma cells and human 
medulloblastoma cells, specific transport of thyroid hormones can be 
demonstrated at the plasma membrane. Thus, nervous system cells share 
this property with hepatocytes31 , skeletal myoblasts32 and several other 
cell types that have been investigated31 ,33. 

Our initial studies were done with the mouse neuroblastoma cell line 
NB41A in the cell culture medium, RPMI 1640. Although 33% of the labeled 
T3 accumulated by the cells in 2 hours could be blocked by a saturating 
concentration of T3 (10~M), we were unable to demonstrate any saturable 
uptake of T4 (Fig 1). When the culture medium was replaced by Hank's 
physiological salt solution, however, the total uptake of both T3 and T4 
was 3-fold higher and both T3 and T4 uptake was suppressed by 10~M 
hormone (77% and 25%, respectively). We then showed that the components 
of RPMI responsible for the interference with thyroid hormone uptake were 
amino acids of the L- system. As shown in Fig 2, saturable uptake of T4 
was completely blocked by phenylalanine at the concentration present in 
RPMI, 0.09mM. Isoleucine (0.4mM) and cycloleucine (lOmM) were equally 
effective. Amino acids of the other classes were less inhibitory, as 
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Fig 1. Effect of incubation medium and 
excess hormone on L-T3 and L-T't uptake by 
mouse neuroblastoma cells (NB4TA3). After 
45 min preincubation confluent cells were 
incubated at 37°C for 2 h with 10 pM 1251_ 
labeled thyroid hormone in the absence or 
presence of 10~M unlabeled hormone. Wells 
measuring 28.2 cm2 contained 4 ml of culture 
medium (RPMI 1640) or Hank's balanced salt 
solution. After washing with phosphate 
buffered saline + 0.1% serum albumin, the 
cells were harvested and their radioactivity 
measured. Mean ± SEM of 3 experiments per
formed in duplicate. Experiments were per
formed under diminished light to avoid spon
taneous deiodination especially of T4 , in 
RPMI due to riboflavin and folic acid. 

illustrated in Fig 2, and the combined effect of mUltiple amino acids was 
required to reach the inhibition of T3 uptake observed in RPMI. It thus 
appears possible that cellular uptake of T3 and T4 in the CNS in vivo may 
be affected by variations in amino acid levels. 

The accumulation of T3 and :4 by a monolayer culture of human 
neuroblastoma cells in Hank's buffer ~s illustrated in Fig 3. Both hor
mones were rapidly taken up by the cells. The levels reached at 2 hours 
(13% and 10% of the total) were higher than in the mouse neuroblastoma, 
and saturation by excess hormone was more complete (90% and 73%). The 
saturable uptake plateaued after 60 min and was 37% less for T4 than for 
T3 . The saturable uptake is dependent on cell energy as demonstrated by 
almost complete inhibition in the presence of antimycin or oligomycin, 
drugs that interfere with ATP production. The dose response to antimycin 
is shown in Fig 4. 
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Fig 2. Effect of amino acids on L-T3 and L-T4 saturable 
uptake by mouse neuroblas toma cells (NB41A3!. Confluent 
cells were pre incubated for 45 min and incubated for 2 h 
in Hank's buffer containing O.38mM serine, O.10mM histi
dine or O.09mM phenyl alanine. Other conditions as in 
Fig 1. Saturable uptake is defined as the difference be
tween total uptake and uptake in the presence of excess 
T3 or T4' 

A key question is whether the hormone accumulated by the cells actu
ally crosses the plasma membrane. In fibroblasts, this has been demon
strated directly by fluorescence microscopy34 showing that rhodamine
labeled T3' after attaching to the cell surface, moves into coated pits 
and then enters the cytoplasm via coated vesicles. This energy-dependent 
phenomenon can be blocked by endocytosis inhibitors such as monodansylca
daverine (MDe). We have shown that MDe also inhibits T3 and T4 uptake by 
mouse neuroblastoma and human medulloblastoma and glioma cells. Some of 
these data are given in Fig 4. They indicate that thyroid hormone uptake 
by cells of the eNS probably involves a receptor-medjated endocytosis 
mechanism. 

Another approach to demonstrating intracellular penetration is to 
examine nuclear uptake in the cells. After incubation of neuroblast 
mono layers with T3 or T4 , the cells are disrupted and the nuclei are 
isolated and their hormone content measured. We have shown that the 
accumulation of labeled hormone in nuclei is strongly diminished in the 
presence of antimycin or MDe. These agents, however, do not inhibit 
uptake by isolated nuclei. Further evidence is presented in Fig. 5, 
based on the apparent affinity of nuclear receptors after whole cell 
incubations compared to the affinity determined with previously isolated 
nuclei. It can be seen that the receptor affinity for L-T3 and L-T4 
measured in intact cells is more than 3 times that in isolated nuclei. 
This can be attributed to a step-up in the concentration of free hormone 
in the cytoplasm over the concentration in the medium, the latter value 
being used in the calculation of Ka in intact cells. 
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Fig 3. Time course of L-T3 and L-Tq total and non
saturable uptake by human neuroblas toma cells (SK-N-SH). 
Cells were incubated at 25°C in Hank's buffer with 30 pM 
125I -Iabeled hormone. Wells measuring 9.6 cm2 con-
tained 1 ml of buffer. Other conditions as in Fig 1. Sa
turable uptake of L-T3 and L-T4 were 90% and 73% of total 
uptake, re spectively, and saturable L-T4 uptake at 2 h 
was 37% less than saturable L-T3 uptake. 
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Fig 4. Inhibition of L-T3 uptake in mouse neuroblastoma 
cells by antimycin and monodansylcadaverine. Confluent 
cells were pre incubated for 30 min at 37°C in RPMI 1640 
containing the inhibitor. Incubation after addition of 
25pM L-T3 was for 30 min. Wells measuring 28.2 cm2 
contained 4 ml of medium. Other conditions as in Fig 1. 
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Fig 5. 13 and T~ nuclear receptor affinity in ~ouse 
neuroblasEoma (NB41A3). Intact cells or isolated nuclei 
were incubated for 120 min in RPMI or 30 min in 0.25 M 
sucrose-25mM Tris-1 mM MgCl2 with 25pM labeled L-T3' D-T3' 
L-T~ or D-T~ and increasing amounts of unlabeled 
hormone. Radioactivity in nuclei was counted and Scatchard 
analysis of receptor-bound hormone was done using LIGAND 
program. Nuclear affinity (Ka) for L-isomers was approxi
mately 2x higher than for D-isomers when measured in isolated 
nuclei. With intact cells, Ka was more than 3-fold higher 
than with isolated nuclei for both L-isomers, but 
remained unchanged for D-isomers. 
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Fig 6. Analysis of the initial L-Tq uptake rate in 
mouse neuroblastoma NB~lA3! and human neuroblastoma 
SK-N-SH, medulloblastoma TE671, and glioma HS683. 
Cells were incubated for 1 min at 25°C in Hank's buf
fer with 30pM L-T~ and increasing amounts of unlabeled 
T4. Other conditions as in Fig 3. 
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Fig. 5 also shows that the nuclear receptor affinity for D-T3 and 
D-T4 measured with intact cells is not different from that determined 
with isolated nuclei. This indicates that the transport mechanism at the 
plasma membrane is stereospecific, and that the transport of L-T3 and 
L-T4 is "active", as defined by accumulation against a concentration 
gradient. 

In further experiments, we measured the initial saturable cell 
uptake at 1 min as a function of hormone concentration in the medium. The 
data in Fig 6 are plotted according to Lineweaver and Burk. The Km val
ues for T4 uptake in all four cell lines were similar, ranging from 0.8 
to 3.1nM. Maximum velocities, however, were widely disparateJ being low
est for the human neuroblastoma cells (Vmax=7.9 fmols/min/10o cells) and 
highest for the human glioma cells (Vmax=84 fmols/min/106 cells). 

The strikingly different Vmax obtained with glioma cells suggests a 
special role for T4 transport in these cells. Saturable cell uptake 
(31.6 fmols/106 cells at 60 min) was much higher than in human neuro
blasts (4.4 fmols/106 cells) but the difference in nuclear uptake was 
much less (0.383 fmols/106 cells in glioma cells compared to 0.105 
fmols/106 cells in neuroblasts). Since antimycin and MDC depressed the 
specific uptake in glioma cells, we can conclude that the large amount of 
T4 that they accumulate is located within the cytoplasm. Further studies 
are required to determine whether this is simply the result of increased 
cytoplasmic binding or whether it might be related to a transcellular 
transport function of these cells. The latter possibility is consistent 
with the finding that the apparent affinity of the nuclear receptor 
decreased from 2.5 nM- 1 to 0.22 nM- 1 in the presence of antimycin, 
presumably reflecting a 10-fold decrease in free T4 concentration within 
the cytoplasmic compartment. The high free T4 concentration in the 
unblocked glial cell could provide a gradient for transport out of the 
cell if the plasma membrane transport into the cell is polarized. 

The cultured cells that we have been studying are immature and may 
therefore be models for the developing brain rather than the mature 
brain. The mouse neuroblastoma cells, however, can be induced to differ
entiate by exposure to 0.5mM sodium butyrate (Fig 7). This causes an 
increase in cytoplasm: nucleus ratio, neurite outgrowth and induction of 
tyrosine hydroxylase and other enzymes35 ,36. As shown in Fig 8, butyrate 
caused an increase in T3 uptake at 2 hours. The initial (1 min) uptake 
was also increased. The apparent Ka of nuclear binding in intact cells 
with the finding that the apparent affinity of the nuclear receptor was 
decreased by butyrate but the Ka in isolated nuclei was not affected. The 
apparent inconsistency of an increased intracellular transport but a 
decreased intracellular free T4 concentration is unexplained. As 
described by others in developing rats37 and in cultured rat glial 
cells38 we also found that neuroblast differentiation was accompanied by 
an increase in nuclear receptor number. 

In our studies with CNS cells, and also with myoblasts32 , we have 
found no evidence for a separate transport mechanism at the nuclear enve
lope. Oppenheimer and his coworkers, however, have concluded that there 
is nuclear membrane transport of T3 in hepatocytes and other tissues, 
including ~rain39,40. In mature neurons A Dratman and colleagues41 have 
shown that intravenously injected [1~5I]T3 is concentrated in the 
synaptosomal fraction of whole rat brain (minus cerebellum) and that the 
concentration is higher in synaptosomes than in the brain cytosol frac
tion. They have also shown42 that [125I ]T4 injection is followed by 
accumulation of [125I ]T3 in synaptosomes, and that the labeled T3/T4 
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Fig 7. Differentiation of mouse neuroblastoma 
NB41A3 cells induced by butyrate. Left panel: 
Undifferentiated cells grown for 4 days in RPM1 
1640 + 5% fetal bovine serum. Right panel: 
Differentiated cells grown for 7 days in the 
presence of 0.5 mM sodium butyrate. 
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Fig 8. Effect of butyrate on cell 
uptake, nuclear receptor affinity (Ka) 
and maximal binding capacity (Bmax) 
for L-T,3. in intact mouse neuroblastoma 
(NB41A31. Cells were grown in RPM1 
1640 containing 0.5 mM sodium butyrate 
for 4 or 7 days. Then intact cells 
were incubated with 25pM [1251 )L-T3 
and Scat chard analysis performed 
(see Legends to Figs 1 & 4). 
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ratio is higher in synaptosomes than in brain cytosol. No labeled T3 was 
detected in plasma. Although they conclude that the data favor the 
uptake of T4 by nerve endings, and conversion there of T4 to T3' they 
also raise the possibility that T3 is generated from T4 in other compart
ments of the neuron - or even elsewhere in the CNS - and is subsequently 
translocated to the nerve ending. This would be consistent with the 
known transport of metabolites from the nerve cell body peripherally 
along the axon43 . It is also possible, however, that hormone entering 
the synaptosome is transported in retrograde fashion toward the cell 
body43. 

This report has briefly summarized what we now know about thyroid 
hormone transport to the central nervous system. The data are still 
sketchy and much remains to be done. Obviously the brain is a complex 
organ and major differences in thyroid hormone transport and metabolism 
are to be expected in its constituent parts, so study of different brain 
regions as well as different cell types is required. We also need to 
distinguish between findings in the mature brain and those during fetal 
and postnatal development. Thyroid hormones playa very different role 
in these stages of the organism, and possible variations in hormone 
delivery to cells may contribute to these differences. Finally, in the 
malnutrition that often accompanies iodine deficiency, we need to ask 
whether PA synthesis in the choroid plexus is compromised, as it is in 
the liver. If so, important effects in thyroid hormone delivery to the 
brain may be expected. 
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Most if not all the effects of thyroid hormones result from the 
interaction of the hormone with specific nuclear receptors [1]. The 
receptors have recently been identified as the product of the c-erb-A 
proto-oncogene [2,3]. Several sub-types have been characterized [4,5]. 
Interestingly, the expression of the proto-oncogene may vary in different 
tissues. The receptor appears to be inserted in the chromatin as a 
complex with associated proteins [6]. The nature of these nuclear 
proteins and their possible role in the modulation of the receptor 
activity are ill-defined. They could be involved in the regulation of the 
properties of the receptor, its affinity for the chromatin and its 
affinity for the hormones through phosphorylation, ribosylation, 
acetylation induced a.o. by thyroid hormones [7-9]. 

Among the target organs the central nervous system presents the 
unique feature of being strictly dependent on thyroid hormones for struc
tural organization and function during a well-defined period of develop
ment. The mature brain appears to have lost responsiveness to thyroid 
hormones, as measured by 02 consumption, mitochondrial a-GPO activity and 
cytosolic malic enzyme stimulation although the high levels of receptor 
establish the cerebral tissue as a target for thyroid hormones. These 
observations lead to the proposal that in brain and liver thyroid hor
mones may regulate the expression of different genes. The regulation of 
gene expression in a given cell may differ depending whether the brain is 
sti11 developing or has acquired maturity; in addition, the response to 
thyroid hormones may vary according the cell type. 

The alterations in morphological organization of the brain result
ing from hypothyroidism have been documented [10-13]. Numerous biochemi
cal parameters are affected by altered thyroid states (for review see 
14-16). Recent biochemical data on the effect of thyroid hormones on 
nerve cell differentiation indicate that they regulate microtubule 
assembly by changing the concentration and/or the activity of HAPS (tau 
fraction) [17]. The critical period of effectiveness of thyroid hormones 
in brain maturation raises a special problem. The correct organization of 

*Present address: Istituto Nazionale per la Ricerca sui Cancro, Genova, 
Italy. 
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the neuronal network depends on the precise synchronization of three 
major steps: cell division, migration and differentiation. The primary 
effect of thyroid hormones on these processes implies the control of gene 
expression in different cell types. This control is probably exerted in a 
specific set of few genes. An approach to gain insight in this regulatory 
mechanism includes the analysis of the receptors in different cell types, 
and ideally, in a given cell type at different stages of maturation. 

In this review, we will focus on the nuclear receptors. Cytosol 
binding sites for thyroid hormones have been described in the developing 
brain. They show high Ka [18,19] or number [20] at birth and a decrease 
of these parameters during the postnatal period. A marked variation in T3 
binding activity was observed among different brain areas [21]. A cyto
solic binding protein for thyroid hormones has been characterized in 
fetal rat and mouse brain cells in primary cultures [22-23]. The role of 
these binding proteins in thyroid hormone action is still not clear. 
They could be involved in transport, storage or regulatory functions of 
hormone metabolism. The fact that maturational changes do not occur in 
the liver is worth mentioning. 

Topographical Distribution of the Nuclear Receptors in the Brain 

The number of binding sites per mg of DNA varies widely from one 
tissue to another. Of the tissues studied, the anterior pituitary con
tains the highest density of receptor sites (6,000 per cell) and the 
testis the lowest (16 per cell). The number of nuclear binding sites in 
spleen is small, and close to that in circulatory lymphocytes (about 400 
per cell). The adult brain contains about 2,000 binding sites per cell. 
In neonatal brain their number (4,000 per cell) is higher than in adults 
and close to that in adult liver [24]. The receptor density -expressed in 
binding capacity (ng T3/mg DNA)- is not uniform in different brain areas. 
The anterior pituitary and the cerebral cortex contain more receptors 
than the cerebellum and the brain stem. The difference spans from 0.5 ng 
T3 to 0.05 ng T3/mg DNA. The Ka of the receptors in different parts of 
the brain appears quite similar [25-29]. 

A further analysis of the distribution of T3 receptors in rat cor
tical cells suggests a preferential localization in neurons [26,30]. A 
similar finding was reported in embryonic and neonatal chick brain [31]. 
Studies with pure cultures of neurons and astrocytes from embryonic and 
neonatal chick brain have confirmed the predominant localization of the 
receptors in neuronal nuclei [32,33]. It is clear that thyroid hormone 
receptors are not restricted to neuronal cells, but also appear in glial 
cells [34,35] suggesting that both cell types are potential targets for 
thyroid hormones. A direct effect of T3 on protein phosphorylation has 
indeed been demonstrated in neuronal and glial cells derived from rat 
cortex [36,37]. 

In adult rats hypothyroidism does not appear to change the binding 
properties of the hepatic nuclear recetors [38-39] contrary to what is 
observed in the brain. The effect of thyroid hormone deficiency on brain 
nuclear receptors is not uniform: in the anterior pituitary the Ka of the 
receptors increases [25,40] and their number decreases [25]. In the cere
bral cortex however the affinity is significantly diminished [25,41] and 
the number of receptors increased [25,29,41,42]. The observations point 
to different regulatory mechanisms acting on thyroid hormone receptors in 
liver and brain, and within different areas of the brain. 
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Ontogenesis of brain nuclear receptors 

T3 receptors are present in nuclei from 7 weeks old human embryos 
[43]. In the human fetal brain high affinity thyroid hormone receptors 
(Ka 2 x 10 10 M- I have been detected at 10 weeks of gestation [44]. Their 
concentration is low (46 fmol T3/mg DNA) but a tenfold increase is noted 
at 16 weeks, coincident with the period of neuroblast multiplication. At 
that period of development, brain is the only organ to contain high con
centrations of T3 [44]. As pointed out by the authors, it is impossible 
at the present time to conclude that thyroid hormones playa role in 
neuroblast proliferation and/or differentiation although the presence of 
receptor and T3 might suggest that this is the case [43,44]. Interesting
ly, the receptor appears to be present in the human embryo before onset 
of the thyroid function [43]. High affinity receptors have been identifi
ed in the lung of fetuses at 13 weeks of gestation; the binding capacity 
increased by 65% between 12-13 weeks and 16-19 weeks of gestation to 
reach 420 fmo1/mg DNA [45]. Besides lung, liver and heart of 16-18 weeks 
old fetuses contain a significant number of high affinity T3 receptors 
[44] (Table 1). 

Table 1. T3 receptors in human fetal tissues 
(adapted from Bernal and Pekonen, 1984). 

Organ 

Brain 

Liver 
Heart 
Lung 

Age 
(weeks) 

10 
12 
16 
17 
18 
16 

16-18 
16 

1.9 
1.9 
2.0 
1.9 
3.0 
1.5 
0.9 
1.8 

Receptor conc. 
(fmol T3/mg DNA) 

46 
264 
479 
390 
344 
352 
201 
544 

In rat fetal brain T3 receptors are present at 14 days of gesta
tional age [46]. After birth the number of receptors increases rapidly in 
the early post-natal period and remains at high level during the first 
2-3 weeks, before decreasing to adult values [29,46-50]. In heart and 
lung, the T3-binding capacity is low at birth but increases during matu
ration [46,51,52]. 

In chick embryo brain the T3 maximal binding capacity rises between 
9 and 12 days, decreases at 17 days and further declines after hatching 
[53]. Yet, in an another study of T3 ontogenesis in chick brain embryos 
the binding capacity of neuronal nuclei was shown to increase with age 
(7-11 days) whereas the glial receptor remained at low level until late 
embryogenesis (19 days). In adult brain, the number of T3 receptors in 
neuronal nuclei was 8,000 per nucleus as compared to 1,000 in glial 
nuclei [31]. 

In fetal lambs the T3 receptor concentration increases 2. 6-fold 
from the 50th day to the 82d day of gestation. From 82 to 100 days, the 
concentration remained constant [54]. In these different species, the 
changes in receptor numbers correspond to critical periods of brain 
development (neuroblast proliferation, synaptogenesis). 
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The changes in nuclear receptor properties during development do 
not seem restricted to changes in the receptor number. Evidence for 
qualitative modifications in hormone binding have been reported during 
maturation. In neonatal rat brain the affinity of the receptor increases 
starting at the end of the first week (0.7 x 109 M-l), reaching maximal 
values (1.8 x 109 ~1) at day 20 and to decline to adult values after one 
month [49]. The affinity for T4 was not modified [55]. Hepatic receptors 
did not show these changes in affinity for T3 [49]. 

In the brain of foetal lambs, the affinity for T3 increased from 50 
days (1.0 x 1010 Mrl) to 80 days (1.9 x 1010 M-l) returning to 50 days 
value at 100 days [54]. Developmental [54-56] and regional [57] differen
ces in T3, T4 and analogs binding by nuclear receptors from rat, chick 
and lamb brain have been reported. The maturational changes in the pro
perties of the receptor raise the possibility of differential expression 
of receptors sub-types. They could also be due to a control exerted on 
the receptor by associated proteins or factors [8,58,59]. Tissue specific 
age dependent chromatin-associated factors interacting with the receptor 
are able to change the binding properties of salt-extracted nuclear 
receptors [60] (Table 1). These data suggest that the modulation of the 
binding properties of the receptor through chromatin-factors may lead to 
organ specificity for thyroid hormones and may regulate the expression of 
thyroid-hormone dependent effects in different target tissues. 

Table II. Effect of chromatin-associated factors on the affinity 
for T3 of salt-extracted nuclear receptors 

(Ka, 109 M-I) Mean + SD 

A. Brain chromatin 
9 days 

18 days 
50 days 

B. Liver chromatin 
9 days 

18 days 
50 days 

Liver receptors 
0.29 + 0.18 
0.85 + 0.65 
0.35 + 0.64 

Brain receptors 
0.33 + 0.39 
0.31 + 0.75 
0.32 + 0.59 

Primary culture of brain cells offers an interesting tool to ana
lyze in vitro the complex events occuring in development. In cultures of 
cells dissociated from cerebral hemispheres of 14 days old embryonic mice 
the number of receptors increased during 6 days, the period of neuronal 
proliferation [32]. The number and the Ka of nuclear T3 receptors in cul
tured neurons obtained from the cerebral hemispheres of 15-16 old rat 
embryos increased between 5 to 9 days of culture, indicating that the in 
vitro model adequately reflects the in vivo situation, and in addition 
confirming that the receptor increase is mainly occuring in neurons. In 
astrocytes the increase in receptor number is less marked and happens 
only after 21 days of culture [33]. 

Neonatal hypothyroidism increases the number of T3 receptors in 
brain [29,48,50,61,62]. A slight decrease in Ka was observed whereas the 
administration of T3 enhanced the Ka and diminished the number of 
receptors. Hepatic receptors did not change in these conditions [60]. 
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Conclusions 

The analysis of the properties of the T3 nuclear receptors during 
development reveals several interesting features: 
a) The number and the affinity of the receptors in different organs do 

not follow the same maturational pattern. The effect of thyroid hor
mone deficiency on receptor number and affinity varies in different 
organs. 

b) The distribution of the receptors and the modulation of their proper
ties is not uniform in different brain areas. 

c) Neuronal cells contain more receptors than glial cells. 
d) In human and in the animal models (rat, chick, lamb) the surge in 

receptor number and affinity coincides with critical periods in brain 
maturation (neuroblasts differentiation, synaptogenesis). 

e) The properties of receptors in brain may be due to the presence of a 
specific sub-type of receptor and/or to chromatin-associated factors. 

Finally, it should be stressed that receptors do not as such 
control the expression of thyroid hormone effects. In addition to post
receptor events, the interpretation of in vitro findings should also take 
into account differences in cellular transport of T3 from plasma to cyto
sol, and from cytosol to nucleus in different tissues [63]. 
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lIMH43017(SAS) am United cerebral Palsy Research am 
Educational Foundation 1I377-87(SAS) 

'Ihyroid honoones, T3 am T4, have been shown to play significant 
but poorly understood roles in develcpnent am differentiation of 
rodent am human brain (1-7). In the human, disorders of maternal am 
fetal thyroid function include maternal am secon:lary fetal iodine 
deficiency, maternal hypothyroidism or hyperthyroidism, as well as 
disorders related to deficient fetal autonarous thyroid honoone 
secretion, Le., goiter or sporadic congenital hypothyroidism. 'Ihese 
disorders are identifiable causes of mental retardation (4, 8, 9, 10), 
cerebral palsy (11, 12), am other significant neurological 
abnormalities (5, 6, 11). 

Significant am unresolved issues concerning the neurological 
ilrpainnents am their relationship to alterations in iodine am thyroid 
honoone in the fetal brain include the facts that: 

1) Iodine replacement prior to pregnancy in iodine deficient wanen 
does not canpletely prevent mental or notor abnormalities (8): 

2)Treatment of sporadic congenital hypothyroidism in the first 
postnatal l'OClnth has significantly reduced the incidence of severe 
mental retardation (4). Despite this fact, evidence exists that 
mild mental retardation, learning disabilities, am rnocxi notor am 
neurological abnormalities do occur (5, 6): 

3) Maternal thyroid honoone aberration during pregnancy represents 
an identifiable cause of cerebral palsy (12) am lowered IQ (10) 
in children: 

4)'Ihe neurological signs am neuropathological evaluation, 
particularly in cerebral cortex may be teItporally related to 
alteration of fetal nervous system develcpnent as early as the 
first trimester (9, 11, 12, 14, 15, 16). 
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'Ib assist us in urderst.an:iil'g the pat.hqnysiology ani treat:rrent of 
these disorders, a nultidisciplinal:y awroach to aniIOal IOOdels of the 
different disorders is required. 

'!hyroid Honrone ani Hurran ani Rodent Brain Develognent 

Of the aniIOal IOOdels of hypothyroidism, the fetal ani neonatal 
hypothyroid rat (1, 2), ani progeny of the maternally iodine deficient 
(1, 15) or hypothyroid rodent (49) are reliable l'lYXlels of the human 
corrlitions (1, 4, 8, 11, 12) [ '!he rodent at 16-19 days of gestation 
corresporrls to the human fetus at abrut 12 weeks of gestation] (1). '!he 
human ani rodent (rroose ani rat) are similar with respect to t:intin;J of 
functional ani anatanical develcpnent of the fetal thyroid gIani, 
thyroid honrone secretion, thyroid honrone receptors, detection of 
brain T3 ani T4, ani the maturation of the hypothalano-pituitary
thyroid axis (1, 16, 17). 

'!he type ani localization of pathological charges in human(12) ani 
hypothyroid rat brains (1,7), ani electrcplysiological (1), behavioral 
am learnirg abnonnalities (1, 26, 27) are similar. Just as with early 
T4 in the human (4), T4 given to rodents before 10 days of postnatal 
life may(l) or may not (27, 28) nonnalize the behavioral, cerebral 
cortical, or biochemical abnonnalities of hypothyroidism. 
Unfortunately, no animal l'lYXlel can totally sinrulate the human. 

'!he human neurological (5, 6, 9, 11) ani rodent behavioral signs 
(1-3, 18, 26, 27) reflect on anatanic abnonnalities in specific regions 
of the cerebral cortex incl1.ldirg the notor cortex ani its corticospinal 
projections, parietal lobes, tenporal lobe associative cortex, as well 
as hiwocanp.1S am brainstem. 

When considered in teJ:ns of the no:rmal sequence of fetal brain 
developnent which is similar in the rodent am human, these human 
neurological ani rodent behavioral signs am neuropathology can be 
related to specific periods of fetal brain developnent ani to specific 
changes in thyroid honrone secretion. Prior to 8-10 weeks of gestation 
in the human ani 15 d pc in the rodent, the developnent of major brain 
structures occurs (1, 14, 20, 21). '!his tenporally correlates with 
potential deperdence on maternal thyroid hoIilOnes transported thrrugh 
the placenta (1, 3). '!he time of onset of rodent thyroid ftmction(15-
19 days of gestation) occurs :iInmecliateiy after brainstem neurogenesis 
(8-13 days post conception[d pc] (20) ani the onset (13-20 days 
postconception) of forebrain neurogenesis (21); this t:intin;J correlates 
with the differentiation of these neurons[15 d pc to 4 days after 
birth(ab)], primarily in cerebral cortical layers V ani VI (1, 22, 23). 
A similar tenporal relationship for neuronal differentiation ani 
thyroid honrone is seen in the human I1Dtor cerebral cortex (14, 16) 
between 9 ani 24 weeks of gestation which corresporrls with fetal 
thyroid honrone secretion. 

In the rodent, the period fran 17 d pc to 10 d ab is associated 
with the final stages of cerebral cortex neuronal migration (layers III 
am IV), initial derrlritic ani axonal outgrowth of cerebral cortical 
layers I,IV,V, ani VI (22, 23) ; afferent projections to the cerebral 
cortex (22) appear as does synaptogenesis (24) in the cerebral cortex. 
FUrther increases in T3 ani T4 fran 10 d ab to 45 d ab to peak values 
correlate with maxiInal rates of glial cell replication (25), increased 
derrlritic branchirg am synaptogenesis, continued neurogenesis ani 
differentiation in other brain regions, am myelination (1, 2). A 
similar sequence occurs in human brain from the secorrl trimester to 2 
years of age (14, 16). 

In the human with congenital hypothyroidism or iodine deficiency 
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ard the fetal ard neonatal hypothyroid rodent (1,13), each of the 
prenatal neuroanatanical events incltldi.nJ neurogenesis, migration, 
axonal cutgrowth, derxlritic process ontogeny, synaptogenesis, 
gliogenesis, ard myelinogenesis nay be p:rol~ or dlarged in a 
pemanent or T4 reversible fashion in the hypothyroid brain(I,7, 20, 
28). Alteration of the duration of the sequence of brain develc:pnent 
as \\'ell as inlividual develc:pnental events within the sequence is 
inpJrtant in urx:lerst:an:li the rodent ard human behavioral disorders of 
fetal thyroid horm:me. 'lhese manifestations of these disorders differ 
in severity related to the timing, duration, ard extent of maternal ard 
fetal thyroid hoIllDne or iodine aboo:rnality in utero. 

Althoogh the :rodent is particularly useful as a IOOdel, JOOSt of the 
behavioral ard anatanical data have cane fran study of postnatal :rodent 
hypothyroidism, resultirg fran surgically produced (1,3) or 
pw:maoologically in::hloed (20) hypothyroidism. 'lhese treatments may 
have :imepement (ilannaoological effects as \\'ell as IOOmidity ard 
IOOrtality ard both maternal ard fetal hypothyroidism (1, 3, 15). '!he 
effects of maternal ard fetal iodine deficiency ard maternal 
hypothyroidism encarpass stages of developnent fran neurogenesis to 
differentiation to synaptogenesis. R:lStnatal hypothyroidism interferes 
with cerebral oortex derrlritic developnent ard axonal outgrowth(l). 

Hc1t.'ever, a definition of the effects of oorgenital hypothyroidism 
related to the timing of fetal thyroid hoIllDne secretion ard early 
cerebral oortical neuronal differentiation requires the production (1) 
of in utero late gestation hypothyroidism. A reproducible m:xlel of 
late fetal hypothyroidism would allow the dissection of maternal fran 
fetal effects ard isolate a narrcM period of critical fetal brain 
develcpnent in the rodent ard human with oorgenital hypothyroidism 
occurrirg after autonc:ltnls fetal thyroid honrone secretion. 

'!he hYtIh...:lt oorgenitally hypothyroid m:JUSe(29,30) provides a IOOdel 
for partial rut severe inherited oorgenital hypothyroidism. '!he 
hYtIh-Yt hypothyroid m:JUSe is advantageous because: 

1) '!he primary inherited hypothyroidism characterized by 
significantly reduced T4 levels (32) , reduced thyroid glard T4 
(30), reduced thyroid glard iodine uptake (30), ard elevated sen.nn 
TSH-like activity (31); 

2) Hypothyroidism is produced without artificial intervention; 

3) It is distinct fran postnatal hypothyroid rats and other inbred 
hypothyroid mice, with seooOOal:y hypothyroidism or other 
associated abno:rnalities (31) because of the fetal timing ard 
priInary nature of the hypothyroidism, 

4) '!he hypothyroidism results fran an autosanal recessive genetic 
defect(29) . 

5) Relatively equivalent nmnbers of hypothyroid (hYtIh...:lt) ard 
euthyroid heterozygote oontrols (hY:l;I+) are produced within a 
litter which allows valid c:arparisons: 

6) '!he hypothyroidism oacurs at a time of autoIlOllDUS fetal thyroid 
hOIllDne secretion(after 15 days post oonception). 

7) '!he timing of hypothyroidism in the hYtIh-Yt m:JUSe oorresponds 
teJlp)rally with cerebral oortex(CC) ard total brain neuronal 
differentiation, particularly of CC layer V ard thalamocortical 
afferents to CC layer IV (22). 
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8) '!he ti.min;J of the hypothyroidism also corresporrls with new 
fetal total brain am cerebral cortex mRNA synthesis (33). 

'!he hrtIh....Yt mice am their hY!;I+ litterma.t.es permit testing of a 
IOCldel for thyroid honoone deficiency am action in utero(Figure 1). 

REDUCED THYROID HORMONE (T3fT4) 

l 
ABNORMAL BRAIN AND CEREBRAL CORTEX 

GENE EXPRESSION 

l 
ABNORMAL NEUROANATOMICAL DEVELOPMENT 

~ 
ABNORMAL REFLEXIVE AND ADAPTIVE BEHAVIOR 

Fig. 1. MJdel of 'lhyroid Honoone Action in Developing Brain. 

Reduced or altered thyroid honoone levels may lead to alteration 
of fetal am neonatal brain am cerebral cortex mRNA synthesis. Sane 
of these mRNA abnonnalities may contribute to abnonnal neuroanatanical 
developnent am subsequent abnonnal behavior(Figure 1). 

Behavioral« Neuroanatanical« am En:iocrinolooical Evaluation of the 
hvtlhvt Mice 

'!he p.rrp:>ses of our studies were to utilize the inherited hY!;Ih....Yt 
congenitally hypothyroid JOOUSe to characterize: 

1) 'lhe neuroanatanical am reflexive behavioral abnonnalities that 
occur in the early neonatal period in hypothyroidism; 

2)'lhe specific brain am cerebral cortex II'Olecular biological 
abnonnalities that occur in the late gestation am neonatal period 
related to thyroid honrone deficiency that might have functional 
significance; am 

3)'lhe sensitivity of fetal brain to thyroid honoone(SCheme 1). 

em- colony of genetically hypothyroid mice was established from 
breeders (C.RF-bY!;, N10F13-16) obtained fran Jackson Iaboratory(Bar 
Harbor, ME), am was maintained by mating hyt/+ sisters(T4 > 6 ug/dl) 
am T4 suwlemented hY!;Ih-Yt (hypothyroid) brothers (serum T4 levels < 1.1 
ug/dl) (36); these matings produced litters of hY!;Ih....Yt am hY!;I+ 
offspring for study. 

ray of birth hY!;Ih....Yt animals were distinguished fran M/+ 
littennat.es by serum thyroxine level (T4) (34), am histological am 
ultrastructural evaluation of the thyroid glam(Figure 2). In nonnal 
mice, autonanous secretion of T4 begins about 15 d pc (30). In the 
hYtIh-Yt JOOUSe, deficient T4 production is associated with delayed am 
disorganized fetal thyroid g1am histological developnent (30); the 
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Sc::helre 1. GENERAL EXPERIMENI'AL maroc:DL. 

Timed Mating of hyt/hyt Male X hyt/ + Female 

! 
Progeny of Day of Birth (1 d) to 21 Days after Birth 

/ l"~ 
Perfuse Animal Somatic Evaluation 'I Type by: 

with Fixative Reflexive and Adaptive I a. T4 Serum Assay 

j Behavioral Evaluation I b. Thyroid Gland Histology ! ~~. Thyroid Gland Ultrastructure 

Remove Total Brain- Distinguish hyt/hyt ~Remove Total Brain (B) 

/ 1 ~ from hyt/ + Animals or Cerebral Cortex (CC) 

In Situ Ultrastructural Immunocyto- ! 
Hybrid- Analysis of chemistry of Extract RNA from Brain (B) 
ization Cerebral Cortex Cerebral Cortex ./ or Cerebral Cortex (CC) 

(CC) (CC) / ! 
Use Total RNA for Load hyt/hyt or hyt/ + B 

Mixed cDNA Probes or CC RNA on Northern Gel 

hrtJh-rt thyroid glam has reduced or absent colloid, a reduced m.mtler 
of smaller follicles (30) am an increase in the rnnnber of follicular 
cell nuclei as early as 17 d pc. Qlr histological distinction of the 
thyroid glams fran 1 day brtIh-rt am bYt/+ littennates was based on 
the followllg criteria: 1)'1he percentage of follicles which contained 
colloid (0-100%);. 2)~e size of the follicles(+ to +++); am 3)'1he 
size of intrafollicular epithelial gaps(+ to ++++) (Figure 2, Panels A 
am B). 

~e initial step in this analysis was to detennine a sanple size 
which wcW.d in cross section fill the microsccpic field. rus was 
required because brtIh-rt glams are hypoplastic CClTp'U"Erl to the nornal. 
In the brtIh-Yt animals, less than 50% of the follicles contained 
colloid. rus reduction in follicles with colloid correlated with tile 
functional status of the glam. ~e bYt/+ nornal glam had 75% or llPre 
colloid containirg follicles. In the brtIh-rt thyroid glam, gaps 
between epithelial cells were rare (0-1+) , while gaps were readily 
awarent am nuneroos in the bYt/+ glams(3+) . 

~e critical features for differentiation on electrornnicroscqJy 
were graded on a scale from 1+ to 3+ am included: 1)~e arrangement 
am distance between nuclei; 2)~e arramt of cytoplasm am colloid. 
'!here was a1::AJn:iant cytoplasm in the nonnal glam with occasional 10lXJ 
gaps between nuclei(Figure 2, Panels C am 0). By contrast, brtIh-rt 
follicles have nuclei very close together with reduced cytoplasm am 
colloid. within an in::lividual litter, distinction of I day(day of 
birth) brtIh-Yt(T4 < 1 n:J/ml) am hyt/+(> 4.0 n:J/ml) mice could be made 
by T4 levels. '!he anatomical am T4 sanples were analyzed in coded 
fashion to prevent investigator bias. ~e anatomical in::lices 
corresporrled exactly with the prediction of a brtIh-rt versus a bYt/+ 
lIOJSe by T4 levels. Based on the use of these distinctions, brtIh-Yt or 
bYt/+ animals were divided for the neuroanatomical or llPlecular 
biological studies (Schene 1). 
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Fig. 2. IHm:MI~ OF HISro:U:X;ICAL SECI'IONS AND 
~~ OF 1 my OID bY!;/h-TI arrl hYY+ M:XJSE 
'IHYROID GIANt'S. Panel A: Histology of hYY+ 'Ihyroid Glarrl. 
Follicle develcpnent with varied cross sectional profiles was 
obsel:ved. '!he hYY+ glams had 75% or lOOre colloid containing 
follicles c::crtpared to less than 50% in the bY!;/h-TI glams (Panel 
B). Several gaps were present in the epithelial rim of the 
follicles (arrows). Hematoxylin arrl eosin. Original 
magnification 400X. Panel B: bY!;/h-TI FhotanicrograIil. 
Tighter, seemingly lOOre cellular follicles with closely packed 
epithelial nuclei. Gaps were absent. Hematoxylin arrl eosin. 
Orig. magnifi. 400X. Panel C: ElectrornnicrograIil(EM) of hYY+ 
'Ihyroid Glarrl: Follicle with SIroOthed out colloid bourrlary arrl 
fairly dense granular colloid was seen. Epithelial gaps with 
spreadi.n:J of nuclei including back to back follicles (arrow) 
were present. Microvilli were inconspicuous. Print magnifi. 
9100X. Panel D: EM of bY!;/h-TI Glarrl: Small Follicle with a 
regular cyt:q>lasmic-colloid bourrlary in prcminent microvilli. 
'Ihyroid cells had less colloid arrl cytoplasm per nucleus arrl 
nuclei were lOOre closely awlied. Print magnifi. 
9100X.[Reprinted with permission(63)). 
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Preweanim Satatic am Behavioral Reflexive, Motor am Maptive 
Evaluations (Scheme 1. Figure 3) 

!M;Ihyt am hY:t,I+ mice were specifically dist~ (d ab) by T4 
levels at 21 days after birthed ab) [hytJhyt= 0.58 +/- 0.28 u;JnVdl 
(n=13), hytf+=6.04 +/- 1. 72 u;JnVdl(n=17) (T=11.37, 27 df, p<.01) ](32). 

'!he sanatic am behavioral studies on these 29 mice established 
that the inherited hY:tIh....rt abnoma!ity caused severe neonatal 
hypothyroidism that was related to significant :reductions in body 
1en;Jth, body weight, am significant delays in age of ear raisin:J am 
e:je opeIlinj. 'Ihere was delayed age of onset of noma! reflexive 
behaviors am inpaired perfonnanc::e of other later adaptive behaviors 
incll.¥ii.r¥.J swinmi.rg escape am loccm:>tor activity. As with T4 levels, 
these measures can also be used to distinJuish the hY:tIh....rt IlDlSe fran 
the hYt/+ IlDlSe in the early neonatal period. '!he hypothyroidism in 
the hYtIhYt aninals inpairs sanatic am brain ftmction at least prior 
to 5-15 days after birth. 

Previoos research on the awearanoe am subsequent ~ 
of reflexive behaviors provided the fOlll'Xlation for nomal I1Dtor 
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CLIFF AVOIDANCE BEHAVIOR GEOTAXIS 

~ Euthyroid 
c::::J hyt/hyt 

60 

40 

20 

o~-u~~~~~~a-~~~~~~L-L-~~~O 
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Fig. 3 (Panels A am B). REFIEXIVE BEHAVIORAL E.VAIIJATION OF bY:t/hYt AND 
hYt/+ NEDNA'mL ANIMAIS. '!he reflexes evaluated for each IlDlSe 

were cliff avoidance am negative geotaxis. '!he days of age am 
the methods have been previoosly reported (32). In the noma! 
hYt/+ mice, the negative geotaxis am cliff avoidance response 
had develcp:d by 5-8 days after birth. '!he hY:tIh....rt neonates 
were fourrl to be abnoma!ly slOW' to develop on these behavioral 
reflexes when c:x:atpared to the hYt/+ mice. For cliff avoidance 
(Panel A), the hY:tIh....rt aninals were significantly delayed at 6 
days of age when CCIIpCU"ed to the noma! aninals (t=2. 06, P < .05, 
27 df). For negative geotaxis (Panel B), a similar significant 
delay was seen for the bY:t/hYt aninals versus the noma! hYt/+ 
littennates at 5 days of age (t=2. 07, P <.05, 27 df). As the 
hYt/hrt aninals grew older, the time required to make the 
criterion response becane similar to the noma! aninals am was 
not delayed[Reprinted with Permission(32)]. 
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developnent in rodent an::l human (18, 35). Cliff avoidance, surface 
rightirg, am negative geotaxis were anag the nonnal behaviors that 
art:.ogenically develop in the rodent soon after birth (32, 35) • '!he 
time of their awearaooe an::l discq::pearanoe have been ~ as an an 
iniicator of the nm:mal. developnent of the :rodent nervous system an::l 
the subsequent awearaooe of rore OCIlplex behaviors (lS) • 
Dem:mstration of delays in cliff avoidame an::l negative geotaxis 
reflexive behavior is silllilar to ldlat had been cbserverl in the fetal 
am neonatal hypothyroid rat (lS) • '!he developnent of rootirg an::l 
sucklirg behavior preceded nm:mal. neonatal feedirg behavior (lS) an::l 
other reflexes im1uiin3' the placirg response am body rightirg (2) 
were delayed in the hypothyroid rodent. '1hese reflexes am early 
behaviors nay be sensitive to the function an::l anatanical developnent 
of the oortioospinal tracts am to developirg cerebellmn, brainstem, 
am vestibular system (lS,35). Delayed am abnormal anatanical 
developnent in these areas have been cbserverl in other hypothyroid 
neonatal :rodents (1,2,7) • Ultrastructural evaluation of the neonatal 
~ am hrt/+ cerebral cortex de.nalstratEd delayed developnent of 8 
day hrtIh....rt cerebral oortical neurons which are less differentiatEd 
than the 1 day old hrt/+ neurons (19). Despite eventual nonnal 
perfonnanoe, the behavioral an::l anatanical delay nay be particularly 
iIrpntant because nervous system developnent involves multiple am 
CXIIplex events that are precisely timed. Alteration in the anatanical 
events urxierlyirg the reflexive behavior nay lead to loIJJterm 
inpainnent of adaptive behavior. 

swinunirg escape an::l lOOClOOtor activity represent rore OCIlplex 
behaviors. '1hese are hlilt on the normal perfonnanoe of early reflexes 
as well as cxx:miination of lIll1tiple mtor an::l adaptive behaviors. 
since the significant abnormalities that TNe have cbserverl in swinunirg 
escape, lOOClOOtor activity, am·'Neight oocur at 30 to 40 days of age 
(data not shown), this suggested that the delays cbserverl in early 
neonatal reflex am sanatic measures nay predict or be correlatEd with 
later behavioral abnormalities am peIhaps abnonnal neuroanatanical 
developnent(32) • 

Control of Gene Expression by '!hyroid Honrone am '!he hyt/hyt Mouse 

'1hyroid hoJ:nDne nay affect either an i.nc::rease or decrease in the 
levels of the ocmpcumts of the translational apparatus (ribosanal RNA, 
t RNA, small or large ribosanal subtypes, errloplasmic reticulmn) (36, 
37) or of the transcriptional apparatus( RNA polymerase I,II, an::l III) 
(36, 37) • '!he effects of thyroid honrone nay also be limitEd to 
variable increases or decreases or the tumirg on or tumirg off of 
iniividual mRNAs or subsets of specific mRNAs, at particular 
developnental stages an::l in specific cells or tissues (37) • In adult 
rat brain am liver, thyroid honrone nay significantly affect the 
al::Junjanoe of 2-3% of the total poly A+ mRNAs (38). '!he cl1anJes in mRNA 
levels of these an::l other mRNAs (36) have been attr:ib.l.tEd to altered 
transcription (36) , altered mRNA stability (36) or altered processirg 
(36) • '1hese charges follow the poorly urrlerstood interaction of T3 am 
T4 with: 1)'!he p.rt:ative thyroid honrone rruclear receptor (49); 2)Tissue 
specific trans-actirg factors; an::l 3) 5' am 3' flankirg rnA sequences 
of the regulatEd genes. 

since the bY:t/bYt animals are deficient in thyroid hontDne 
startirg durirg late gestation, these animals afford a means of looking 
at the effects· of thyroid honrone deficierx:y durirg a critical period 
of rolecular biological an::l neuroanatanical developnent of brain with 
particular relevance for cerebral cortex. 'Ihese animals nay be used to 

66 



evaluate the presence am potential effects of specific brain mRNA 
chan;Jes related to fetal am neonatal thyroid honoone deficiency. 
Neuronal differentiation, particularly of cerebral cortical layers V 
am VI is tenporally correlated with general brain (20,000-30,000 
mRNAs) am cerebral cortex specific synthesis of new poly A+ mRNAs (17 
d pc to birth) am the onset of fetal thyroid function (33). '!his also 
correlates with the nonral ontogeny of inp:>rtant brain specific protein 
am mRNA synthesis such as tubulin, actin, neurofilaments, sanatanedin, 
am glial fibrillary acidic protein. '!he p.n:poses of our rrolecular 
studies were to detennine: 

1) Which of these mRNAs were expressed in mouse total fetal am 
neonatal brain am cerebral cortex (Figure 4, Panels A,B, am C); 

2)When am were these mRNAs were expressed (Figures 5,6,7 am 8); 

3) Whether any of the mRNAs that were expressed in fetal brain were 
regulated by thyroid horrtDne (Figures 6 am 7). 

'!he first pn:pose was ac:::c.atplished by utiliziIg crnAs hOIOOlogous 
to specific proteins am mRNAs: l)'lhat had been shown to be present in 
the brains of fetal am neonatal anllnals or neuronal tissue culture 
(40, 41, 43); 2)'lhat had inp:>rtant functions based on anatanical or 
biochemical studies in the developiIg nervous system (40, 42, 43, 49). 
3)'lhat were regulated by thyroid horrtDne in other tissues or adult 
brain (37, 38, 42) . '!he 75 mRNAs that were ch~ included 
cytoskeletal mRNAs (40) am t:rop1ic substances (42, 45) (Figure 4). 

'!he presence of these mRNAs was initially assessed by cI:NA-I:NA 
slot blot analysis(Figure 4, Panels A, B am C). Common, l<rlavn mRNAs, 
tubulin, IGF1 am other mRNAs of potential functional inp:>rtance were 
detected in nonral brain am cerebral cortex at birth. '!he pattern of 
gene expression differed in early neonatal total brain versus cerebral 
cortex in nonral anllnals. As seen in Figure 4, the level of gene 
expression for individual mRNAs also differed between cerebral cortex 
am total brain. 

'!he presence am ontogeny of the mRNAs detected on the slots blots 
was confinned by northern gel hybridizations to total RNA from fetal 
am neonatal total brain(14 d pc to 6 rros.) or cerebral cortex(1-7 d 
pc) (Figures 5,6, am 7). Actin, neurofilament 69kd crnA protein, am 
tubulin were all detected in 1 day hyt/+ cerebral cortex am total 
brain. '!he mRNA that may be hOIOOlogous with the neural thyroid horrtDne 
receptor was detected as early as 14 d pc in total brain am 1 day 
cerebral cortex. 

Regulation of Specific Gene Expression by '!hyroid Honnone in Mouse 
Brain 

'!he next set of issues on the detected mRNAs utiliziIg the hYtIh-Yt 
mice were: l)To identify brain am cerebral cortex mRNAs possibly 
regulated by thyroid horrtDne in fetal am neonatal brain; am 2) To try 
to detennine wy sane mRNAs were specifically altered. To do this, 
zeta probe sheets for northern gel hybridizations were prepared from 1, 
5 and 7 day cerebral cortex, brain remainder, and total brain RNA from 
hytjhyt am hyt/+ littennates. '!hese sheets were hybridized to crnA 
probes reflectiIg mRNAs that had been detected in cerebral cortex and 
total brain (Figures 4 and 5) . 

'!hyroid horrtDne does not cause global chan;Jes in all mRNAs but may 
act to regulate the gene expression of specific mRNAs in specific brain 
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A. eDNA SLOT ASSIGNMENTS B. EUTHYROID hytJ + C. EUTHYROID hytJ + 
TOTAL BRAIN CEREBRAL CORTEX 

a b e • b e • b e 

1 Actin Tubul n Glial 
Flbr~1aIy 

....,lde 
PrOletn 2 2 

2 MyelJn 11_01 N.., .... 
eu.c IINA hI'fn4Jn~ 3 3 
Protem 59I<d cow. 

3 N ...... EpidenNI 
T_ 

G"""h G~ Hy<I<oa_ 
4 - 4 

FOOl .. FOOl .. 

• IFGI IGF2 Fibrinogen 5 5 

5 MIl2 Mao IdJl5 
Tubuhn Tubulin Tubulln 6 6 

6 ..... , ..... 2 Vtmtnlin 

Tubutin Tubulln 7 7 

8 8 

9 9 -
10 10 

11 11 

12 Hlndlll PBII322 12 

Fig. 4. cWA-WA swr BID!' HYBRIDIZATIONS. '!he crnA probes were loaded 
in equal amunts on zeta probe paper with a slot blot awaratus 
am hybridized with equal annmts of mixed crnA probes. '!he 
mixed crnA probes were transcribed fran total RNA fran 1 day old 
hYtJ+(euthyroid) total brain ani cerebral cortex(CC). '!he lane 
ru'~ignments for inlividual cWAs are sh~ in Panel A. '!he 
al:mrlance of the mRNAs in 1 day old euthyroid total brain am 
cerebral cortex was reflected by the autoradiograrhic density of 
the zeta probe sheets following hybridization. For 1 day old 
euthyroid hYtJ+ total brain(Panel B), the mRNAs that were 
detected were actin, tubulin, sanatanedins IGFl am IGF2, am 
the tubulin isotypes M,82, M,8 4, M,85, Mal, am Ma2. '!he JOOSt 
al::JuI"Xlant mRNAs were ribosomal RNA, actin, tubulin, IGFl, IGF2, 
am M,85 tubulin. '!he specificity of the hybridization was 
SUC]Jested by the fact that no signals were noted for the non
specific controls (P8R322 am the Him III Digest of lambda) or 
for fibrinogen, which was specifically made in the liver. No 
signals were detected for myelin basic protein am glial 
fibrillary acidic protein, which are not made until two to three 
days after birth(45). In c:::a!pClring hYtJ+ total brain to 1 day 
old euthyroid hYtJ+ cerebral cortex (Panel C), the rnnnber of 
different mRNA synthesized at detectable levels was greater in 
CC as was general mRNA al:mrlance. '!he mRNAs that were present 
included: actin, tubulin, neurofilanvant 69 KD cWA, epidermal 
growth factor, IGFl, IGF2 ard all of the tubulin isotypes. In 
CC, higher al:mrlances of Mal am M,85 tubulins, IGFI, am 
neurofilament 69KD crnA were noted in CC versus total 
brain(I.anes 7-11 = UrlknoNn adult crnAs hClllDlogous to CClITIIlOn 
mRNAs) • 
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areas at times that are correlated with neuronal differentiation am 
other events in the developin3' brain. In hYtIh---Yt versus hrt/+ mice, 
specifically, Epidennal Growth Factor (EX;F) mRNA am MJ35 am M:r1 
tubulin isotype mRNAs were altered in aburrlmce in neonatal brain, 
cerebral cortex, am brain remaiJrler(total brain minus cerebral 
cortex) (Figures 6 am 7), while other mRNAs were \.lI1C'.hanJed in aOOrrlance 
i.e. ribosanal RNA(rRNA) , total tubulin, am other turulin isotypes. 
Reduced thyroid honoone, as reflected by the hYtIh---Yt IOClUSe, led to 
chanJes in aburrlmce of scme of these total brain am cerebral cortex 
mRNAs as early as the day of birth. '!he differences in specific mRNA 
a1::Il.urlEce between the hrt/+ am hYtIh---Yt anllnals may reflect on thyroid 
honoone regulation of late gestation am early neonatal mRNA synthesis 
after the onset of autonanous fetal thyroid honoone secretion. 

'!he presence of these mRNAs in day of birth(l day) brain 
c:iem:lnstrated fetal brain am cerebral cortex synthesis of these 
specific mRNAs. '!he dlarqe of aburrlmce in the day of birth hYtIh---Yt 
versus hrt/+ mice suggests that the fetal brain is sensitive to thyroid 
honoone deficiency. Not only is this in keepin3' with the neurological, 
neuroanatanical, am behavioral data in rodents, sheep, am htunan (1), 
J::ut also with biochemical data in the progeny of maternally hypothyroid 
rodents (3). In the offsprin3' of these rats, the pervasive defects in 
protein synthesis am rRNA synthesis that begin in midgestation (44) 
may be related also to effects of thyroid hOIiOClne deficiency on gene 
expression. 

'Ihyroid HOIiOClne, Epidennal Growth Factor(EX;Fl, am Brain Development 

'!he presence of EX;F mRNA in fetal am neonatal cerebral cortex has 
not been shcMn previoosly. HOINever, EX;F has distinct effects on the 
neonatal nervous system (47 ,48). Our results suc;ReSt that thyroid 
hOIiOClne level may detennine or regulate the aburrlmce of the EX;F mRNA 
in the cerebral cortex (Figure 6). EX;F mRNA am protein were regulated 
primarily or sec.orDarily by thyroid hOIiOClne in neonatal skin (46) and 
other rodent adult tissues (47). In combination with our fiJrlin3's, the 
regulation of EX;F suggests that the EX;F gene may contain thyroid 
responsive elements that extend across tissues am developnental age or 
that CXllUt'On tissue trans-actin3' thyroid responsive elements are present 
for EX;F. '!he mRNA for EX;F deroc>nstrated higher aburrlmce in the late 
fetal am early neonatal period and a marked decline between 6-16 days 
(Figure 5). 

Brain constitutive gene expression as revealed by mRNA ontogeny 
data is potentially an inportant nvachanism for the turnin3' on and 
turnin:J off of mRNAs in late gestation am the early neonatal period. 
'Ihyroid honoone regulation must be super:in'posed on this constitutive 
expression. 

Although the potential role of fetal am neonatal EX;F is poorly 
umerstood, EX;F stimulates astroglial proliferation (47) and 
oligoderrlroglial differentiation as reflected by the synthesis of 
myelin related enzymes am myelin basic protein (50) which are required 
for normal myelination. Abnormal anatanical indices of myelination are 
noted in yCllDlg hYtIh---Yt cerebral cortex and corpus callosum(48). 
Alternatively, EX;F prarotes neonatal neuronal process outgrowth and 
neuronal survival in certain discrete areas of subcortex and 
cortex(49). 'Iherefore, given our results, thyroid hOIiOClne may promote 
the fetal am early neonatal synthesis of EX;F mRNA as a prelude to late 
neonatal EX;F protein synthesis. EX;F may then play specific roles in 
postnatal (25) glial proliferation and myelination (47,50) and neuronal 
differentiation (49). 
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Fig. 5. mRNA AIlJNDi\NCE CNI\XENY of EP:rDER>1AL GInm{ FAClUR(mF) 
mRNA(Panel A) am }0\85 'lUFlJLIN (Panel B) ISOIYPE mRNA. 'lhi.s 
utilized northern gel hybridizations with total brain RNA fran 
14 d p:: (days, post-ronception) to 6 m::JI1ths of age. Ten ugm of 
total RNA fran hYt/+ or +/+ euthyroid brain was used am 
hybridized with rarrlan primer labeled cI:NA prd:Jes. PANEL A: 
EXiF. mF was detected as early as 14 d pc in nonnal nouse total 
brain am 1 day of age(day of birth) in the cerebral cortex. 
EXiF was present in high aburdance in total brain in late 
gestation am the early neonatal period am then fell 
significantly in aburdance after 6 days after birthed ab). 
Total brain am cerebral cortex mF mRNA unlike its periJberal 
c:ount:ezpart that is 4750 b.p (45), reflects both 4000 am 2000 
b.p. mRNAs: the 2000 J::p mRNA is significantly IlDre aburrlant in 
the late fetal am neonatal brain. PANEL B: W35 'lUFlJLIN lSOI'YPE 
mRNA. SillIilar to EXiF, the W35 isotype mRNA am the M:l1 isotype 
mRNA(data not shown) of tubulin denDnstrated high al:luroance in 
the late fetal am early neonatal brain with a rapid fall in 
al:luroance after 6 d abo 

Microtubules, 'I\.lbulin, 'I\.lbulin lsotypes, am 'Ihyroid HOrIlDne 

SillIilarly, the results with the tubulin isotypes have denonstrated 
charg'es in al:luroance of the }0\85 am M:l1 isotype mRNAs in the hYtJh$ 
versus the hYt/+ anbnals at different neonatal ages am in different 
brain regions at different ages. Since tubulin c:crrprises 25% of 
neonatal neuronal protein, c:hanJes in tubulin mRNAs may have inportant 
biochemical oonsequences (51). 'Ihyroid horm::me regulates the synthesis 
of fetal (52) am neonatal brain tubulin protein (53). As reported by 
others for fetal tubulin protein (52), a differential regional 
sensitivity to thyroid hOrIlDne as well as increases or decreases for 
specific tubulin isotype mRNAs in response to thyroid hOrIlDne was 
S1.1g1ested by our results in cerebral cortex, total brain, am brain 
rernairrler . 

Given the anatanical events that are occurring during this time 
am the ontogeny of these tubulin isotype mRNAs, the alteration of 
tubulin aburdance may be of potential functional am anatanical 
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Fig. 6. PANEL A: OORIHERN GEL HYBRIDIZATION OF EX.;F mRNA IN'IDI'AL BRAIN 
AND CEREBRAL CDRI'EX m::M 1 AND 7 Il.l\Y aID hYtIh-Yt am hYt/+ MICE. 
EX;F mRNA was depressErl in ab.lrrl.an:e in the 1 day hYtIh-Yt 
cerebral cortex versus the 1 day hYt/+ cerebral cortex. PANEL 
B: lOmiERN GEL HYBRIDIZATIOO of M,85 lSOI'YPE mRNA in 1 DAY 
hYtIh-Yt AND hYt/+ CEREBRAL CDRI'EX, '!he ab.lmance of the !$5 rnRNA 
was significantly rErluced in the hYtIh-Yt CC versus the hYt/+ 
normal CC at 1 day of age. '!he ab.lrrl.an:e of !$5 mRNA in hYtIh-Yt 
am hYt/+ total brain was not significantly different. However, 
the ab.lrrl.an:e of M,85 mRNA was depressErl in the 1 day hYt/+ 
versus hYtIh-Yt brain remairrler(data not shown); the brain 
remairrler represented all of the brain minus the cerebral cortex 
fran the same animal. ~fore at 1 day, !$5 mRNA is depressai 
in hYtIh-Yt cerebral cortex l:.ut increased in hYtIh-Yt brain 
remairrler versus hYt/+ remairrler. No abuOOance changes were 
noted for the tubulin isotypes M,84 or total tubulin mRNAs in CC. 

significaoce. 'I'llWlins am the nultiple tubulin isotypes, 
neurofilaments, am actin form the cytoskeletal scaffold:irg for the 
normal nervoos system am form the basis for microtubules, 
neurofilaments, am microfilaments respectively. Microtubules playa 
significant role in detennin:irg the size am shape of neurons (51). 
MicrotuJ::W.es contril:.ute to neurogenesis, migration, fast axoplasmic 
transport, neurite extension, growth cone llDVement, am the JroqXlology 
ani polarity ofaxons am derrlrites (51). Microtubules are made up of 
CCIIplexes of heterodi.n¥ars of ex am (3 tubulin isotypes am microtubule 
associated proteins (MAPs) • MAPs may birrl the irrlividual tubulins am 
stabilize the microtul::ule (51) as well as assist:irg in tubulin assembly 
for microtuJ::W.es (58). Multiple tubulin isotypes have been described 
'Nhich may be ubiquitous or specific for brain (40) or other tissues 
(40, 51). 

Similar to EX.;F, the ontogeny of these mRNAs in our studies am 
those of others dem::>nst.rated a higher ab.lmance of sane mRNAs, i. e. 
tub..1lin isotypes(Figure 5) in the late fetal am early neonatal period 
ani the subsequent rapid decline for these mRNAs. '!he constitutive 
stockpil:irg of tubulin mRNA likely precedes neuronal process outgrowth 
am the decrease in these sequences may correspooo with the onset of 
tubulin protein synthesis am terminal neuronal differentiation (43). 
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In neonatal hypothyroidism, a severe reduction in derrlritic 
artx>rization am in axonal process outgrowth in neonatal hypothyroidism 
(54) may be related to the d:lsel:ved significant decrease in microtubule 
density cx::trpared to nonnal animals (55). '!his may help to explain the 
reduction in axonal am derrlritic processes, am demritic branching in 
cerebral cortex am cerebellum that has been repeatedly d:lsel:ved in 
hypothyroid rodents (7). 'n1ese data am oor data also suggest a 
potential linkage l::ebIeen abnonnal process develcpnent, abnonnal 
microtubules, am abnonnal tubllin synthesis, possibly of specific 
isotypes. 

As SI.K};JE!Sted by oor results, thyroid honnone may regulate tubulin 
by differential regulation of tubllin isotype mRNA ab.lOOance; this is 
coosistent with other lNOrk on tubllin mRNA expression (57). Alteration 
of thyroid honoone levels may also regulate the cytosl<eleton by: 
l)Regul.ation of the tau microtubule associated protein which 
contr:il:utes to nonnal microtubule assembly (58); 2 ) Alteration in the 
[hosP1OJ:ylation or ab.lOOance of neurofilaments (56); or 3)Alteration in 
other MAP protein levels (59). An additional role for thyroid ho:rnone 
regulation of MAPs am t:ub.1lin isotypes may be in its contribution to 
ftmctional diversity (51) of microtubules within neurons am between 
neurons in the same am different brain regions. A single neuron as 
well as axonal sul::p::p.llations may make different MAPs with distinct 
intracellular localizations (60) am multiple tubulin isotypes (61). 
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Fig. 7. OORIHERN GEL HYBRIDIZATION OF lob1 'lUBJLIN lSOI'YPE mRNA m 
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l(Panel B) am 5 mY(Panel A) 'IUI'AL BRAIN, CEREBRAL CDRI'EX(CC) , 
am BRAIN REJo!AINDER. PANEL A: 5 my 'IDI'AL BRAIN. lob1 tubulin 
isotype shcMed a significantly IC7tl& ab.lOOance in the 5 day old 
hYY'h-Yt total brain versus the 5 day old ill?:t/+ euthyroid brain. 
Panel B: 1 my BRAIN. 'lbe ab.lOOance of this mRNA was not 
significantly chan:Jed in ab.lOOance in 1 day total brain or 1 day 
cerebral cortex. However, in brain remainder similar to M,85, 
lob1 isotype mRNA was depressed in the ill?:t/+ animals. In 1 am 7 
[By Old Cerebral Cortex, IRNA was not altered in abundance in 
total brain or cerebral cortex in the ill?:t/h-Yt versus the ill?:t/ + 
animals ([Bta not shown) • 



Different microtublles may be carprise:i of distinct tub.ll.in isotypes 
(51) • Presently, althrugh the different isotypes are made fran 
different genes with distinct protein products, the specific functions 
of different isotypes in the neIVOOS system are still \.Il'lknc7Nn. 

Given the potential thyroid ho:rnone regulation am the 
develqnental am brain regional ab.m:larx::e differences of the tubulin 
isotypes Le. ~1 am M,85 am the role of microtublles am 
microtul::W.ar assenbly in neurite extension (51), the p.u:poses of the 
next set of studies TNere: 1)'1'0 detennine the brain cellular 
localizations of the tub.ll.in isotype llIRNAS by in situ hybridization; 
ani 2)'1'0 try to relate this localization to specific brain am cerebral 
cortex develcpnental or differentiation events occurrirg fran 17 d pc 
to day of birth. On in situ hybridization (62), we fOUI'rl the 1 day old 
l\DJSe brain to have ab.Jrrlant ~1 mRNA which was distributed 
ubiquitoosly to cells throogh.oot the hem:isIfleres. '!he loh1 mRNA shC1tJed 
greatest ab.m:larx::e in cerebral cortex where it could be detected easily 
in cells of both the cortical plate am sub-plate layers in rrn.lltiple 
regions irolOOirg frontal am parietal cortex(Figure 8). Sm::e this 
was done in day of birth animals, the fetal mRNA for this isotype was 
made in these specific cellular regions of cerebral cortex. 

'!he M a 1 mRNA was also easily detected in the differentiatirg 
pyramidal cells of the hiwcx::anplS am the stratum granulostnn of the 
develq;>irg dentate gyrus am to a lesser extent carpared to cerebral 
cortex in the basal ganglia ani the white matter arOUI'rl the ventricles. 
'!he M,85 isotype mRNA was also aburljant in all regions of the cerebral 
cortex of 1 day old animals (data not shown) • 

'!he localization of the potentially thyroid hOrIOClne regulated M{35 
ani loh1 tub.ll.in was primarily to cerebral cortex, a site of active 
axonal ootgrowth am differentiation as well as other brain regions. 
'!he cellular sites of this localization am the terrporal correlation of 
this localization with active differentiation in scam of these brain 
areas may suggest a role for these isotypes am thyroid hOrIOClne in late 
fetal am early neonatal neuronal process grcMth. '!hese also reflect 
areas of the brain that have shown specific neuropathological 
abnormalities in the hypothyroid rodent ani the h1.mlan (1,7,13). '!he 
localization am ab.m:larx::e of the M{35 am loh1 isotype llIRNAS will be 
looked at in the future in the hytjhyt brain. 

SUMMARY 

'!he hytjhyt l\DJSe provides a useful IOOdel of h1.mlan sporadic 
congenital hypothyroidism. '!his l\DJSe deIlK)nstrates Il'Olecular, somatic, 
neuroanatanical, am behavioral abnonnalities ani eI!phasizes the 
utility of an integrated arproach in problms related to thyroid 
ho:rnone. Sm::e rodent am h1.mlan tub.ll.in isotypes have structurally 
conserved regions (40,57) am may have distinct neuroanatanical 
functions, the stu:ly of sane of the tub.ll.in isotype llIRNAS may be useful 
in understan::ling the mechanism(s) of action of thyroid hOrIOClne on the 
develq;>irg brain am the effects of thyroid hOrIOClne deficiency in h1.mlan 
congenital hypothyroidism. em- c:lbsmvations suggest that the fetal 
brain is sensitive at a Il'Olecular level to thyroid hOrIOClne and that 
early neonatal behavioral am anatanical events are altered in 
disorders of aut.oncm::Jus thyroid hoIllOne secretion as in the hrtIh-Yt 
l\DJSe. em- work provides sur.port for the idea that late gestational 
alteration in thyroid hOIllOne levels contributes to abnonnal brain ani 
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Fig. 8. Panels A-D. m SI'lU HYBRIDlZATICN OF ~l 'lUIlJLIN ISOl'YPE mRNA 
WI'IH 1 Il!\Y OID ltDJSE BRAIN. Illustrated here are a series of 
autoradiogrcq:tls in which the density of silver grain 
aCDllllllation imicates the relative presence or absence of mRNA 
for I-bl tuJ::A1l.in. SUbstantial labelinJ was abserve:i in the 
develc:pinJ cerebral rortex (as seen here in the superficial 
layers) (Panel A), while slightly less dense labelinJ CXJUld be 
seen in the caooate-p.rt:.amen (Panel ,B). Panels C (cerebral 
rortex) am. D (caooate-p.rt:.amen), which are adjacent sections 
treated with RNAase, exhibit minilnal labelinJ am. thus suggest 
that the silver grain aCDllllllation illustrated in Panels A am. B 
is specific for ~l tuJ::A1l.in. 
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cerebral cortex gene expression of a small groop of the total mRNAs. 
i.e. tubJlin isotypes am EX;F, am to subsequent abnonnal anatanical 
am behavioral develq.ment. 
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Although cretinism was already described by the turn of 
the century, the involvement of thyroid deficiency in this 
malady was not reported until the 1930's (Kerley, 1936). Soon 
thereafter, animal studies were carried out which made clear 
the necessity of thyroid hormones for general somatic and 
neural development during the neonatal and early postnatal 
period in the rat, which is roughly equivalent to the first 
year of life in the human (Salmon, 1936; Scow and Simpson, 
1945; Eayrs and Taylor, 1951; Eayrs and Horn, 1955; Hamburg 
and Vicari, 1957; Eayrs, 1961). 

In 1965, Legrand and co-workers reported effects of 
neonatal hypothyroidism on cerebellar development in the rat, 
which suggested that thyroid hormones are required for the 
normal rate and amount of cell acquisition from an actively 
proliferating germinal zone, the external granular layer. 
This report prompted us to choose the rat cerebellum to study 
the effects of hypo- and hyperthyroidism on germinal cell 
proliferation and neuronal differentiation (including axonal 
growth and synaptogenesis) in the developing brain (Nicholson 
and Altman, 1972a,b,c; Lauder, et al., 1974; Lauder, 1977, 
1978, 1979). Later, we examined the effects of altered thy
roid states on another postnatally developing brain region, 
the hippocampus (Lauder and Mugnaini, 1977, 1980; Lauder and 
Ingraham, in preparation). These studies are discussed below, 
together with related work from other laboratories, in an 
attempt to provide an overview of the types of roles thyroid 
hormones may play in brain development, based on studies in 
the rodent cerebellum and hippocampus. The reader is also 
directed to a more comprehensive review by Legrand (1984). 

CELL PROLIFERATION AND DIFFERENTIATION IN THE CEREBELLUM 

In the newborn rat, the external granular layer (EGL), 
located on the surface of the cerebellum, consists of a 
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proliferating population of cells which increase in number 
during the first postnatal week. This is followed by a pro
gressive cessation of cell proliferation and onset of neur
onal differentiation, followed by the movement of these cells 
out of the EGL as they actively migrate (granule cells) or 
are passively displaced (basket and stellate cells) to reach 
their final destinations (Altman, 1972a,b; Rakic, 1971, 
1972). Thus, the area and width of the EGL reaches a peak 
after the first postnatal week, then declines, until it 
disappears at about three weeks of age. In altered thyroid 
states occurring during this period, the timecourse of EGL 
growth and decline is changed (Legrand, 1965; Nicholson and 
Altman, 1972a; Lewis et al., 1976; Lauder, 1977; Legrand et 
al., 1976; Patel et al., 1979) suggesting effects of thyroid 
pormones on 1) the rate of cell proliferation within the EGL 
or its cessation, and/or 2) the rate of movement of differen
tiating cells out of this germinal zone. In our own studies, 
we have examined the effects of neonatal hypo- and hyper
thyroidism on the rate of cell proliferation in the EGL 
(Lauder, 1977), the time of cessation of proliferation of 
specific neuronal precursors (Nicholson and Altman, 1972a), 
and the rate of movement of neurons out of the EGL (Lauder, 
1979), discussed below. 

The methods used in all of our studies were as follows 
(Nicholson and Altman, 1972a). Animals were made hypothyroid 
by daily injection with 0.05 ml of 0.2% propylthiouracil 
(PTU) in 1% carboxymethyl cellulose on postnatal(P) days a 
(birth)- 10 (PO-10); 0.1 ml 0.2% PTU on P11-20 and 0.1% 0.4% 
PTU on P21- 30. Thyroids from these animals were monitored 
histologically at all ages. Animals were judged to be hypo
thyroid on the basis of lack of colloid and a hyperplastic 
follicular epithelium. Hyperthyroid animals were injected 
with 1 ug L-thyroxine (T4) in 0.1 ml physiological saline on 
PO-7; 2 ug on P8-14; 3 ug on P15-21; and 5 ug on P22-30, 
according to the tolerance schedule devised by Hamburgh et 
al. (1964). 

Cell proliferation in the external granular layer 

In hypothyroidism (Ho) it was found that the EGL prolif
erates for a longer period of time, as judged by the prolong
ed presence of cells which can be labelled with 3H- t hymidine, 
a marker of DNA synthesis. However, no effect on the length 
of the cell cycle could be demonstrated using the percent 
labelled mitoses method of analysis, even though the percent
age of cycling cells (growth fraction) was decreased and the 
doubling time increased (Lauder, 1977; Lewis et al., 1976). 
This was indeed puzzling since it was clear that cell acqui
sition was retarded and prolonged in the Ho EGL. However, 
upon closer examination we found that the absolute number of 
labelled mitotic figures increased with time after 3H-thymi
dine injection, suggesting a prolonged mitotic period, which 
could not be detected when the data were expressed as a per
centage of total mitoses. This observation was confirmed by 
the finding of increased numbers of cells in the last phases 
of mitosis (anaphase-telophase), suggesting an inhibition of 
cleavage itself. We concluded, therefore, that the effects of 
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Ho on cell proliferation in the EGL occur at the level of 
mitosis, in particular the cleavage stimulus. 

The effects of hyperthyroidism (Hr) on cell prolifera
tion in the EGL were easier to understand, since we found 
that the length of the cell cycle was signficantly shortened 
following treatment of neonates with thyroxine, due mainly to 
a decrease in the length of the G1 phase. We concluded that 
the reason the EGL disappeared earlier in Hr was in part due 
to the fact that cells proliferated at an accelerated rate 
and reached the point of differentiation prematurely, since 
they were destined to complete a predetermined number of 
cycles before reaching this point. This hypothesis was sup
ported by the finding that some neurons derived from the EGL 
were formed earlier than normal in Hr animals, implying pre
mature cessation of proliferation of their precursor cells 
(Nicholson and Altman, 1972a). A stimulation of cell prolif
eration in the EGL by thyroxine was also reported by Weichsel 
(1974), Legrand et al. (1976), Seress (1978) and Rabie et 
al.(1979). A trend towards a shortened cell cycle and G1 
phase was also found in a study by Patel et al. (1979), 
although they did not consider these effects to be statis
tically significant. 

The question of whether the effects of altered thyroid 
states on cell proliferation in the EGL are direct or in
direct still must be answered. In favor of a direct effect is 
our finding that excess thyroxine affects the length of the 
cell cycle by shortening G1 . This is the phase of the cycle 
which is involved in the decision to differentiate or com
plete another round of proliferation (Fox and Pardee, 1971). 
Moreover, it is this same part of the cycle which is short
ened when thyroid hormones are presented to cell lines in 
vitro , where effects are presumably direct (8urki and 
Tobias, 1970; Defesi and Surks, 1981; Defesi et al., 1985). 
In primary cultures from developing rat or mouse cerebellum 
no such effects on proliferation of EGL cells has been demon
strated (Messer et al. 1984, 1985), although effects on the 
number of glial cells were found. However, it is not clear 
whether proliferation of EGL cells occurs at sufficient lev
els in these cultures to show effects even if they were pre
sent. ThUS, this issue must await further clarification. Also 
there is some question as to whether all postnatal germinal 
zones respond to thyroid hormones in the same way (Seress, 
1977, 1978). However, the presence of specific nuclear recep
tors for thyroid hormones during brain development, (see 
Chapter by DeNayer) is consistent with the possibility that 
effects of thyroid hormones on cell proliferation, where they 
do exist, could occur by direct interactions with the genome. 

Granule cell migration and parallel fiber development 

Granule cells, quantitatively the largest contingent of 
neurons formed from the external granular layer (EGL), init
iate neurite outgrowth after permanently withdrawing from 
their division cycle, which takes place in the proliferative 
zone located in the outer part of the EGL. These cells then 
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pass to the inner part of the EGL (the subproliferative 
zone), where they orient themselves in the transverse plane. 
Two axonal processes are first extended parallel to the long 
axis of the folia (parallel fibers), followed by the emer
gence of a third, vertically oriented process which descends 
into the underlying molecular layer and grows towards the 
internal granular layer (the final destination of the granule 
cells). The cell body of the granule cell then migrates 
through the molecular layer to the internal granular layer, 
presumably using cellular substrates for guidance, such as 
the Bergmann glia (Del Cerro and Swarz, 1976; Rakic, 1971) 
and/or PUrkinje cell dendrites (Das et al., 1974). The gran
ule cells accomplish this migration either by actively moving 
in an amoeboid-like fashion, while trailing the descending 
axon behind (Rakic, 1971) or by translocation of the cell 
body through this process (Altman, 1975). 

We examined the effects of altered thyroid states on 
granule cell migration at 10 days postnatal using multiple 
survival 3H-thymidine autoradiography to label cells during 
their proliferative cycle and then follow their movements out 
of the EGL, and through the molecular layer to the internal 
granular layer (Lauder, 1979). Animals were treated as des
cribed above. We also studied the effects of hypo- and hyper
thyroidism on the growth of parallel fibers using a lesioning 
and degeneration staining method which allowed us to measure 
the length of longitudinally oriented bundles of these axons 
during the first three postnatal weeks (Lauder, 1978). 

In these studies it was found that hypothyroidism sig
nificantly reduced the rate of granule cell migration through 
the molecular layer, although the movement of these cells 
within the EGL and their rate of exit from it were unaffect
ed. Likewise, this treatment significantly retarded the 
growth of parallel fibers, resulting in a permanent deficit 
in their length. 

Hyperthyroidism accelerated the exit of cells from the 
EGL into the molecular layer as well as the rate of migration 
of these cells to the internal granular layer. However, the 
movevment of cells from the proliferative to subproliferative 
zone within the EGL was retarded. (This explains the reduced 
percentage of cycling cells in the EGL, decreased growth 
fraction, since these postmitotic cells dilute the prolif
erating cell population). Parallel fiber growth was signif
icantly accelerated in these animals, an effect which was 
proportional to the increased rate of granule cell migration. 
These effects are in agreement with the findings of Rabie et 
al. (1979) who reported that thyroxine "induced migration of 
newly formed granule cells". 

The results of these studies emphasize the close rela
tionship between parallel fiber growth and granule cell 
migration and suggest that changes in the rate of migration 
observed in altered thyroid states could be secondary to 
effects on the rate of axonal growth in the developing 
cerebellum. 
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Synaptogenesis and granule cell death 

Hypothyroidism significantly retards the developmental 
increase in both the density and total number of synapses 
after the first two weeks postnatal, a deficit which remains 
into adulthood (Nicholson and Altman, 1972b,c; Rebiere and 
Dainat, 1976; Rebiere and Legrand, 1972a). Parallel fibers, 
which constitute the vast majority ofaxons in the molecular 
layer, exhibit deficits in the number of synaptic varicosi
ties located along their length both in terms of the number 
of sites per unit length and the total number of sites per 
parallel fiber (Lauder, 1978). Moreover, Purkinje cell 
dendrites and dendritic spines, with which these axons 
synapse, are hypoplastic (Brown et al., 1976; Rebiere and 
Legrand, 1972b). 

Deficits in the amount of synaptosomal protein in ani
mals made Ho from birth can be restored by replacement ther
apy with thyroxine if given early enough (Rabie and Legrand, 
1973). A "critical period" for such recovery clearly exists, 
since if replacement is delayed until after the first 4 weeks 
of postnatal life, this deficit cannot be ameliorated 
(Rebiere and Legrand, 1972a). 

Alterations in the synaptic organization of the Ho 
cerebellum have also been noted (Hajos et al., 1973; Crepel, 
1974; Rebiere and Dainat, 1976; Rabie et al., 1977). These 
include: 1) the persistence of basket cell axon-Purkinje cell 
somatic spine synapses, which are normally transient; 2) de
creased density of basket cell axon terminals; 3) increased 
numbers of Purkinje cell axon collaterals and climbing fib
ers; 4) the persistence of transient climbing fiber synapses 
on Purkinje cell bodies; and 5) retarded development of 
glomeruli (sites of synapses between mossy fibers, granule 
cell dendrites and Golgi cell axons). Together with our own 
evidence for synaptic deficits discussed above, it is clear 
that lowered levels of thyroid hormones during the postnatal 
period can have lasting effects on circuitry development in 
the cerebellum. 

The synaptic alterations and deficits found in Ho ani
mals is especially interesting in light of reports that such 
animals also exhibit an increased amount of cell death in the 
internal granular layer, which may be related to the reduced 
capacity of granule cells to make the correct number of syn
apses with their main synaptic targets, the Purkinje cells 
(Lewis et al., 1976; Rabie et al., 1979a). 

In hyperthyroidism, both synaptogenesis and parallel 
fiber growth are accelerated in the molecular layer during 
the first 3 weeks after birth (Nicholson and Altman, 1972b,c; 
Lauder, 1978). In fact, a dramatic increase in the final 
length of parallel fibers is apparent in such animals. The 
net result is a normal density of synapses in the molecular 
layer by 24 days, despite the fact that there is a profound 
deficit in the number of granule cells contributing to this 
neuropil (Nicholson and Altman, 1972a). There is no effect of 
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excess thyroxine on the number of synaptic varicosities per 
unit length of parallel fiber (Lauder, 1978), yet because of 
the greater length of these axons, each parallel fiber con
tains more than the normal number of these synaptic sites. 
However, the molecular layer has a drastic reduction in 
total numbers of synapses due to the fact that the area of 
this layer is greatly decreased, in part due to the granule 
cell deficit. 

The dramatic stimulation of parallel fiber growth by 
hyperthyroidism may have functional consequences for the 
cerebellum, since longer parallel fibers will excite Purkinje 
cells more laterally placed than these same fibers would 
normally contact. Since the projections of Purkinje cells to 
specific deep cerebellar nuclei differ depending on where the 
Purkinje cells are placed along the medial-lateral axis of 
the folia (Bell and Dow, 1967; Palay and Chan-Palay, 1974), 
additional Purkinje cells may be excited by these longer 
parallel fibers, which will then influence inappropriate deep 
nucei, leading to abnormal functioning of this circuitry. 

Thus, both hypo- and hyperthyroidism lead ultimately to 
significant reductions in total synapses in the cerebellum, 
and probably to functional miswiring of developing neuronal 
circuitry. 

CELL PROLIFERATION AND DIFFERENTIATION IN THE HIPPOCAMPUS 

The hippocampus, like the cerebellum, is a structure 
which undergoes a large part of its development postnatally. 
Therefore, this brain region has also been studied with 
regard to the effects of altered thyroid states during the 
neonatal period. There are both similarities and differences 
in the effects of neonatal hypo- and hyperthyroidism on the 
hippocampus compared to the cerebellum, which may reflect the 
specific differences in ongoing developmental processes and 
their regional specificities. 

various aspects of hippocampal development have been 
exmained, including general areal and volumetric growth, DNA, 
RNA and protein content (Rabie et al., 1979b), proliferation 
and migration of precursor cells (Rami et al., 1986a), time 
of granule cell formation (Lauder and Ingraham, in prepara
tion), dendritic development of granule and pyramidal cells 
(Rami et al., 1986b), and growth of granule cell axons, the 
mossy fibers (Lauder and Mugnaini, 1977, 1980). 

Cell proliferation and granule cell genesis 

Hypothyroidism appears to produce relatively severe 
effects on the volumetric, longitudinal and areal growth of 
the hippocampus in contrast to the forebrain where such 
effects are smaller. Thus there is a desynchronization of 
coordinated growth between these two brain regions (Rabie et 
al., 1979). Such a mismatch could lead to miswiring of 
connecting circuitry and/or behavioral deficits. 
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These hippocampal deficits are accompanied by a sig
nificant decrease in the rate and final amount of cell acqui
sition (Rabie et al., 1979). According to Rami et ale 
(1986a), the effects of Ho on the number of proliferating 
granule cell precursors in the polymorph and granule cell 
layers are largely non-significant, although it appears from 
their Figure 3 that there is a significant decrease in the 
number of proliferating precursors in the polymorph layer at 
the earliest age examined (5 days). In contrast, they found a 
highly significant deficit in the rate of cell migration from 
the polymorph layer to the granular layer. The results of our 
own study on the timecourse of granule cell genesis (Lauder 
and Ingraham, in preparation; see Figure 1 below), indicate 
that Ho leads to an increase in the number of granule cells 
formed on day 2, followed by a reduction in the number of 
cells generated at 5 days and thereafter. This is consistent 
with the results of Rami et ale (1986a). 

In hyperthyroidism, Seress (1978) found a slight stimu
lation of cell proliferation in the polymorph and granular 
layers at 2 days postnatal, followed by a highly significant 
decrease thereafter. This is of interest since we have found 
that Hr produces a significant increase in the number of 
granule cells formed at this time, whereas the number pro
duced thereafter is reduced (Fig. 1). 

It appears, therefore, that both hypo- and hyperthyroid
ism have effects on the proliferation of granule cell precur
sors which influence the time of cessation of their division 
cycle. In both cases there seems to be an early contingent of 
granule cells which begin their differentiation prematurely, 
followed by a deficit in the number of granule cells formed 
thereafter. In Ho, there is also a reduction in the rate of 
migration of these cells from their germinal zone in the 
polymorph layer to their final destination in the granular 
layer. 

Granule and pyramidal cell differentiation 

The development of the granule cell-pyramidal cell path
way appears to be particularly vulnerable to altered thyroid 
hormone levels during the postnatal period. For example, Rami 
et ale (1986b) reported that the dendritic arborizations of 
both of these cell types are hypoplastic in hypothyroid ani
mals, and that the severity of the deficit in pyramidal cell 
dendrites is found in that population of cells which receive 
input from granule cell axons, the mossy fibers. This same 
population of cells is the most responsive to replacement 
therapy with thyroxine, according to these authors. 

In a study of the effects of hyperthyroidism on the 
developing granule cell-pyramidal cell pathway (Lauder and 
Mugnaini, 1977, 1980) we found that thyroxine could stimUlate 
the growth of the mossy fibers, in a dose-dependent manner, 
causing them to sprout collaterals which grew down into the 
infrapyramidal region and synapsed with the basal dendrites 
of pyramidal cells. Normally, the mossy fibers innervate only 
the apical pyramidal cell dendrites where they synapse on 
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Figure 1. Effects of hypo- (Ho) and hyperthyroidism (Hr) on 
granule cell genesis (time of origin) in the rat hippocampus. 
Cells were labelled with 3H- t hymidine (6.7 Ci/mM, 10 uCi/g 
bw) on the days indicated and animals were allowed to survive 
to 60 days of age prior to sacrifice. Heavily labelled cells 
(HL) are assumed to have stopped proliferating on the day of 
thymidine injection since they have not undergone label 
dilution. Animals were made Ho and Hr as described in the 
text. Counts of HL and total cells (TC) were made in the 
dentate gyrus using matched horizontal sections. Data are 
expressed as HL/TC . • ---. : controls; 0---0 : hypothyroid; 
~---~ : hyperhtyroid. * = p <.05 (Fisher multiple F test). 

From Lauder and Ingraham, in preparation. 
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large dendritic spines ("excrescences"). In Hr animals these 
characteristic spines were also found on the basal dendrites 
of pyramidal cells where they received synaptic input from 
the ectopic infrapyramidal mossy fibers. This suggests that 
Hr can lead to changes in axonal growth, and as a consequence 
can also cause dendritic spines and synapses to form on an 
inappropriate part of a target cell. Clearly such miswiring 
of developing hippocampal circuitry could have longlasting 
functional and behavioral consequences. 

CONCLUSIONS 

Investigations of the effects of altered thyroid states 
on postnatal development of the rat brain have demonstrated 
the importance of proper levels of thyroid hormones for all 
phases of neural ontogeny, from germinal cell proliferation 
to axonal growth and synaptogenesis. Although the underlying 
mechanisms for these growth regulatory functions are not well 
understood, it is possible that a common final pathway may be 
found, perhaps at the level of nuclear receptors and gene 
regulation. Molecular biologic approaches to this question 
will hopefully uncover the fundamental actions of these im
portant hormones and further clarify their roles in develop
ment of the nervous system. 
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QUANTITATIVE STUDIES OF THE EFFECTS OF HYPOTHYROIDISM ON THE DEVELOPMENT 

OF THE CEREBRAL CORTEX 

INTRODUCTION 
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C.S.I.C., Madrid 

It is very well known for many years that neonatal hypothyroidism 
deranges the development of the cerebral cortex (C.C.), producing profound 
and often irreparable alterations in its structure4 ,7. 

It seems therefore important to study how this derangement is 
produced, trying to establish where, inside the structure of the C.C., the 
damage is more pronounced, and how it evolves once the hypothyroid 
condition is established. 

The extreme complexity of the neuropil which forms the microstructure 
of the C.C. imposes some limitations to these types of studies as, due to 
this complexity, the differences induced in it by any pathological 
condition is, in most cases, far from being evident by a simple inspection 
at the microscope of a section of the C.C. properly stained. 

To look at a microscopic section of the C.C. stained by any silver 
procedure is, in some way, similar to looking at a screen where many 
pictures are projected simultaneously. If we do not have the proper 
filters which allow us to see these pictures individually we reach the 
apparent paradox that, because of the excess of information present on the 
screen, we do not get the information contained in it. In this respect 
mathematical models and some special mathematical algorithms are, in a 
sense, one of the types of "filters" which can be used to obtain the 
information contained in one section of the C.C. stained according to the 
rapid Golgi procedure. This makes possible the study of some of the 
properties of the structure of the neuropil of the C.C., and how this 
structure is affected by some pathological conditions, such as 
hypothyroidism. 

Eayrs4 was one of the first to apply quantitative techniques 
study of the effects that hypothyroidism has on cortical neurons. 
he deserves the credit of having been a pioneer in these types of 

to the 
Although 

studies 
at a time when sophisticated computer techniques were not available, his 
results, probably because of the lack of technical facilities, were not 
conclusive. Thus, he already mentioned that this pathological condition 
affects the density of the dendritic arborization of cortical neurons, but 
did not mention if this effect was produced with preference in some 
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Fig. 1. Microphotography of a portion of the 
apical shaft of a pyramidal neuron of 
the layer V of the cerebral cortex of 
a rat 30 days old, showing dendritic 
spines distributed along it. Rapid 
Golgi method. 

specific region of this structureS. This result leads, further, to the 
idea, generally accepted, that hypothyroidism affects the morphology of 
cortical neurons as a whole making them hypoplastic6 ,14. Nevertheless, the 
mathematical study of the distribution of dendritic spines along the apical 
shafts of pyramidal neurons of layer V, and the density of the dendritic 
arborization of pyramidal cells of layer III of the C.C., has shown that 
hypothyroidism induced by surgical thyroidectomy performed on Wistar rats 
at neonatal 10 ,23,27 or adult ages 22 affects more profoundly the region of 
these neurons located in the superficial layers of the C.C. than elsewhere. 

The simple microscopic observation of the sequence of dendritic spines 
along the apical shafts of pyramidal neurons (Fig. 1), leads us to think 
they are distributed at random along them. Nevertheless, in 1969, a 
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mathematical study of the number of spines, counted in portions of 50 ~. 

along the apical shafts of pyramidal neurons of layers III and V of the 
visual cortex of the mouse, allowed us to demonstrate that the spines are 
not distributed at random along these shafts, but according to a very well 
defined distribution30 similar to the ones shown on the left-hand panel of 
Fig. 2. The properties of this distribution and of its evolution with the 
age of the animal were, further, described by a set of equations or 
mathematical mode1 28 . This model was found to be valid to define the 
distribution of spines along the shafts of pyramidal neurons of cortices 
other than the visual and for species other than the mouse, such as rat, 
hamster, cat, monkey and man. With it it was possible to describe the 
changes induced by total darkness in the maturation of the mouse visual 
cortex28 . 

The im~ortance of dendritic spines in the establishment of neuronal 
connections, and the results obtained from the above mentioned study of 
the effect of darkness on the development of the mouse visual cortex, lead 
us to think that this mathematical model could be used, as a tool, to study 
the effects of hypothyroidism on the development of the cerebral cortex. 

STUDIES OF THE DISTRIBUTION OF DENDRITIC SPINES 

In order to study, with the help of the above mentioned mathematical 
model and some mathematical algorithms derived from it, how neonatal 
hypothyroidism affects the development of the C.C., 5 groups of 8 Wistar 
rats each were surgically thyroidectomized when they were 10 days old (T). 
All these groups of animals and their age-paired controls (C) were killed 
at 20, 25, 30, 40 and 80 days of age. The portion of their brains 
containing the primary visual and auditory areas of their C.C. were stained 
according to the rapid Golgi procedure, slightly modified by us 25 , and 
sections 200~ thick of these areas were prepared and mounted. The number 
of dendritic spines were counted on consecutive segments 50~ long, along 20 
apical shafts of pyramidal neurons of layer V of the cerebral cortex of 
each group of rats, and the data obtained were stored on the permanent 
magnetic memory of a PDP 11/40 computer for further study. 

The results obtained from this study showed that T, performed on rats 
at 10 days of age, produces, from 10 to 30 days, a smaller increase in the 
total number of spines counted along the apical shafts than during normal 
development. From 30 days of age onwards T produces an arrest of the 
increment of the total number of dendritic spines along the shafts. 
Furthermore, while it was possible to fit with the mathematical model the 
distribution of dendritic spines along the apical shafts of pyramidal 
cortical neurons of T rats 10, 20 and 30 days old, it was no longer 
possible to find this fitting for T animals older than 30 days. Therefore, 
T performed on rats at 10 days of age produces, not only an arrest in the 
production of dendritic spines in their C.C., but also (and what probably 
is more important) distortion of the distribution of these elements along 
the apical shafts of pyramidal neurons of layer V of the cerebral 
cortex24 ,25 

Considering that these shafts run through the whole depth of the 
cortex, and that the dendritic spines of these shafts receive 80% of the 
specific afferent fibers reaching the C.C. 3, these results indicate that T, 
induced in the neonatal period in rats, produces a general derangement of 
the connective properties of the primary areas of the C.C. 

Nevertheless, as a consequence of the results obtained from the study 
of how different T4 treatments, applied to T rats, could restore the above 
described damage 24 ,27, it was found that the derangement produced by 
neonatal T on the connectivity of layer V cortical pyramidal neurons is not 
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Distributions of Dendritic Sp ines 
Vi sual Cortex: 60 days old rats 

Differences (a) in the mean number 
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Fig. 2. Effect of thyroidectomy at 10 days of age (TI0)' and of 
T4 treatments, started at 12,20 and 40 days of age, on 
the distribution of spines along the apical shafts of 
pyramidal neurons. The left-hand panel shows the 
experimental distributions corresponding to C, T and 
treated rats. Vertical bars represent 95% confidence 
intervals. The values of X2 indicate the degree of fit 
of the distributions to the mathematical model, a 
value >4.5 indicating lack of fit. The right-hand panel 
shows the differences between the number of spines of 
equivalent segments of the distribution of T and treated 
rats and those of C animala. Data are from Ruiz-Marcos 
et a!. 27 . 

uniform along the whole depth of the C.C., being stronger on the more 
superficial region. 

The left-hand panel of Fig. 2 shows the experimental distributions of 
dendritic spines, measured along the apical shafts of layer V cortical 
pyramidal neurons of five different groups of rats, all of them studied at 
the same age, 60 days. One of the groups (TiO) was thyroidectomized when 
the animals were 10 days old and remained untreated throughout their life. 
Three of them, also T at 10 days, received a daily injection of 1.5 IIg. 
thyroxine (T4)/100 g. of body weight, starting the treatment for each of 
these groups when they were 12, 20 and 40 days old, respectively. The 
fifth group (C) was sham operated and served as control. The values of the 
X2 parameter, shown on the figure, obtained from the fitting between the 
experimental distributions and the mathematical model showed that, while 
the T4 treatments started 2 and 10 days after T could restore the 
distribution of dendritic spines to the normal condition corresponding to C 
animals, the treatment started 30 days after T had no effect on the 
restoration of the damages produced by T on the distribution of dendritic 
spines. 

In the right-hand panel of Fig. 2 are represented the differences 
between the number of dendritic spines, of equivalent segments, of the 
distribution of T and treated rats and those of C animals. The figure 
shows that these differences increase with the distance to the cell body, 
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reaching their maximum value on the region of the shafts located in the 
more superficial layers of the C.C. Concerning these differences, it seems 
important to notice that the effect of T on the initial segments of the 
apical shafts, placed in layers V-IV of the cortex, is opposite to the one 
produced on the distal parts of these shafts, located in the superficial 
layers of the C.C. Although it still remains to find an explanation of 
this opposite effect of T on both regions of the apical shafts, the results 
obtained indicate that this last effect of T on the proximal part of the 
shafts is not as strong as the one produced on the distal part, as it can 
be completely reversed by T4 treatment started 2 days after T. 
Furthermore, the fact that all these differences have been studied in 
animals of the same age, 60 days, and that they decrease as the onset of 
the treatment is closer to the day on which T was performed, shows that 
they are a direct consequence of T and not due to some other causes8 . 

The direct conclusion drawn from these results is that, at least 
concerning the dendritic spines distributed along the apical shafts of 
pyramidal neurons of layer V of the C.C., the effect of T performed at 10 
days of age is not uniform along the length of these shafts, being stronger 
in the region of these shafts located in the more superficial layers of the 
C.C. At this point the question remains whether this effect is only 
dependent on the distance to the cell body, or is due to a general 
derangement of the region of the C.C. where it is produced, something which 
was somewhat clarified by further experiments. 

STUDIES OF DENDRITIC DEVELOPMENT 

Obviously, the connectivity of the neurons does not depend only on the 
total number of dendritic spines present along their dendrites, but also, 
among other aspects, on the general structure of their dendritic 
arborization. 

In order to study the effect that T could have on the structure of the 
dendritic arborization of pyramidal neurons, a total of 18 such neurons, 
chosen at random from layer III of the visual area of the C.C. of 10 
control Wistar rats 80 days old, and an equal number of neurons of the same 
layer of the C.C. of 10 rats of the same age, T when they were 10 days old, 
were drawn using a camera lucida with a total magnification of SOOX. 
Following a procedure described in detail elsewhere l9 ,23 the 3 spatial 
coordinates of the most important points of the dendritic structure, i.e. 
origin of each dendrite at the soma, inflection points, bifurcation points 
and end points, were codified and stored in the permanent magnetic memory 
of a PDP 11/40 computer, according to the instructions of a special program 
made by us, named ADQUI, for further quantitative study. 

The program ADQUI makes use of a sonic digitizer, directly connected 
to the computer. With this digitizer it is possible to introduce into the 
computer memory the values of the three spatial coordinates of the selected 
points to which the preceding set of coordinates corresponds. The values 
of the two planar (X,Y,) coordinates are transferred by simply touching the 
corresponding point with the pen of the digitizer. The third coordinate 
(Z) of these points is measured at the time the drawing of the neuron is 
made using a sensor (Millitron) attached to the fine focus of the 
microscope. These values were transferred to the computer memory by 
touching with the digitizer pen one special scale printed for this purpose 
on the digitizer board. 

As proof that the machine is able to interpret coherently all 
information as a neuron, and to handle it properly, another program DYNFOT 
was written in FORTRAN language. Following the instructions of this 
program the computer is able to reconstruct the whole dendritic 
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Computer reconstruction of the dendritic structure of a 
pyramidal neuron. In the upper-left panel is shown a 
microphotograph of the neuron. In the upper-right the 
reconstruction, made by the computer, in its original 
position. On the lower-left, rotated 90· around the Y axis 
(as seen from below), and on the lower-right, rotated 90· 
around the Z axis (as seen from the side). In these two 
last representations, it can be observed how the basal 
dendrites of the neuron have been cut by the knife of the 
microtome, given the superficiality of the neuron in the 
section. Data are from Ruiz-Marcos 21 
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Procedure followed by the computer to calculate the mean 
dendritic density matrix corresponding to three hypothetical 
neurons. The neurons are projected on a grid, annotating on 
each individual square the total dendritic length crossing 
it. The numerical matrices corresponding to each individual 
neuron are added, and the matrix sum obtained is normalized. 
Reprinted from Ruiz-Marcos and Ipifia23 , by courtesy of 
Elsevier Biomedical Press, Amsterdam. The Netherlands. 

arborization of the neuron showing it on its vectored screen. As the 
machine has the spatial information corresponding to each point of the 
neuron, making use of the rotational matrix it can recalculate the position 
of each point of the dendritic structure, after rotating it in any of the 
three angles of space, and once these positions have been calculated, to 
show the rotated structure on its screen. Fig. 3 shows an example of the 
reconstruction, made by the computer, of a particular neuron shown in the 
microphotograph in the upper-left hand panel of the figure 20 ,21 
Nevertheless, it is to be pointed out that, although this rotation 
algorithm and its consequent program is useful to study the shape of the 
dendritic structure of a neuron, it is useless to detect the influence that 
any given pathological condition, such as hypothyroidism, could· have on the 
dendritic structure of a neuronal population. 

With the aim of studying the effect that any given pathological 
condition has on the dendritic structure of a set of N neurons, Ruiz
Marcos and Valverde 29 developed a special algorithm which was later 
perfected by Ruiz-Marcos1 9 

According to the revised version of the algorithm and following the 
instructions of a new program named ACRON, the computer creates a virtual 
grid on its memory, "projects" each individual neuron over the grid (making 
the soma of the neuron to coincide with the center of the grid) and 
measures the total length of dendrites crossing each individual square 
forming the grid (Fig. 4). According to this procedure the computer 
transforms one neuron into a numerical matrix. Once the individual 
numerical matrices, corresponding to a homogeneous group of neurons, (i.e., 
neurons belonging to the same area and layer of the C.C. of animals of the 
same age, raised under the same condition) have been calculated, the 
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computer proceeds further, adding together all these matrices, finding the 
matrix sum corresponding to the N original neurons of the group. 

The value obtained by the individual elements of this matrix sum 
clearly depends on the total number of neurons (N) entering the computation 
and on the area of the individual squares forming the grid. In order to 
normalize this matrix sum, thus making it independent of these two factors, 
each individual element of it is divided by the number N of original 
neurons entering the computation, and by the area of each individual 
square. As a final result we obtain one normalized mean matrix or ACRON 
(from Average Computed neuRON). The elements of this ACRON represent the 
mean dendritic densities of the group of neurons entering the study, at a 
certain distance from their cell body, defined by the position of each 
square inside the grid. 

Simultaneously with the calculation of the ACRON corresponding to a 
group of neurons, the computer calculates and stores in its memory the 
corresponding variance-covariance matrices. This last calculation allows us 
to proceed further, comparing the ACRONs corresponding to two homogeneous 
groups of neurons. 

In order to find possible existing differences between two ACRONs (or 
density matrices), the differences between the homologous elements (those 
which have the same position in the ACRONs) are calculated and, according 
to a specific statistical procedure, the computer finds the level of 
statistical significance of these differences. The machine is then 
instructed to print a sign +, on those places of the ACRONs where the 
differences (C-T) are positive, and statistically significant beyond a 
certain level of significance given to the computer as one of the initial 
data. On those places where the differences are negative, and 
statistically significant, the computer prints a sign -, and prints blanks 
on the remaining places where the differences are zero or not statistically 
significant. 

Fig. 5 shows a superimposition of the schemes of three layer III 
cortical pyramidal neurons and the computer results, obtained from the 
comparison of the two already mentioned samples of pyramidal neurons, of 
layer III of the C.C. of C and T rats. It is to be noticed that similar 
results have been obtained from the comparison of two independent neuronal 
samples of C and T animals, using two different statistical criteria, 
described in detail by Ruiz-Marcos 19 and Ruiz-Marcos and Ipina23 . 
According to these results, the region of the dendritic arborization of the 
pyramidal neurons more affected by T is the one located in the more 
superficial region of the C.C., and corresponds to the apical tuft of these 
neurons. 

Further studies made by Ruiz-Marcos and Ipina23 of the intensity of 
the effect of T on the dendritic density of pyramidal neurons showed that 
this intensity increases as the distance from the cell increases along a 
line parallel to the apical shafts of the pyramidal neurons, reaching a 
maximum at the upper most part of the neuron. This last result was similar 
to that already mentioned, concerning the effect of T on the number of 
dendritic spines along the apical shafts of pyramidal neurons of layer V of 
the C.C. 22 ,27. 

To find out which of the different possible parameters (such as: 
number of dendrites, dendritic length, index of ramification, etc.) which 
define the dendritic structure of a neuron could be more affected by T, 
Ipina and Ruiz-Marcos lO defined the whole dendritic structure of a 
pyramidal neuron by a set of 10 such variables. The results obtained by 
these authors from the multivariate analysis of the values attained by 
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these 10 variables in layer III pyramidal neurons of C and T rats, showed 
that the decrease of dendritic density is due to a failure of the 
development of the dendrites of the apical tuft region of pyramidal neurons 
of T animals which, as a consequence, became shorter. 

Furthermore, the results obtained by Berbel et al. 1,2, from the 
studies of the effect of neonatal hypothyroidism on the microtubule density 
and on their arrangement inside the apical shafts of pyramidal cells of 
layer V of the C.C. of rats, and on the density of myelinated profiles in 
different layers of their cortex, showed that these neuronal elements also 
were more affected by hypothyroidism in the more superficial layers of the 
cortex than in the rest. 

Fig. 5.- Superimposition of the schematic drawings of 
three pyramidal neurons, and the results 
obtained from the comparison between the mean 
dendritic density matrices, corresponding to 
two neuronal samples of C and T rats. Signs + 
indicating C>T, with P<O.OS. Data are from 
Ruiz-Marcos and Ipina23 . 

CONCLUSION AND DISCUSSION 

The similarity of all these results, and the fact that the more distal 
region of the basal dendrites are not affected by T, seems to indicate that 
the more pronounced effect of T on the more distal region of the apical 
shafts of pyramidal neurons could be due to a general derangement of the 
more superficial layers of the C.C., and not only to an effect due to the 
distance to the cell body. 
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Taking into account the inside-out theory of cortical plate and 
neuronal development formulated by Rakic 16 ,17, according to which the more 
superficial layers of the C.C. are the first to mature, we could think that 
this non-uniform derangement produced by neonatal hypothyroidism on the 
development of the different layers of the C.C. is due, at least in part, 
to the different time and rate of their maturation. However, the study of 
the relative reduction of dendritic spines along the apical shaft of 
pyramidal neurons of layer V of the C.C. of rats 90 days old, T in 
adulthood at 40 days of age 22 , showed again that this reduction is greater 
in the superficial layers of the C.C. than in the rest, in a form similar 
to the one shown on Fig. 2. As the neurons were already matured at the age 
of 40 days, when the thyroidectomy was performed on these rats, this effect 
cannot be attributed only to early maturation, making it necessary to think 
of other causes besides development by which hypothyroidism affects more 
profoundly the superficial region of the C.C. 

The results obtained by several authors according to which the 
development of the different subregions of the pyramidal neuronal dendritic 
arborizations l1 ,15 and the production of dendritic spines9 ,18,31 is 
influenced by the afferent axonal system to the C.C. lead Ipina and 
Ruiz-Marcos 10 to interpret the results described in the present work .s 
being a consequence of the possible damage, induced by T, on the afferent 
systems to the plexiform cortical layers and, therefore, on the neurons 
where they originate. These neurons, according to the hypotheses suggested 
by Marin-Padilla, are the ones located in the mesencephalic nuclei of the 
reticular formation, as well as the Cajal-Retzius and Martinotti 
cells 12 ,13. 

Concerning these last considerations, although some of the effects of 
T performed in adulthood are similar to those produced by neonatal T it is 
important to point out that, contrary to the findings after early 
hypothyroidism25 , T performed at adult age does not produce any distortion 
of the distribution of spines along the apical shaft of layer V cortical 
pyramidal neurons 22 ,26. These last results can be taken as an indication 
that, although hypothyroidism may somehow affect the structure of the C.C. 
even if it starts at an adult age, the effect of this condition on the 
afferent systems to the apical shafts of the pyramidal neurons, and 
therefore on the neurons where they originate, should be if anything less 
intense than that produced by hypothyroidism induced early during the life 
of the animal. 
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MIrno'IUBULE ASSEI>lBLY: RmJIATIOO BY THYROID lI)RMJNES 

J. Nunez, D. Couchie and J. P • Brion 

INSERM U 282 - CNRS, HOpital Henri lb'ldor 

94010 Cn§teil, France 

'lbe pioneer work of Fayrs (1) and Iegrand (2) have established, 
several years ago, that the nost significant of the abnormalities seen in 
the brain of a hypothyroid animal is a "hypoplastic neuropil". Fayrs (1), 
for instance, reported that thyroid honoone deficiency, when established 
at or before birth, reduces, in the cerebral cortex, the length and the 
branching of the derorites of the pyramidal neurons, the density of the 
tenn:inals and the number of spines. Iegrand (2) also reported a pennanent 
and dramatic reduction in the arborization of the deroritic tree of the 
Purkinje cells in the cerebellum. Iauder (see another chapter of this 
book) noticed that the average length of the parallel fiber (Le. the 
axons of the granule cells) is shorter in the hypothyroid cerebellum. 
'!bus, at the lOOrphological level, both axonal and deroritic outgrowth 
seems to be inprired by early thyroid homone deficiency. Several other 
abnonnalities (see 3 for a review), Le. deficit in cell acquisition, 
retardation in the timing in cell migration, increase in cell death and 
in glial cell proliferation, decrease in myelination and synaptogenesis 
might be secondary to a reduced rate of neurite outgrCMth. ~ 
thyroid honoones might exert lOOre than one effect on the different 
neuronal develO!;J!leIltal events. ~reover the glial cells (the 
oligoderorocyte for instance) seem to contain receptors for these 
honoones and to be their targets (see the article of Sarlieve in this 
book) • 

Little is known of the mechanism by which neurite outgrCMth begins 
and llcM this event is regulated during the early stages of neuronal 
differentiation. What is known is that massive microtubule assembly is 
required both "in vivo" and in cultured neurons during neurite outgrowth. 
Microtubules are good markers of neurites and of neurite outgrowth since: 
1) in cell culture the extension of cell processes is very efficiently 
inhibited by the same antimitotic drugs which inhibit microtubule 
assembly (4-7) ; 2 ) ~y are the major linear structure of the axons and 
the deOOrites; 3) tubuL.. represents 70% of the proteins of the neuronal 
processes; 4) the ratio between free tubulin surunits and tubulin 
assembled into microtubules decreases during neurite outgrowth. 

Microtubules can be assembled "in vitro" fran crude brain 
supernatants (7) and purified (8) by cycles of polymerization at 37°C and 
depolymerisation at 0-4°C. 'lbese purified microtubules are long helical 
structures made up of tubulin (see 9 for a review), a protein of 11 0 
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Figure 1. Protein :i.mrunoblot of juvenile and adult Ml\Ps. lanes 1,2: 
CoaMssie blue staining of adult (1) and juvenile (2) thenrostable Ml\Ps. 
lanes 3-6: protein inmunoblot of adult (3,4) and juvenile (5,6) Ml\Ps with 
a pol yclonal (3 , 5) or a 1OOJ'lOC1onal ( 4 ,6) anti -Tau antibodies. lanes 7,8: 
protein :i.mrunoblot of adult (7) and juvenile ( 8 ) Ml\Ps with an anti -Ml\P2 
polyclonal antibody. 

kilodaltons 1OO1ecular \!'leight, which represents 80% of the polymer, and of 
several microtublle-associated proteins (Ml\Ps) • Up to 35 Ml\Ps 
oopolymerize with microt:urules during "in vitro" assembly (10). 1\trong 
these entities bolo major groups of Ml\Ps i.e. a group of bigh"'1OOlecular 
\!'leight proteins (10,11) known as Ml\P 1 (350 kilodaltons) and Ml\P 2 (280 
kilodaltons), and a group of proteins known as Tau (50-70 kilodaltons) 
(12) has been pn-ified. All these Ml\Ps are able to praoote the assembly 
of purified tubllin. Pure turulin very poorly polymerizes in the absence 
of Ml\Ps. 

DIF'FERENrIAL EXPRESSlOO OF Ml\Ps DURING BRAIN DEVElDPMENT 

~titative and qualitative changes in the expression of MAPs 
cx::cur during brain developnent. Changes in CClTp)Sition of Tau proteins 
were the first to be documented (13,14): two proteins of 48 and 65 
ki1odaltons are present in the Tau region of the SDS-polyacrylamide gels 
at :imnature stages whereas in adulthood the Tau oarplex is oarposed of 
4-5 entities of 50-70 kilodaltons. Recent data (15) sOOwed hc:Mever, that 
aUy the juvenile entity of 48 kilodaltons is :i.mrunologically related to 
the Tau family (Fig. 1) • '!he juvenile 65 kilodaltons protein belongs 
:i.mrunologically to the Ml\P2 family (15,16) ("small Ml\P2"). Differential 
expression of the bigh"'1OOlecu1ar weignt Ml\P2 has also been reported (17): 
one entity is present at early developrental stages (Ml\P2b) and bolo in 
adulthood (Ml\P2 a and b). Finally the CClTp)Sition of the Ml\Pl family (350 
kilodaltons) also changes during brain deve1~t (16). 

MICROTUBOLE ASSEMBLY DURING BRAIN DEVElDPMENTi EF'F'l'r.['S OF 'lHYROID IDIM:Im 
DEFICIENCY 

'!he tuOOlin which is present in the supernatant prepared fran 
euthyroid fetal or new born brain barely polymerizes "in vitro" (18). '!he 
rate of assembly increases with age reaching maximal values in adulthood 
(Fig.2). When this work was begun several years ago, feN assunptions were 
IIBde to explain why tubulin polymerizes so differently depending on the 
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stage of developnent. '!be only one which was awarently SUWOrted by the 
experiJrental data was that the MAPs were present in limiting 
concentrations at :imnature stages: adding the mixture of mature MAPs or 
only one of them, adult Tau for instance, to the juvenile preparation 
increased the rate of assembly up to that measured in adulthood. IbleVer 
the discovery that juvenile Tau am MAP2 are less active in praoot:ing 
microtUOOle assembly than the oorrespoOOing adult MAPs (14) raised the 
possibility that the qualitative changes in MAPs OCI'Ip)Sition might be 
responsible for the lower polymerization activity seen at early stages of 
developnent. 

MicrotUOOle assembly fran hypothyroid preparations (Fig. 2) was also 
tested (19,20): at day 15 postnatal the polymerization activity was 
similar to that measured at earlier stages (3-5 days) with the euthyroid 
preparations. Analysis of the MAPs present at day 15 postnatal also 
showed a higher prqx>rtion of inmature Tau than in the control of the 
same age (20) • '!his suggested that the transition between juvenile am 
mature Tau is delayed in hypothyroidism, a conclusion which might be 
sufficient to explain the lower polymerization activity produced by 
thyroid honrale deficiency. 
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Figure 2. OJanges in the rate of in vitro microtuWle assembly during 
brain developnent. 'Ihese rates were measured for the guinea-pig a species 
which has a mature brain at birth am the rat am IIDIlSe which develop 
their brain postnatally. '!he figure also s:OOWS that the changes in the 
rates of microtUOOle assembly is delayed for the hypothyroid rat brain. 

'lEE POLYMERIZATIOO ACTIVITY OF JUVENILE Tau AND MAP2 

"In vitro" reconstitution experiments showed that prre tUOOlin 
polymerizes very. efficiently "in vitro" in the presence of either Tau or 
MAP2 (21). '!be structure of the microtUOOles obtained in such conditions 
is very similar am awarently identical to that seen in the intact cell. 
Juvenile Tau am MAP2 also produce microtUOOles when incubated with prre 
tumlin; hcwever the rates of assembly am overall polymerisation were 
lower than those observed with the adult oorrespcnling MAPs (14) • '!his 
suggests that the equilibrium of tul:ulin assembly is different deperrling 
on which MAP is used Le. juvenile or adult. 
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'!be mechanism of action of MAPs on tub.llin assembly is still poorly 
uOOerstood. One possibility is that the different MAPs IOOdify the 
confomation of this protein in a way which facilitates its interaction 
with other tubulin 1ID1ecules; another possibility is that tubulin 
contains the infomation required for self-polymerization, the role of 
MAPs being to stabilize the microtubule lattice thus displacing the 
equilibritml towards assembly. 

Although it has been srown that injecting adult Tau into a cell 
results in the stabilization of the microtubules (22) , none of these 
mechanisms is entirely proved so far. However if one remembers that 
neurite outgrowth is highly deperx1ent on the efficiency of microtul:ule 
assembly it is clear that both mechanisms would account for the reduced 
rate of neurite outgrcMth seen at early developnental stages and in the 
brain of the young hypothyroid anilIals. 

REX;IONAL AND CELll.lI.M. DISTRIBUTIOO OF THE M1\JOR MAPs 

Although the presence of up to 35 MAPs in "in vitro" assembled 
microtul:ules has been reported (10) several years ago, the precise 
significance of such a heterogeneity is still UllCCIIpletely understood. 
'!be ftmCt:ion of sane of the MAPs which are rot prarotors of tubulin 
assembly has been recently elucidated: for instance sane minor MAPs (23) 
are responsible for the mvement of vesicles along the axonal 
microtubules i.e. the retrograde and anterograde axoplasmic transport 
(24). 

As far as the major MAPs are concerned, a very intx>rtant finding 
was achieved. by using imrunohistochemical techniques awlied to whole 
brain sections. '1hese experimental awroaches allowed to show that: 1) 
MAP2 and Tau proteins are essentially neuronal markers; hoNever 
imnunologically related proteins are also present in the astroglial cells 
rut at a nuch la-rer concentration (25) ; 2) in the neurons MAP2 is 
essentially dendritic (26), whereas Tau is present in the different types 
ofaxons (27,28). '!his suggests that microtubules differing in the type 
of MAP they contain, and therefore probably in their properties, are 
present in the axons and the dendrites respectively. 

Recently, develq:mental studies were undertaken (29) to krx:Jw how 
juvenile and adult Tau are expressed in the different types ofaxons 
which begin to be fonned in the cerebelltml of the rat during the first 
postnatal weeks, i.e. fran birth until adulthood. We found that imnature 
Tau is expressed in the growing axons: its presence was observed, at 
early stages, only in those axons that are in vicinity of their future 
postsynaptic counterparts. For instance, few days after birth in the 
cerebelltml the climbing fibers clearly express imnature Tau; at this 
stage the climbing fibers make transitory contacts with the cell body of 
the Purkinje cells whereas, at later stages they synapse with the 
derKlrites of these macroneurons. '!he parallel fibers, i.e. the axons of 
tN> granule cells, which beg' to grow few days after birth, express the 
Tau antigen only several days later (awroJdmately at day 10) and only in 
the regions where their postsynaptic counterpart, the dendrites of the 
Purkinje cells are already develowed and stained by an anti -MAP2 
antibody. In other words the presence of Tau in the axons and of MAP2 in 
the derKlrites seem to be synchronized and expressed only when the blo 
types of neuronal processes begin to synapse. 

A similar conclusion awlies to the cerebelltml of a hypothyroid rat 
(Fig.3) rut at day 15 postnatal the maturation process is delayed and 
several aJ::R)rmalities are observed (Brion et al., unp.lblished results). 
For instance the expression of Tau in the parallel fibers resembles at 
day 15 that observed at day 10 in the euthyroid control. Major 
abnormalities were also seen at the level of the Purkinje cells. labeling 
with an anti -MAP2 antibody showed that: 1) as previously described by 
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Figure 3. Immmohistochemi.cal staining of 14 day old euthyroid (A,B) arrl 
hypothyroid (C,D) rat cerebellum with anti-Tau (A,C) arrl anti--MAP2 (B,D) 
antibodies. Purkinje cell body (P) arrl their derrlritic tree (D). Parallel 
fiber axons (A). 

Legrarrl (2) the derrlritic tree is markedly reduced in size with a long 
primary derrlrite arrl a defective arborization: 2) two or three layers of 
Purkinje cells are piled up in several regions of the cerebellum: 3) sane 
Purkinje cells seem to develop their derxkitic tree downwards i.e. 
towards the granular layer: 4) the cell body of all these macroneurons is 
heavily stained by the anti-MAP2 antibody i.e. a situation which is 
observed in the euthyroid oontrol at earlier stages (5-8 days postnatal). 

EXPRESSlOO OF Tau mRNA DURING BRAIN DEVEIJJPMENr 

A Tau eDNA probe, prepared fran an imnature brain cDNA library, 
hybridizes with Tau mRNAs of 6 kb enooding both for juvenile arrl mature 
Taus (29 ) • 'Ihls probe was therefore used (30) to quantitate both imnature 
arrl adult Tau mRNAs during brain deve10p00nt. Northern arrl dot blot 
analysis showed that the abumance of Tau mRNA doubles fran a late fetal 
stage (-4 days) until birth, remains constant until day 6 postnatal arrl 
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Figure 4. Devel.otmental changes of 
(f:mn birth to 36 Clays postnatal). 

brain Tau mRNA concentration 

then decreases progressively until day 21; f:mn this stage until 36 days 
postnatal the Tau mRNA oontent is awroximate1y 10 fold lower than at day 
6 (Fig. 4). '!be concentration of the tutulin mRNA, which also markedly 
decreases during brain developnent (31) closely follows that of Tau 
mRNAs. 'lhls suggests that the transcription am/or the stability of the 
IreSsages for Tau am tumlin are ooordinated. In addition, the very 
marked decrease in ooocentration of both mRNAs seen after the first 
postnatal week contrasts with the relative stability in abmdance of the 
correspaxling proteins; the concentration of turolin decreases only b«> 
fold between day 10 postnatal am adulthood (32) whereas that of juvenile 
+ adult Taus does not change as drauatica11y as their mRNAs during 
deVelopnent (unplblished results). One nay therefore speculate that the 
rate of transcriptioo am/or the stability of the IreSsages for Tau am 
tumlin are negatively regulated after the first postnatal week whereas 
the stability of the correspoOOing proteins increases during developnent. 
One possibility is that Tau am tutulin are stabilized both because they 
are assembled into the microtubules am because they closely interact 
with other CCIIpJIleIltS of the cytoskeleton (33-37). 

Recently experiments were performed to koow whether hypothyroidism 
has sate effect on the expression of Tau mRNAs. SUrprisingly, at 
different stages of brain deve1opnent, the concentratioo of Tau mRNAs was 
found to be higher in the hypothyroid preparations cxmprred to the 
euthyroid ones of the same age. 'lhls suggests that the biphasic evolution 
of Tau mRNA concentration seen during euthyroid brain developnent is 
delayed in hypothyroidism. 

DISCUSSIOO AND cnK.llJSIOOS 

'!he oooclusions suggested by the kinetic data obtained few years 
ago were that: 1) the microtubule polymerization activity increases 
during brain deve1qment. 'lhls evolution seems to be related to the 
differential expression of the microtubule-associated proteins, such as 
Tau proteins, differing in size am in polymerization activity; 2) 
thyroid honrones increase the polymerization activity probably because 
they accelerate the transitioo f:mn the imnature to the IOOre active 
nature Tau foms. 1k:WeVer, little was koown on the mechanism that 
generates Tau heterogeneity at different stages of brain developnent, am 
on the site of action of thyroid honoones. 

Two imnature Tau mRNAs have been recently cloned (38) • 'Iheir 
aminoacid sequence is identical with the exception that one of the b«> 
clones contains an additional stretch of 23 residues at the carboxyl 
tenni.nal. Actually, we have recently isolated (unplblished results) three 
juvenile Tau species, differing slightly in IOOlecular weight, which give 
very similar peptide maps upon partial proteolysis; in these ooOOitions a 
large "core" peptide of the same size is produced with the three juvenile 
Tau foms. 'Ibis "core peptide" reacts with an adult anti-Tau nonoclonal 
antil:Jody. '!be same antibody also reveals a "core" peptide of 
awrC»dnate1y the same size produced by partial hydrolysis of the adult 
Tau foms. 'lhls suggests a similar structure am sate hc::Ioo1ogy between 
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the different juvenile and adult Tau forms, at least for the sequences 
which contain the CXII1IDll epit.ope. One should expect, however, to find a 
lower degree of hmDlogy between the juvenile and adult species since 
their peptide maps as shown by silver staining are different (unpJbl1shed 
results). '!be sequences of the different juvenile and adult Tau proteins, 
which will probably be available soon, will probably provide an answer to 
this problem. 

Finally, and since only one Tau gene has been detected (29,39) it 
might be that the juvenile and adult Tau proteins are generated by a 
splic~ mechanism. If this possibility is confirmed an in{mt.ant 
qiiestim will be to know 00w such a mechanism is regulated to aocoont for 
the sharp differential expressim between juvenile and nature Tau which 
is observed durO 9 brain developnent. SUch an infODllatim is probably 
also essential to understand 00w thyroid honn:>nes m:xll.fy the expression 
of these proteins. 

Another inp>rtant questim is related to the functional 
significance of the presence, both at inmature and mature stages, of 
several Tau and MM'2 proteins differing in size; as a general rule the 
smaller species are present at inmature stages, for instance the "small" 
MM'2 of 65 1dlodaltons and the "small" Taus of 48 1dlodaltons. '1hese 
"small" species probably contain the sites of interaction with both 
tubulin and the calJroduli.n-ca2+ OCIIplex (40) which are also present in 
the "big" species (41). It has been shown (42,43) that the 1mg MM'2 
oo1ecu1e can be cut in two large fragments, one which ocntains the 
tubulin binding site, and another one which is probably responsible for 
oonnecti.ng the microtubules to the microfilaments and the neurofi1aments. 
It might be therefore that the juvenile "small" species do not contain 
the sites allowing the interaction of the microtubules with other 
CXIIp)DeIlts of the cytoskeleton. In other words the Tau and MM'2 genes 
would ocntain several dcmrlns coding for the sites responsible 
respectively for different binding activities (tumlin, cahoodulin, 
microfilaments, neurofilaments, etc): a developnentally regulated 
splic· 9 mechanism would thereforP generate a variety of oo1ecules 
differing by the darains they contain. '!his would confer lability and 
therefore plasticity to the microtubules present in the growing neurites. 
In exmtrast, mic:roturule stability wruld increase during brain 
developnent both because adult MM's stabilize the polymer lattice and 
because they al.l.ow their interactim with other OCJttXlDE!nts of the 
cytoske1et:a1. It remrlns to be determined whether the effect of thyroid 
OOX1lDneS on these processes is direct i.e. if it takes place directly at 
the level of the differential expressim of Tau proteins. '!be 
immmohistochemical data also suggest that thyroid hoxoones might 
regulate other aspects of neuronal differentiatim such as the ll\Ei)er of 
layers of the PurJtinje cells, their orientation, the mechanism of 
transport of the neuritic ~ duri 9 outgrowth, etc. 
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INTRODUCTION 

The glial compartment of the central nervous system (CNS) consists 
of a number of different cell types which interact closely together. It 
has been recognized for many years that most interfascicular 
oligodendrocytes of the white matter undergo massive membrane synthesis 
at myelination, leading to the formation and growth of myelin sheaths 
around axons in the CNS. Such oHgodendrocytes probably subsequently 
maintain the integrity of myelin throughout life (for a review, see refs. 
1,2). On the other hand, "critical periods" of accelerated development 
characterized by increased sensi ti vi ty and influenced by external 
environmental factors have been identified during braiL development (3). 
For example, in the rat and mouse, the "critical period" during which 
hormones influence brain development is associated, among other events, 
with rapid myelinogenesis occuring in both species between the 10th and 
30th day after birth (4). During this period, striking morphological and 
biochemical changes have been described. The biochemical parameters which 
best seem to correlate with these temporal changes are the enzymes and 
compounds most closely associated with myelination. Cerebrosides, 
galactosyl glycerol lipids, sulfatides, sulfogalactosyl glycerol lipids, 
and the enzymes catalyzing their synthesis, the myelin basic protein, 
myelin proteolipid protein (PLP) or a synthetic polypeptide composed of 
the C-terminal amino acids of the PLP sequence, Wolfgram protein, 2',3'
cyclic-nucleotide phosphohydrolase (CNP) and pH 7.2 cholesterol ester 
hydrolase are very useful molecular markers for myelination (for an 
extensive review, see refs. 5,6). 

Experimental and clinical data have indicated that thyroid hormones 
(TH) have their most critical influence on the brain during late fetal and 
early postnatal periods (7). Thus, hypothyroidism during this so-called 
"cri tical period", un] ess treated in early infancy, leads to permanent 
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mental retardation and behavioral abnormalities (8). These deficits are 
thought to be partly associated with defects in neuronal growth, 
synaptogenesis (9) and myelination (10-14), resulting from TH deficiency 
during the perinatal period (for a review, see also Nunez et al., present 
book). In contrast, in the hyperthyroid state, myelin synthesis commences 
and terminates earlier (15). 

The rna ture CNS appears to be less vulnerable to altered thyroid 
status, though there are some reports that describe significant 
alterations in neurotransmitter levels (16-18) or ~-adrenoceptor 
concentration (19) and in RNA polymerase r and other enzyme activities 
(20,21). Nevertheless, in the adult animal, dependency on thyroid hormones 
is still controversial (22). 

The identification of the regulators of myelination and their 
mechanism of action at the molecular level have only partially been 
elucidated by studies on the intact animal. Although in yiyo studies (lO
IS) have implicated thyroid hormones as potentially important regulators, 
these studies using whole animals were unable to demonstrate whether 
thyroxine (T4) acts directly or indirectly on the myelin-producing cells. 
Towards this aim we have previously reported that the activity of enzymes 
involved in the production of myelin galactolipids was decreased in the 
brain of the Snell dwarf mouse suffering from a retarded myelination due, 
at least in part, to altered thyroid function. One of the enzymes, the 
3'-phosphoadenosine-5'-phosphosulfate cerebroside sulfotransferase (PAPS: 
CST, EC 2.8.2.11) found in oligodendroglia (23) catalyzes the last steps 
of myelin sulfatide biosynthesis. We have demonstrated (24) that the 
treatment of dwarf mice with T4 during the early postnatal period restored 
the level of CST to normal. 

Nevertheless, manipulation of one hormone in yiyo invariably affects 
the availability and concentration of many other hormones. Therefore, 
cells grown in culture offer the possibility of examining the direct 
interaction between hormones such as L-3, 5, 3' -triiodothyronine (T3) or 
other hormones and a myelin-produc ing cell such as the oligodendrocyte, 
without significant interference from other hormones or factors. We have 
previously described a monolayer primary culture system of cells 
dissociated from cerebral hemispheres of 14-day-old mouse embryos, which 
present successive distinct periods of cell proliferation and/or 
maturation. These periods are characterized essentially as neuronal 
(neuron-enriched) from 1 to 12 days in Titro (nrV), and glial (glial
enriched) between 12 and 60 DIV (25,26). Furthermore, myelin-related 
membranes are produced in this culture system (26,27). 

However, how the interaction of T3 with neural cells is transformed 
into a final biological response is not fully understood. We have 
therefore studied the mechanisms of T3 action on the synthesis of CST and 
have shown that the increase of CST activity may be attributed to enzyme 
induction. Moreover T3 could act transcriptionally (23). 

Since the first step in the action of T3 is the interaction of the 
hormone with its receptor (28), we have also studied the concentration and 
equilibrium dissociation constants of T3 nuclear binding sites in cells 
after various periods of culture. Our data demonstrate that T3 receptors 
are localized predominantly in neuronal nuclei (29). Moreover, specific T3 
binding sites were also observed when a great enrichment of glial cells 
(70 % of astrocytes and 25 % of oligodendrocytes) was attained (around 20 
nIV) in thiS culture system (26). 

However it is not possible to conclude from these results whether 
both types of glial cells contain the nuclear T3 receptors (NT3R). In 
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addition non-spec ific T3 binding sites either in nuclei of cultured rat 
astrocytes (30) or oligodendrocyte nuclei prepared from adult rat cerebral 
cortex with discontinuous sucrose density gradient ultra-centrifugation 
(8,31) have been reported. Therefore, in a collaborat i ve effort between 
three different laboratories the aim of the present investigation was to 
look for NT3R in almost pure cultured rat oligodendrocytes (OL) using 
binding assays for a quantitative evaluation and double indirect iDllluno
fluorescence with a monoclonal antibody against NT3R and a polyclonal 
antiserum against bovine galactocerebroside (GC), to distinguish which 
type of OL (morphologically immature or mature or both) express NT3R. 

CULTURE CONDITIONS AND IMMUNOCYTOCHEMISTRY 

Cell cultures 

Pure cultured astrocytes were prepared by a modification of the 
method of Booher and Sensenbrenner (32). Cerebral hemispheres from newborn 
Wistar rats were mechanically dissociated in Waymouth's medium 
supplemented with sodium pyruvate (110 mg/ml), antibiotics and 10 % heat
inactivated fetal calf serum. Cells from one brain were seeded in 6 Petri 
dishes (100 mm diameter) and the cultures were maintained in the serum 
containing medium for 21 days and then switched for 3 days either to a 
medium containing thyroid hormone depleted serum (33) or to a serum-free 
chemically defined medium. This consisted of Waymouth's medium 
supplemented with 5 Ilg/ml insulin and 0.5 Ilg/ml fatty acid-free bovine 
serum albumin and antibiotics. Pure cultured astrocytes were also prepared 
from 14-day-old embryonic chick brain as described above (32). 

To obtain a pure culture of oligodendrocytes we first prepared a 
primary culture (34) enriched in these cells. The preparation was similar 
to that for astrocytes described above with two differences: 10 % calf 
serum was used instead of fetal calf serum, and cells were seeded at a 
twice higher density. After 20 to 30 days these cultures contain up to 
50 % oligodendrocytes located on the top of the astrocyte layer. These 
cells were dislodged mechanically by a modification of the method of 
McCarthy and De Vel1is (35) as described by Besnard et al. (36) and they 
were seeded on poly-L-Iysine coated Petri dishes (60 mm diameter) in the 
same culture medium. After 3 days the secondary cultures were switched to 
the Chemically-defined serum-free medium described for astrocytes and 
cultured for 2 additional days before the binding experiments. For the 
immunocytochemical localization of NT3R, after 1 day the secondary 
cuI tures of oligodendrocytes were swi tched to a chemically-defined serum
free medium consisting of Dulbecco's modified Eagle's medium to which were 
added 4.5 g of glucose per 1, 5 Ilg of insulin per ml, 10llg of transferrin 
per ml, 8 oM selenium (as Na2Se015H2o), 15 mM Hepes, 1.2 g of NaHC03 per 1 
and antibiotics. The cultures we~e used after 4 days in this medium. 

Mixed neuronal-glial cultures were also prepared according to the 
method of Yavin and Menkes (37). The cerebral hemispheres of 13-to 15-
day-Qld Wistar rat embryos were dissociated mechanically and cultured in 
Dulbecco's modified Eagle's medium containing 20 % heat-inactivated fetal 
calf serum and antibiotics in poly-L-lysine precoated Petri dishes (100 DIll 

diametet'). Such a system presents successive and distinct periods of cell 
proliferation and/or maturation. These periods are characterized 
essentially as neuronal during the first two weeks in cuI ture and as gl i al 
thereafter (26). Therefore the cells were used either when a high 
enrichment of neurons was attained (7 days) or in the virtual absence of 
neuronal cell population (33 days). In these older cultures the majority 
of cells are astrocytic in nature and the astroglial gliofilament marker, 
glial fi brillary acidic protein (GFAP) (38,39) increased continuously 
reaching by 38 days of culture an 18-fold higher level than th~ 
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concentration in adult forebrain (40). In order to ensure a complete 
cellular depletion of thyroid hormones, the cells were cultured for the 
last 3 days in a serum-free growth medium (29) for the neuron-enriched 
cultures (7 days), or in the medium containing thyroid hormone depleted 
serum (33) for the astrocyte-enriched cultures (33 days). 

All cultures were maintained at 37°C in humid atmosphere of 95 % 
a~r-5 % CO2, and their development was followed by phase-contrast 
mlcroscopy. 

Immunocytochemical procedures 

Polyclonal antisera against bovine glial fibrillary acidic protein 
(GFAP) purchased from Dakopatts (Sebia, Issy-Ies-Moulineaux, France) were 
used at a 1/200 dilution. Polyclonal antisera against galactocerebrosides 
(GC) prepared as described by Bologa et al. (41) were used at 1/50 to 
1/100 dilutions and monoclonal antibody to myelin basic protein (mMBP) 
from HYbritech Inc. (San Diego, CA, USA) was diluted (1/200). When surface 
antigens (GC) were studied, either unfixed cells or cultures fixed with 
paraformaldehyde (4 % in PBS, 15 min at 4°C) were used. For the internal 
antigens MBP and GFAP the cells were fixed with paraformaldehyde as 
described for GC antigen and with methanol (10 min at -20°C), 
respectively. After fixation the cultures were washed with PBS, incubated 
with antisera for 1 h at room temperature and then washed again with PBS. 

When the cells were immunostained first with GC rabbit antiserum or 
mMBP (ascitic fluid), the second incubation was performed with a 
fluorescein isothiocyanate (FITC) labelled goat anti-rabbit immunoglobulin 
G (IgG, 1/100 Biosys SA, CompHgne, France) serum for 1 h at room 
temperature. If GFAP rabbit antiserum was used in the first step, the 
second antibody was a goat anti-rabbit IgG serum, conjugated with 
peroxidase (Biosys, SA). After incubation, the preparations were washed 3 
times with PBS and treated with a mixture containing 4-chloro-1-naphtol 
(0.018 %, v/v) and H202 (0.002 %, v/v) in water for 20 min. The 
preparations were then wasned with PBS and mounted in buffered glycerol. 

To localize NT3R immunocytochemically, the oligodendrocytes grown on 
glass coverslips were washed twice with PBS and fixed with 3 % v/v 
paraformaldehyde in PBS pH 7.4 for 10 min at room temperature. They were 
then incubated with 2 % BSA in PBS for 60 min at room temperature. For 
double immunostaining the cells were incubated with 2B3-NTR mAb prepared 
as described by Loo et al. (42) (1:200 dilution in PBS) and 
antigalactocerebroside serum (1: 100 dilution in PBS) for 10 min at room 
temperature followed by incubation for 18 h at 4°C. After rinsing three 
times for 5 min in PBS the glass coverslips were incubated with FITC 
labelled goat anti-mouse IgG serum and rhodamine labelled goat anti-rabbit 
IgG serum (1:100) for one hour at room temperature and rinsed three times 
in PBS. Then, the slides were mounted in kaiser's glycerol gelatin 
(Merck), sealed with eukitt (0. Kindler) and examined by phase-contrast 
and ultraviolet light (UV) optics in a Zeiss MC 63 stereomicroscope. 

The percentage of cells stained with cell-type specific markers 
using the indirect imumunocytochemical technique was determined by 
counting cells in 3-4 separate fields from triplicate cultures, with a 
minimum of 400 cells counted. Values (%) given are means of two different 
experiments. GFAP-containing cells were counted after nuclear staining 
with 1 % toluidine blue for 60 s. 
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Fig. 1. Immunostaining of glial cells with cell-type specific markers. 
The upper panels show rat pure astrocytes after 24 days in 
culture. (A), phase-contrast, (B), same Petri dish 
inmunostained with anti-glial fibrillary acidic protein (GFAP) 
serum + goat anti-rabbit immunoglobulin G (IgG) serum, 
conjugated with peroxidase. Bar corresponds to 100 11m. The 
lower panels represent rat pure oligodendrocytes after 30 days 
in culture (25 days in primary cuI ture + 5 days in secondary 
culture) J (C), phase-contrast, (D), same field iDlDunostained 
with antigalactocerebroside (GC) serum + fluorescein 
isothiocyanate (FITC)-labelled goat anti-rabbit IgG serum. Bar 
corresponds to 40 11m. 
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IDENTIFICATION OF CULTURED CELLS BY IMMUNOCYTOCHEMISTRY (INDIRECT IMMUNO
STAINING) 

Astrocytes 

Dissociated brain cells from newborn rat cultured for Z4 days on a 
plastic surface developed into a pure glial cell population (Fig. 1A). In 
agreement with previous observations (43) the neuronal cells degenerated 
during the first 2 days and some oligodendrocytes survived for about a 
week. On the other hand, the flat polygonal shaped cells multiplied 
actively and formed a monolayer within 2 weeks. The cells contained in 
these astrocyte primary cultures were identified by their positive 
immunoreaction with anti-GFAP antiserum (38, 39). As shown in Fig. lB, 
95 % of the cells shown in Fig. 1A were GFAP-positive. The remaining 5 % 
consists mainly of ameboid-microglial or macrophage-like cells (44,45). 

Oligodendrocytes 

At 5 days in secondary culture, the oligodendrocytes with network 
forming processes (Fig. 1C) were inmunocytochemically identified using 
antibodies against galactosylceramides (galactocerebrosides GC) (46) and 
myelin basic protein (MBP) (47). The staining of cultures with the anti-GC 
and monoclonal anti-MBP revealed that more than 90 % and 76 % of the cells 
were GC-positive (Fig. lD) and MBP-positive (not shown), respectively, 
while only 2-5 % were GFAP-positive. The remaining 5-8 % consist mainly of 
ameboid-microglial cells (45). 

Moreover, by light microscopy, as shown in Fig. 2, two sub
populations of oligodendrocytes were observed at 5 days in secondary 
culture 1) cells of medium size (6 11m), round and rather dark with 
several primary processes, representing 77 % of the total GC-positive 
cells, were considered as morphologically immature and 2) larger cells 
(12-15 11m) irregular in shape with an extens i ve and el aborate network of 
thinner lateral processes. These oligodendrocytes account for 23 % of the 
total cells express ing GC and were regarded as morphologically mature. 

QUANTITATIVE EVALUATION BY BINDING ASSAYS AND CHARACTERISTICS OF NT3R IN 
VARIOUS TYPES OF CULTURED BRAIN CELLS 

Characteristics of nuclear T3 binding in brain cell cultures 

Figure 3 shows typical Scatchard plots of L-[12 5I ]T3 nuclear binding 
to intact rat oligodendrocytes (R-oligo) and astrocytes (R-astro). Binding 
obtained in chick as trocytes (Ch-astro) and in mixed neuronal-glial cell 
populations (R-MNG) at 7 and 33 days in culture, i.e., when these cultures 
were either enriched in neurons (R-MNG-7) or astrocytes (R-MNG-33), 
respectively, is also illustrated. Only a single class of high affinity
low capacity receptors with an equili brium dissocia t i on constant (Kd) 
which was similar for the various types of cells (i.e., R-oligo: 0.13 nM, 
R-astro: 0.11 nM, R-MNG-7: 0.13 nM and R-MNG-33: 0.11 nM), except for the 
Ch-astro (0.30 nM), was observed. 

The oligodendroglial nuclear T3 receptor had a maximal binding 
capacity almost as high as that found in the neuron-enriched cultures (56 
and 65 fmol/100 I1g DNA, respectively). On the other hand, rat astrocytes 
had a receptor concentration 2-3 fold lower than oligodendrocytes. This 
was observed both in pure rat cultures (R-astro) and in the mixed cultures 
in the astroglial period (R-MNG-33), and was also confirmed in the chick 
cells (Ch-astro) where the maximal binding capacity was the lowest. It is 
interesting to note that after oligodendrocytes were removed from the top 
of the primary cultures from which they were prepared, the maxima] binding 
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Fig. 2. Phase-contrast of rat pure oligodendrocytes after 25 days 
in culture (20 days in primary culture + 5 days in secon
dary culture). Note in the center of the micrograph a 
morphologically mature oligodendrocyte (OL) with 6 main 
processes and the profuse network of many small lateral 
processes. This cell is surrounded by several morpholo
gically immature OL. Bar corresponds to 11 ~m. 

" 9 0 
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BOUND(tmol L-[125 I] T3/ IOOpg DNA) 

Fig. 3. Scatchard analysis of L_[12 51T3 binding to nuclei in intact 
cells. T3 binding was determined as described by Samuels 
and Tsai (70) in : D,rat mixed neuronal glial cultures after 
7 days in culture (R-MNG-7); ., rat oligodendroglial cultu
res after 30 days in culture (R-oligo); o,rat astroglial 
cultures after 24 days in culture (R-astro); .,rat mixed 
neuronal-glial cultures after 33 days in culture (R-MNG-
33); and .c.,chicken astroglial cultures after 13 days in 
culture (Ch--astro). Fach experimental point is the mean of 
triplicate cultures. Individual experimental values were 
within 10 ~ of each other (from Yusta et al., Endocrinol
~ 122:in press (1988) (71). With permission). 
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capacity of the l'ema1nmg cells was approximately 2-fold lower than in 
pure secondary oligodendrocyte cultures. 

When studied in isolated nuclei, receptor concentration was again 
about three times higher in oligodendrocytes than in astrocytes, whilst 
the Kd were similar in both types of cells (Fig. 4). The affinity obtained 
using isolated nuclei was somewhat lower than that found in the intact 
cells (Kd = 0.31-0.32 nM and Kd = 0.11-0.13 nM, respectively), in 
agreement with our previous observations using glioma and neuroblastoma 
cell lines (48). 

10 20 30 40 50 

BOUND(fmol L-[I25I]r:s/IOOPG DNA) 

Fig. 4. Scatchard analysis of L_[125I ]T3 binding to isolated nuclei. 
Binding was determined as described by Samuels and Tsai (70) 
in rat oligodendroglial ( 0 ) and astroglial ( • ) cells 
after 30 and 24 days in culture, respectively (from Yusta et 
al., Endocrinology 122:in press (1988) (71). With permission). 

Binding affinity of T3 analogs 

Table 1 shows the relative affinity of T3 analogs for the nuclear 
binding site of oligodendrocytes and astrocytes. This affinity was 
calculated by determining the ratio of the concentration of T3 required 
for a 50 % decrease in tracer binding to the concentration of each analog 
required for a 50 % decrease under identical conditions. 

Taking the effect of T3 as 1.0 for oligodendrocytes, tri-
iodothyroacetic acid (TRIAC) was at least as effective as T3 which had 
10-fold greater potency than T4. Tetraiodothyroacetic acid (TETRAC) had 
the lowest potency (6 % of T3). Similar results were obtained with the 
astrocyte receptors, where TRIAC and T3 were the more effective compounds, 
whereas the other analogs tested were less potent in the order: TRIAC = 
T3 > T4 > TETRAC. 

Extraction and sedimentation of thyroid hormone receptors 

Nuclear receptors solubilized from nuclei of pure cultures of rat 
oligodendroglial and astroglial cells were sedi~~nted in isokinetic 
sucrose gradients. As illustrated in Fig. 5 the L-[ I]T3 appeared mainly 
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Table 1. Relative Binding Affinities of Iodothyronines 
for the Nuclear T3 Receptor. 

Analog 

L-T3 
L-TRIAC 
L-T4 
L-TETRAC 

Relative Affinity 

Oligodendroglial 
Nuclei 

1.0 
1.1 
0.1 
0.06 

Astroglial 
Nuclei 

1.0 
1.2 
0.2 
0.1 

Binding affinity was determined in isolated nuclei from 
rat oligodendrocytes and astrocytes after 30 and 24 days 
in culture, respectively. Relative affinity is defined 
as the ratio of the concentration of L-T3 required for 
a 50 % decrease in tracer binding to the concentration 
of analog required for the same decrease. Results are 
means of triplicate data with less than 5-10% variation. 
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Fig. 5. Isokinetic binding sedimentation of T3 receptors from 
oligodendrocytes and astrocytes. The receptors were 
extracted from nuclei of rat 01 igodendroglial and 
astroglial cells after 30 and 24 days in culture, 
respectiy~!y, with 0.4 M KCl and labelled in Titro 
with L-[ IJT3 in the absence (~) or presence 
(~) of an excess of non-radioactive T3. The 
arrows represent the position of hemoglobin which 
has a sedimentation coefficient 4.3 S and was used 
as an internal marker (from Yusta et aI., Endocrin
ology 122:in press (1988) (71). With permission). 

associated with a peak with a sedimentation coefficient of approximately 
3.8 S as already observed for other neural cells (30,48). As can also be 
observed in Fig. 4, this peak is inhibited in the presence of an excess of 
unlabelled T3. 
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Fig. 6. Rat pure oligodendrocytes after 25 days in culture. 
Micrographs of the same field: (A), phase-contrast, 
(B), immunofluorescence double staining with cell type 
specific marker galactocerebroside (GC) and (C), with 
a monoclonal antibody against NT3R. Bar corresponds 
to 7 J..Im. 



Table 2. Expression of Nuclear T3 Receptors (NT3R) in two 
Subpopulations of Oligodendrocytes : Effect of T3. 

Experimenta 

Control 
+T3 

Galactocerebrosides (GC)-andb(NT3R)
Positive Oligodendrocytes 

GC+ NT3R 
GC+ 

70%±3.5 
65 % ± 4 

77%±4.5 
74 % ± 2 

GC+ NT3R+ 
MM GC+ 

44%±7.5 
38 % ± 4 

aThe cells were grown for 20 days in primary culture plus 
24 h as secondary culture in presence of a serum-containing 
medium. Then, they were switched to a chemically-defined 
serum-free med ium and grown for 4 ad~i tionnal days either in 
absence (Control) or presence of 10- M T3 (+T3). Results 
(Oligodendrocytes expressing both GC and NT3R antigens) are 
in % of GC positive cells. 

bGC+ cells were divided into two groups : I) morphologically 
immature (MI) and II) morphologically mature (MM). 
Values are means ± SD of 24 separate fields randomly chosen 
in triplicate Pet 1'i dishes from two different experiments. 

IMMUNOCYTOCHEMICAL LOCALIZATION OF NUCLEAR TRIIODOTHYRONINE RECEPTORS 
(NT3R) IN MORPHOLOGICALLY IMMATURE AND MATURE CULTURED OLIGODENDROCYTES 
AND EFFECT OF T3 

Immunocytochemical localization of NT3R 

Double indirect immunofluorescence studies with the monoclonal 
antibody against NT3R and the polyclonal antiserum against galactocerebro
side are shown in Fig. 6. Quantitative analysis demonstrates that 70 % of 
the GC-positive cells wel'e also labelled with NT3R mAb (Table 2). However, 
while GC was expressed mostly on the surface of cultured oligodendrocytes 
or along their branched processes (Fig. 6a), only nucl ei were intensely 
stained with NT3R mAb (Fig. 6C). 

Furthermore, as shown in Table 2, 77 % of morphologically immature 
oligodendrocyt.es stained with the anti-GC serum also expressed NT3R 
antigen. In contrast, only 44 % of morphologically mature oligodendrocytes 
were NT3R positive. 

Effect of T3 on cultured oligodendrocytes expressing NT3R 

Since a reduction in the number of receptors after the exposure of a 
target cell to the homologous hormone (down-regul~7i on) is a very common 
finding we studied the effect of adding T3 (10 M) to the chemically 
defined med ium on the express i on of NT3R in pure cultured 
oligodendrocytes. The results, shown in Table 2, revealed no significant 
effect of T3 either on the number of NT3R-pos it i ve and morphologically 
immature oligodendrocytes or on the number of NT3R-positive and 
morphologically rna tUl'e 01 igodendrocytes. 
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CONCLUSIONS 

Nuclear triiodothyronine receptor binding study 

Although the presence of thyroid hormone receptors in the neuronal 
nuclei is well documented, there is still controversy concerning the 
presence of specific T3 binding sites in nuclei prepared from different 
glial cell populations. Recent data obtained in our and other laboratories 
have clearly demonstrated the presence of receptors in a glial cell line 
(48) and in primary cultures of mouse (29,49), rat (SO) and chick (29) 
glial cells composed mainly of astrocytes. By contrast, it has been 
reported that oligodendroglial nuclei isolated from various brain regions 
do not contain the receptor (8,31). Since it is generally accepted that 
the presence of receptors in a given cell is a prerequisite for the cell 
to be responsive to thyroid hormones, the reported effects of T3 on 
myelination have been postulated to be mediated through neurons (30,31). 
Therefore, as a result of the recent developnents in the cultivation of 
pure oligodendrocytes which are capable of proliferating (36) expressing 
specific oligodendrocyte and myelin markers (46,51), and producing 
myelin-related membranes (6,26,27), we have been able to re-examine the 
presence of nuclear receptors either in intact cells or in isolated nuclei 
from rat oligodendroglial cells. Our oligodendrocyte cultures were more 
than 90 % pure, as shown by immunostaining with anti-GC, an 
oligodendroglial marker (46). This method permits unambiguous cell 
identification, in contrast with the methods used in previous reports on 
thyroid hormone binding in brain, where the nuclei are isolated by 
gradient centrifugation and identified only on the basis of nuclear 
morphology (20,31,52-55). 

Present results demonstrate the presence of nuclear high-affinity T3 
receptors in pure secondary cultures of oligodendrocytes. To our 
knowledge, the present report is the first to demonstrate unequivocally 
that this cell type expresses the nuclear receptor, and that therefore the 
effects of thyroid hormone on myelination could be directly exerted on the 
oligodendrocyte. 

The properties of the oligodendrocyte receptor were closely similar 
to those found in pure cultures of astrocytes or in other systems (mixed 
neuronal-glial cultures) studied in parallel. 1he affinity of T3 for the 
receptor, the relative affinity for various hormone analogs, and the iso
kinetic sucrose gradients agree with those previously reported using 
nuclei from brain cultures (30), including transformed brain cells (48) 
and other non-neural cells (56,57). The tentative identification of the 
thyroid hormone receptor with the c-erb A gene product, together with the 
existence of several c-erb A genes (58,59) suggested the existence of a 
family of closely related thyroid hormone receptors which could be 
expressed in a tissue-specific fashion. Recently, the identification of a 
novel c-erb A gene product which is expressed at high levels in the rat 
brain has been reported (60). It is interesting to point out that this 
protein binds T3 and TRIAC with similar potency (60), as also observed by 
us in this study, whereas in other systems (56,57,59) TRIAC is 
significantly more potent than T3. 

Our data show that the maximal binding capacity of rat 
oligodendrocytes (SO-60 fmol/1OO J,lg DNA) was similar to that obtained 
under the same experimental conditions in mixed neuronal-glial cultures at 
7 days i.e., when a high enrichment of neurons was attained. 
Furthermore, this value is also similar to that found in cultured neurons 
from various species (29,30, SO) or in neurons obtained from different 
brain regions (49). 
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On the other hand, the receptor level in oligodendrocytes was always 
2-4 fold higher than that found in astrocytes, in agreement with the data 
obtained in cultured astrocytes by us and other groups (29,30,61). 
Therefore, one cannot exclude the possibility that the highest receptor 
levels obtained in glial cells which have also been reported (49,62) could 
be due to the presence of oligodendrocytes in these cultures in addition 
to astrocytes. 

Another interesting feature is that the maximal binding capacity we 
found in rat mixed neuronal-glial cultures at 33 days: i. e., when the 
majority of the cells are astrocytes (22 fmol/lOO j.lg DNA) was nearly 
identical to that obtained in pure rat astrocytes primary cultures (24 
fmol/ 100 j.lg DNA). 'ntese results could indicate that the presence of 
neurons during the first 2 weeks in mixed neuronal-glial cultures were 
unable to influence the pattern of receptor developnent in cultured glial 
cells. 

Double immunostaining study 

In these studies we have further shown by double indirect 
immunofluorescence with anti-galactocerebrosides (an early OL surface 
marker) and with a monoclonal antibody (mNT3R) detecting the NT3R (the 
predominant 57 KD protein) in nuclear extracts from liver, brain, kidney 
and spleen (42), that the nucleus of about 80 % of morphologically 
immature OL were stained by mNT3R. Binding studies and immunocytochemical 
localization of NT3R were performed in parallel on oligodendrocytes of the 
same age in culture (25-30 days), corresponding in the rat, to the period 
of most rapid myelination. 'ntis age overlaps with the so-called "critical 
period" during which hypothyroidism leads to defects in myelination (lO
IS). Indeed, numerous in Titro studies from various laboratories on the 
effect of TH (see Sarlieve (6), Ferret-Sena et al. (23) for references and 
refs. 63-68) and the demonstration in the present study of a high level of 
NT3R in pure oligodendrocytes suggest that T3 has a direct action through 
NT3R on CNS myelin-producing cells. It is important to note that GC
positive rat Schwann cells (the peripheral nervous system myelin-producing 
cells) in culture, also express NT3R (Luo and Barakat, unpublished 
results) . 

The developing brain is generally more responsive to TH than the 
mature brain. However numerous NT3R, were recently demonstrated in 
neuronal nuclei prepared from the cerebral cortex of the mature rat brain 
(20), which could explain some reports describing significant alterations 
in neurotransmitter levels (16-18) or enzyme activities (20,21), in the 
adult rat brain. Conversely, a reduction of the cell type containing the 
receptor (only 44 % of mature oligodendrocytes also express NT3R), may be 
responsible for the age related appearance and disappearance of TH 
sensitivity of several metabolites or enzymes characteristic of the 
oligodendrocytes (29,68,69). Thus, the more mature are the 
oligodendrocytes in culture, the less numerous are the myelin-producing 
cells expressing NT3R. These results accord with earlier reports (8,31) 
claiming an absence of such receptors in oligodendrocyte nuclei prepared 
from adult rat brain. 

Finally, our data sugges t that TH and thei r receptors in 
oligodendrocytes, act as signals required to synchronize the sequential 
expression of the genetic program of this cell type. 
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INTRODUCTION 

The sodium pump (Na,K-ATPase) is a plasma membrane 
bound enzyme found in all animal cells and subserves many 
specialized functions in nerve cells. It maintains 
transmembrane cationic gradients by pumping three sodiums 
out of the cell for two potassiums into the cell fueled by 
ATP hydrolysis (1). The resultant electrochemical 
gradients are crucial for normal neuronal activity, and 
drive the transport of nutrients and reuptake of 
neurotransmitters into the nerve cells (1, 2). 

The sodium pump is composed of two subunits: alpha and 
beta. Three isoforms of the alpha catalytic subunit have 
been identified: alpha (alpha 1), alpha+ (alpha 2), and 
alpha 3 (3). Only one beta glycoprotein subunit mRNA has 
been identified (4). The brain expresses all three alpha 
isoforms. Alpha (alpha 1) is found in all tissues 
examined. Alpha+, is also found in eye, heart and skeletal 
muscle. Although these two isoforms have nearly identical 
molecular weights (1), alpha+ has a slower mobility in 
SDS-PAGE (5). No peptide form has been identified for 
alpha 3 but its identity is inferred from isolation of a 
unique cDNA with sequence homology to the other two 
isoforms (3). 

During development there is a 10-fold change in 
Na,K-ATPase activity in rat brain (6) accompanied by the 
onset of electrical activity and change in ionic 
composition in the brain (7,8). These changes start a few 
days before birth and approach adult levels by 30 days of 
age. In this chapter we review our studies examining how 
the abundance of the alpha and alpha+ isoforms of 
Na,K-ATPase change during this period (9). 

Thyroid hormone regulates a significant portion of the 
increase in Na,K-ATPase activity during development (6). 
However, in the adult brain NarK-ATPase synthesis is not 
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regulated by T3 even though T3 regulates Na,K-ATPase 
synthesis in many adult tissues (e.g. kidney, heart, liver 
and skeletal muscle) (10, 11). These findings support the 
concept of the existence of a critical period for the 
action of T3 on Na,K-ATPase synthesis in developing brain. 
In this chapter we review our studies examining the onset 
of this critical period for T3 induction of the alpha and 
alpha+ isoforms (12). 

DEVELOPMENTAL INCREASES IN Na,K-ATPase ACTIVITY, AND ALPHA 
AND ALPHA+ ABUNDANCE IN RAT BRAIN 

In order to assess the developmental increases in 
Na,K-ATPase activity and abundance, membrane fractions were 
prepared from fetal and neonatal animals as previously 
described (9). Na,K-ATPase activity was measured 
enzymatically as the ouabain inhibitable fraction of the 
umoles of inorganic phosphate liberated per mg protein per 
hour. Figure 1 summarizes the results obtained from three 
litters. Sodium pump activity increased 10 fold between 
15.5 days gestation and 20 days of age, which is similar to 
that previously reported (6). Whether the increased 
activity is a consequence of an increased enzymatic 
turnover or increased sodium pump abundance cannot be 
concluded from this data. We next tested the hypothesis 
that the increase resulted from an increase in abundance of 
alpha and/or alpha+ forms of Na,K-ATPase. 

Abundance of the Na,K-ATPase isoforms was studied by 
immunoblotting (Western blot). In short, this is 
accomplished by resolving the brain membrane fractions by 
SDS-PAGE, blotting the gel onto diazotized paper, and 
incubating the paper with anti-Na,K-ATPase antisera then 
iodinated Protein A followed by autoradiography, as 
previously described (9). Abundance of the isoforms was 
quantitated by scanning densitometry. Resolution of the 
alpha and alpha+ isoforms was found to be optimal when gels 
were made and run in unpurified SDS at pH 9.0. The Western 
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FIGURE 1. Na,K-ATPase activity during neonatal 
development. Assayed as described (9). The symbols 
represent separate litters. 



blot signals were found to be linear in the range of 10-40 
ug protein per lane. Developmental experiments were 
conducted by resolving 30 ug protein per sample. 

All of the antisera were generated against Na,K-ATPase 
purified from the kidney, which is alpha form. The 
antisera differed in their reactivity to alpha vs. alpha+. 
Thus, although we cannot assess the magnitude of alpha 
relative to alpha+, we can assess the fold change in alpha 
and alpha+ during development. This is illustrated in 
Figure 2 where a blot was incubated sequentially with an 
antiserum that had a higher affinity for alpha+, then an 
antiserum that had a higher affinity for alpha. A second 
litter is shown that was incubated with a mixture of the 
two antisera. 

The changes in alpha isoform abundance of the two 
litters shown in Figure 2 and an additional litter were 
quantitated by scanning densitometry. We assume that the 
subunit itself, and thus the affinity of the antiserum for 
the subunit, does not change during development. As shown 
in Figure 3, the abundance of both alpha and alpha+ 
increased 10 fold from 18.5 days gestation to 20 days of 
age. Alpha+ increases earlier in development than alpha. 
Thus, the 10 fold increase in Na,K-ATPase activity during 
this developmental period can be accounted for by a similar 
increase in the abundance of both the alpha and alpha+ 
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FIGURE 2. Immunodetection of Na,K-ATPase alpha and alpha+ 
subunits in developing rat brain. 30 ug of crude membrane 
protein from littermates of different days during 
development were prepared and separated by 7.5% SDS-PAGE, 
blotted onto diazophenylthioether paper, and probed with 
antisera. A: anti-guinea pig Na,K-ATPase antiserum diluted 
1:100. B: the paper from A was reincubated with anti-rat 
Na,K-ATPase antiserum diluted 1:400. c: a mixture of both 
antisera was used to probe the samples of a second litter. 
Numbers represent days of gestation (18.5, 20.5) or days of 
age. K, 2 ug purified kidney Na,K-ATPase. 
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isoforms of the pump. This conclusion is verified 
quantitatively in Figure 4 where the relative change in 
Na,K-ATPase activity is plotted against the relative change 
in abundance of the alpha and alpha+ isoforms. 
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FIGURE 3. Developmental changes in abundance of alpha and 
alpha+. Abundance of alpha and alpha+ during development 
calculated from Western blots of samples obtained from 
three litters. All alpha+ normalized to 20 day alpha+ and 
all alpha normalized to 20 day alpha values. Mean +/
standard error of the mean plotted. 
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FIGURE 4. Na,K-ATPase activity vs. alpha isoform abundance 
during development. Na,K-ATPase activity and alpha 
(circles) and alpha+ (triangles) abundance were expressed 
relative to the 20 day values. A reference line with a 
slope of 1 is indicated. 
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THYROID HORMONE REGULATION OF NarK-ATPase ACTIVITY AND 
ALPHA ISOFORM ABUNDANCE DURING DEVELOPMENT 

The presence of isoforms of NarK-ATPase suggests the 
possibility of differential regulation of the isofonns. 
Since thyroid hormone has been shown to regulate a 
component of the increase in NarK-ATPase activity during 
development (6)r we examined T3 regulation of NarK-ATPase 
activity and the abundance of the alpha isoforms during 
this period. 

To determine the effect of T3 on NarK-ATPase during 
developmentr pregnant rats were rendered hypothyroid with a 
low-iodine diet r perchlorate in the drinking water and a 
subcutaneous implant of propylthiouracil (9). Following 
birth r the mothers remained on this regime to assure the 
suckling pups remained hypothyroid. Hypothyroid status was 
verified by radioimmunoassay of T3. NarK-ATPase activity 
was determined in control and hypothyroid neonates as 
summarized in Fiaure SA. The activities of the hypothyroid 
and euthyroid groups diverge after 14 daysr and are 
statistically different by 15 days and after where the 
hypothyroid values are 15-20% less than the euthyroid 
values. 

Resolution and detection of the alpha isoforms allowed 
us to determine whether thyroid hormone status regulated 
the abundance of one or both isoforms. The changes in 
alpha and alpha+ abundances were quantified by scanning 
densitometrYr normalized to euthyroid values and are 
presented in Figure SB. The line at 1.0 and shaded area 
indicate the mean and standard error of euthyroid abundance 
of alpha and alpha+ during this period. Abundance of both 
isozymes becomes significantly different from euthyroids by 
14 days and thereafter indicating that thyroid status 
affects both isoforms of NarK-ATPase. The lower abundance 
of alpha isoforms confirms the lower enzymatic activity. 
We conclude that brain NarK-ATPase responds to thyroid 
hormone status at around 14 days of age. The onset of 
thyroid hormone responsivity might be earlier if the very 
low (rather than zero) levels of T3 detected in some of the 
neonates was sufficient to induce NarK-ATPase. 

DISCUSSION 
In this study we have shown that thyroid hormone status 

causes specific alterations in NarK-ATPase enzyme abundance 
and activity during development when normalized to a 
constant amount of membrane protein suggesting specific 
effects r direct or indirect r on NarK-ATPase synthesis. The 
increase in abundance could also reflect T3 mediated 
decrease in degradation rate but this is unlikely given the 
large increase in abundance. 

NarK-ATPase activity and abundance is the same in the 
brains of hypothyroid and euthyroid neonates before 15 days 
of age. Since we have shown that NarK-ATPase abundance is 
regulated by ionic substrates as well as hormones (14)r the 
increased sodium influx seen in brain cells after birth 
might stimulate upregulation of NarK-ATPase synthesis 
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euthyroid brain. Na,K-ATPase activity was assayed in brain 
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FIGURE 5B. Abundance of alpha and alpha+ isozymes in 
hypothyroid and euthyroid brain. Relative abundance of 
isoforms in neonatal brain calculated by scanning 
immunoblots of samples obtained from three hypothyroid and 
five euthyroid litters. Abundance expressed as 
hypothyroid/paired mean euthyroid values. Each point is 
the mean +/- the standard error. Solid line at 1.0 
indicates the normalized mean euthyroid values. The shaded 
area above the line represents the standard error of the 
normalized euthyroid data for alpha+, while the shaded area 
below is the standard error of alpha. Closed circles -
alpha, open circles - alpha+. 
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irrespective of thyroid status. Subsequent differentiation 
processes beyond 15 days, including those seen in this 
study, may be T3 dependent. The possibility remains that 
even during the critical period T3 regulates Na,K-ATPase 
abundance indirectly by upregulating the fluxes of ionic 
substrates (15). 

In conclusion, we suggest the following scheme to 
integrate how changes in thyroid hormone receptors, T3 
concentration and morphological alterations in developing 
brain might account for changes in Na,K-ATPase activity and 
abundance during development. Brain T3 receptors and 
plasma T3 concentration increase rapidly after birth 
approaching adult concentrations between 11 and 21 days. 
This period corresponds to one in which decisive 
maturational effects are evident in brain, including rapid 
myelinogenesis, and proliferation ofaxons and dendrites. 
During this period T3 may regulate Na,K-ATPase isozymes 
directly or, alternately, may regulate synthesis indirectly 
by increasing the fluxes of ionic substrates (e.g. sodium 
channels). Since a novel T3 receptor expressed in brain 
has been recently identified (16), we suggest that after 22 
neonatal days the thyroid regulation is uncoupled, perhaps 
through a switch in expression of thyroid hormone receptors 
to a form that does not bind to Na,K-ATPase or the 
intermediary regulator. 
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Congenital hypothyroidism is well established as a cause of mental 
subnormality in man. However, there are only a few neuropathological 
studies on brains of patients with an early abnormal thyroid state, and 
none of these studies gives information about the underlying biological 
mechanisms. I ,2 For this, one has to turn to animal models. In the human 
foetus, thyroid function commences towards the end of the first trimester 
of pregnancy, whereas in rat pups it begins near term. This permits 
examination of events occurring in rat brain, after manipUlation of thyroid 
hormone levels, from the early postnatal period. In the present chapter, 
we will consider primarily the findings of our laboratory; the references 
to other studies can be found in our recent papers and reviews. 3- 11 

Our earlier studies were mainly focused on the effect of thyroid 
hormone on certain morphological and biochemical aspects of brain develop
ment in rats. Briefly, it was found that thyroid hormone primarily affects 
cell acquisition in those parts of the brain where postnatal neurogenesis 
is significant, namely the cerebellum, dentate gyrus and olfactory bulbs. 12 ,13 
It would appear that the role of thyroid hormone in the formation and 
maintenance of nerve cells is related to changes in either cell migration or 
maturation, rather than to alterations in the replication of germinal 
cells. 9,14-l6 Severe retardation in the maturation of Purkinje cells in the 
cerebellum, of cortical neurones in the forebrain and of both pyramidal and 
granule cells in the hippocampus is found during the period of thyroid 
deficiency.IO,11 But only in the cerebellum does the restricted availabil
ity of postsynaptic contact sites, due to hypoplasia of the Purkinje cells, 
result in a transient increase in the degeneration of differentiating 
granule cells. 9,14,16 Studies of the development of the hippocampal struc
ture indicate that thyroid hormone is important in the establishment of the 
CAl to CA4 gradient of pyramidal cell differentiation and in the development 
of the spatio-temporal relationship between the pyramidal and granule cells 
of the hippocampus. IO Thyroid hormone also has a marked influence on the 
biochemical markers of neuronal differentiation which, in general, is 
retarded in thyroid deficiency and advanced in hyperthyroidism. 4,17-20 Ou 
detailed examination, it would appear that alterations in thyroid status 
lead to unsynchronized shifts in the development of the different trans
mitter and peptidergic systems, and in the specific cell surface molecules 
that are believed to play an important role in cell-to-cell interaction and 
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recognition. Distortions in the development of neuronal circuits are also 
observed in electron-microscopic and neurophysiological studies. 21- 22 These 
findings have led us to propose that such distortions, rather than syn
chronized shifts in normal developmental relationships, may be instrumental 
in causing the lasting functional impairments that are often seen in neuro
pathological conditions associated with alterations in thyroid status during 
early life. 

Earlier studies on hypothyroid animals were mainly concentrated on the 
postnatal period, and little is known about the effects of hormonal 
rehabilitation after weaning. In addition, major advances in our knowledge 
of cell-specific markers in the central nervous system,23 and about tissue 
culture methods,24 now makes it possible to ask penetrating questions about 
the direct effect of the thyroid hormone and its possible interaction with 
centrally produced humoural factors. 

REVERSIBILITY OF THE CELL-TYPE SPECIFIC EFFECTS OF THYROID HORMONE 
DEFICIENCY DURING EARLY LIFE 

We have followed the development of neurotransmitter systems in terms 
of the activities of choline acetyltransferase (ChAT), glutamate decarboxyl
ase (GAD) and glutaminase, enzymes critical for the synthesis of the neuro
transmitters acetylcholine, y-aminobutyric acid (GABA) and glutamate, 
respectively (Table 1).5,6 Thyroid deficiency is found to result in a marked 
retardation in the developmental changes of the activities of ChAT and GAD. 
The effects are not uniform, both their severity and duration varying 
considerably from one brain region to another (Table 1). In spite of 
continued thyroid hormone deficiency, ChAT and GAD activities in the hippo
campus and GAD activity in the cerebellum are restored to normal by 25 days. 
These results are consistent with earlier findings showing a marked retarda
tion in the development of choline uptake and density of muscarinic cholin
ergic and GABA-ergic receptors in the brain of hypothyroid rats. 4,17,25 
None of these studies has examined the reversibility of the effects of neo
natal hypothyroidism. We have found that the alterations in ChAT activity 
in the cerebral cortex and cerebellum, and in GAD activity in the basal 
forebrain and cerebral cortex, are restored to normal levels at 102 days of 
rehabilitation. Only in the basal forebrain is ChAT activity not increased 
during rehabilitation, remaining persistently reduced in comparison with 
controls throughout the experimental period studied (Table 1). The effect 
on subcortical cholinergic neurones is specific to hypothyroidism, as a 
similar reduction was not observed in rats rehabilitated after neonatal 
undernourishment, which is believed to accompany thyroid deficiency during 
early life. 5,26 The selective persistent reduction in ChAT activity in the 
basal forebrain of the rat after thyroid deficiency during early life may be 
due to one or more of the following: cell death, cell atrophy, or reduction 
in ChAT synthesis without apparent morphological alterations in cholinergic 
cells. Our preliminary findings using ChAT immunohistochemistry27 indicate 
that, in comparison with controls, the intensity of the immunoreaction 
product is much lower in the ChAT~positive neurones of the basal forebrain 
of rehabilitated neonatally hypothyroid rats (Fig. 1). 

In contrast to the developmental patterns of the activities of ChAT and 
GAD, that of glutaminase specific activity in all brain regions of hypo
thyroid rats is very similar to that for control animals (Table 1).6 
Recently, Balazs et al. 28 studied the effect of thyroid hormone on the 
maturation of cultured cerebellar granule cells, which are believed to be 
glutamatergic. A number of indices were used, including the developmental 
changes affecting the neuronal cell adhesion molecule (N-CAM or D2 protein), 
muscarinic receptor binding, voltage (veratridine)-sensitive sodium uptake 
and Na+,K+-ATPase enzyme activity, all of which in the cerebellum in vivo 
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Table 1. The activity of enzymes, as markers of nerve cell types, 
in different regions of rat brain during neonatal 
thyroid deficiency and following long-term rehabilitationa 

Marker enzyme Age Basal Cerebral Hippocampus Cerebellum 
(days) forebrain cortex 

ChAT 5 85* 96 98 98 
(cholinergic) 15 67* 65* 60* 117* 

25 75* 78* 101 113* 
130 76* 100 93 104 

GAD 5 85* 106 83* 97 
(GABA-ergic) 15 87* 90* 91 82* 

25 88* 90* 97 94 
130 101 99 95 101 

Glutaminase 5 93 96 103 95 
(glutamatergic) 15 94 106 105 100 

25 96 89 99 92 
130 90 95 105 106 

aYoung rats were made thyroid-deficient by fostering at birth to 
mothers that had been given 50 mg of propylthiouracil daily by 
stomach tube for 2 days before they gave birth and then through
out the lactation period. On day 28, the hypothyroid rats were 
rehabilitated by weaning the young on a normal diet. Four 
control and 4 experimental rats were studied .at 5, 15, 25 and 
130 days after birth. Whole homogenates from different brain 
regions were used for the estimation of choline acetyltransfer
ase (ChAT), glutamate decarboxylase (GAD) and glutaminase 
activities. Enzyme activity (per mg protein) is expressed as a 
percentage of the respective control values. Significant 
differences between the mean values of control and experimental 
groups are indicated by asterisks: P<0.05. The data are taken 
from Patel et al. 5,6 

are influenced by thyroid hormone. 17 ,19,29 In cultured granule cells none 
of these parameters was significantly altered by thyroid hormone. 28 Thus 
the effect of thyroid hormone on neuronal maturation appears to be cell-type 
specific. For example, glutamatergic cells do not appear to be a target of 
thyroid hormone action, whereas cholinergic cells are more severely affected 
than the others. 

INTERACTION BETWEEN THE EFFECTS OF THYROID HORMONE AND NERVE GROWTH 
FACTOR (NGF) ON CHOLINERGIC NEURONES 

In order to obtain more precise information about the persistent effect 
of thyroid deficiency on subcortical cholinergic nerve cells without the 
complications of secondary reactions in in vivo studies, conditions have 
been established for the culturing in chemically defined medium of neurones 
enriched in cholinergic cells from the septal-diagonal band region of the 
embryonic rat brain. 8 At 10 days in vitro, the cultures contain more than 
96% nerve cells of which about 18% are cholinergic neurones, while the pro
portion of astrocytes was less than 2%. Recently, it has been suggested 
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Figure 1. Immunohistological demonstration of comparative topography 
and intensity of immunoreaction products of ChAT- and 
NGF-R-positive neurones in the basal forebrain. Control 
rats: (a) ChAT-positive and (b) NGF-R-positive cells. 
Rehabilitated neonatally hypothyroid rats: (c) ChAT
positive and (d) NGF-R-positive cells. Two immediately 
adjacent 80 ~m thick Vibratome cut coronal sections are 
processed for ChAT or NGF-R immunohistochemically as 
described by Kiss et al. 27 The sections are mounted in 
mirror position. In the insets, cells are shown at high 
magnification to demonstrate the intensity of the immuno
reaction product more clearly. Bars = 50 ~m. 
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that NGF may be involved in the development of central cholinergic neurones, 
and that NGF-like immunoreactive substances are detectable in the brain. 30,3l 
Therefore, we have examined the possibility that the effect of thyroid 
hormone may be mediated through processes evoked by NGF.8,32-34 During 
development, the specific activity of ChAT increases markedly in cholinergic 
cultures. The addition of thyroid hormone or NGF to the culture medium 
increases the amount of ChAT activity in a dose-dependent manner (Fig. 2). 
The elevation of ChAT activity is due to an increase in the amount of enzyme 
per cholinergic cell, since neither treatment with NGF nor with thyroid 
hormone has a significant effect on the number of cells in the cultures, 
including the cholinergic neurones. 8 When cultures are supplemented with 
both agents at maximal effective concentrations, the stimulation in ChAT 
activity is much greater than the sum of the individual effects (Fig. 2). 
The interaction between the effects of thyroid hormone and NGF in cholin
ergic cells is not an in vitro artefact, but can be reproduced in vivo in 
the basal forebrain of the developing rat. 7 Treatment with thyroxine from 
birth to 10 days increases ChAT activity by about 20% in the basal forebrain 
of normal rats (Table 2). Similarly, intraventricular administration of low 
doses of NGF for 10 postnatal days results in about a 40% increase in ChAT 
activity.3S,36 However, when the young rats are given both thyroxine and 
NGF, the elevation in ChAT activity is not only significantly greater than 
after treatment with either thyroid hormone or NGF alone, but also the 
stimulation in enzyme activity is much higher (about 80%) than the additive 
increase after separate treatment with each of these humoural agents 
(Table 2). Although, the synergistic effect in vivo of these compounds 
(Table 2) is less marked than in vitro (Fig. 2). These observations show 
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Figure 2. Interaction between the effects of thyroid hormone and 
NGF on ChAT activity. Neuronal cultures enriched in 
cholinergic cells were grown for 10 days in either 
normal chemically defined medium or the same contain
ing different concentrations of either 3,3',S-triiodo
L-thyronine (T3) or NGF or both agents. Results are 
expressed as a percentage of control ChAT activity. 
Each column is the mean value with S.E.M. indicated by 
the bar. The data are taken from Hayashi and Patel.S 
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Table 2. Effect of thyroid hormone (T4) -and NGF on the activities 
of ChAT, GAD, glutaminase, GS and CNPase, as markers of 
neural cell types, in the basal forebrain of le-day-old 
normal and hypothyroid (Tx) ratsa 

Experimental ChAT GAD Glutaminase GS CNPase 

I T4 120* 88 86 98 123* 
II NGF 139* 87 83 109 92 
III T4 + NGF 176* 90 90 98 120* 
IV Tx 92 84* 104 101 87 
V Tx + T4 l27*§ 109§ 107 95 l19*§ 
VI Tx + NGF 107 96 98 107 90 
VII Tx + T4 + NGF l72*§ l16§ 116 114 l3l*§ 

aA group of normal or Tx rats received a daily subcutaneous 
injection of L-thyroxine (0.3 ~g/g body weight) from birth 
(lor V), or intraventricular injections of NGF (2 ~g) at 
postnatal days 1, 3, 5, 7 and 9 (II or VI), or both 
L-thyroxine and NGF (III or VII). The rats were killed at 
postnatal day 10. Whole homogenates of the basal part of 
the forebrains were used for the estimation of choline 
acetyltransferase (ChAT), glutamate decarboxylase (GAD), 
glutaminase, glutamine synthetase (GS) and 2',3'-cyclic 
nucleotide-3'-phosphohydrolase (CNPase) activities. 
Enzyme activity (per mg protein) is expressed as a 
percentage of the respective control values. Significant 
differences (P<O.OS) between the mean values of control 
and experimental groups are indicated by *, and between 
Tx and Tx given humoural agent(s) are shown by §. The 
data are taken from Patel et al.7 

that subcortical cholinergic neurones are subject to regulation by an 
interaction between thyroid hormone and local humoural factors such as 
NGF.7,8 

There are a number of possibilities that could account for the inter
action between thyroid hormone and NGF. For example, treatments with 
insulin and insulin-like growth factor II have been found to increase 
specific and saturable NGF binding sites in cultured human neuroblastoma 
cells. 37 It is possible that analogous mechanisms between thyroid hormone 
and NGF may operate in subcortical cholinergic cells. Another possibility 
could be that if thyroid hormone controls the formation of ChAT or of 
proteins essential for cholinergic cell maturation at a pretranslational 
leve1 38 and NGF regulates the de novo synthesis of these crucial proteins 
at transcriptional level,30 then a combination of these effects could 
synergistically potentiate ChAT activity. 

IS THYROID HORMONE REQUIRED FOR THE NGF EFFECT ON THE SUBCORTICAL NEURONES 
IN VIVO? 

Young rats made hypothyroid at birth are intraventricularly given the 
minimum amount of NGF that produces a significant increase in basal fore
brain ChAT activity in normal animals. 7,36 In contrast to normal young, 
treatment with low doses of NGF has no significant effect on the activity 
of ChAT in thyroid deficient rats (Table 2).7,32 However, when hypothyroid 
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rats are treated with both NGF and thyroxine, ChAT activity in the basal 
forebrain is significantly higher than in the rats given thyroxine alone. 
Furthermore, the enzyme activity value in the hypothyroid rats given both 
thyroxine and NGF reaches the same level found in normal animals after 
treatment with both humoural agents (Table 2). The results indicate that 
low doses of NGF fail to increase significantly ChAT activity in thyroid 
deficient rats although the stimulation of enzyme activity induced by 
thyroxine is potentiated by NGF in these animals. The in vivo concentration 
of NGF in brain is very low (less than 2 ng/g tissue) and this could 
emphasize further the importance of thyroid hormone for the in situ action 
of local humoural factors like NGF on cholinergic nerve cells. 

CELLULAR SPECIFICITY FOR THE EFFECTS OF THYROID HORMONE AND NGF IN THE BRAIN 

In the peripheral nervous system, the administration of NGF elevates 
the activities of tyrosine hydroxylase and dopamine-B-hydroxylase, the 
marker enzymes for catecholaminergic neurones, and enhances sympathetic 
neuronal survival and advances growth of nerve fibres. 30 ,31 Both neuronal 
and non-neuronal cells have been shown to express NGF receptors (R) in the 
periphery.39,40 The initial studies in the brain have also indicated very 
wide regional distribution for NGF and NGF-R (high affinity saturable bind
ing sites) and a possible role in a number of biochemical reactions. 31 
However, our recent studies, on the effects of NGF on neuronal cell types 
(in terms of marker enzymes)23 and on the immunocytochemical localization 
of NGF-R conta~n~ng cells (using a monoclonal antibody derived by 
Chandler et al. 41 ), now show that the effect of NGF is selective for sub
cortical cholinergic neurones. 7,27 NGF, when administered intraventricu
larly, has no effect on the activities of GAD (i.e. GABA-ergic cells), 
glutaminase (i.e. glutamatergic cells), glutamine synthetase (i.e. astro
cytes), or of 2',3'-cyclic nucleotide-3'-phosphohydrolase (CNPase; i.e. 
oligodendroglial cells) in the brain of either normal or neonatally hypo
thyroid rats (Table 2). Also, in contrast to its effect on ChAT activity, 
NGF did not potentiate the increase in CNPase and GAD activities induced by 
thyroxine in hypothyroid rats (Table 2). Similarly, administration of NGF 
does not affect monoaminergic cell markers in the brain. 35 

The findings on the normal morphology and distribution of NGF-R- and 
ChAT-containing cells of the adult rat forebrain27 are in good agreement 
with the biochemical observations. 7,35,36 Unlike in the peripheral nervous 
system, only neurones showed immunoreactivity to NGF-R in the brain. Both 
the NGF-R and ChAT immunoreactive cells appear to form a continuous antero
posterior band, which includes the olfactory tubercle, the medial septal 
nucleus, the vertical and horizontal limbs of the diagonal band and the 
basal nucleus. 27 In each subdivision of the basal forebrain, the topo
graphic organization, the localization, the intensity of the immunoreaction 
and the total number of NGF-R- and of ChAT-immunoreactive neurones are 
strikingly similar, indicating that nearly all NGF-R containing cells are 
cholinergic neurones (Fig. 1). On the other hand, in the basal forebrain 
of rehabilitated neonatally hypothyroid rats the intensity of the immuno
reaction product in NGF-R-positive cells (which is comparable to that seen 
in NGF-R- and ChAT-positive cells in controls) is greater than that of the 
ChAT-containing neurones (Fig. 1). As a result, the number of ChAT positive 
cells appeared to be lower than the NGF-R-positive cells after thyroid 
deficiency during early life (Fig. 1). In cells other than the basal fore
brain neurones, including those of the cerebral cortex, the hippocampus and 
the cerebellum, the reaction to the antibody was very diffuse and faint, 
and thus proved to be very difficult to dissociate with reasonable certainty 
from background non-specific staining. These biochemical and morphological 
findings indicate that the effect of NGF is specific to cholinergic cells, 

145 



whereas thyroid hormone also affects the development of GABA-ergic neurones, 
astroglial cells and oligodendrocytes. 

OTHER FUNCTIONAL IMPLICATIONS 

The present findings on congenital hypothyr.oidism may also be relevant 
to senescence and many developmental and degenerative disorders of the brain. 
Abnormalities in the formation of acetylcholine have been associated with 
age-dependent atrophy of the basal forebrain cholinergic neurones, and as in 
Alzheimer-type dementia in man, these changes in the cholinergic system 
appear to contribute to age-related cognitive impairments in rodents. 42 ,43 
Senescence reduces the conversion of thyroxine to triiodothyronine and the 
level of thyroid hormone receptors, and these alterations may be responsible 
for the suboptimal thyroid state with aging. 44 ,45 Both in developing and 
adult mice, administration of thyroid hormone is found to increase the NGF 
level in the brain. 46 Also, a continuous intracerebral infusion of NGF over 
a period of 4 to 5 weeks can partly reverse the atrophy of the cholinergic 
cell body and improve retention of a spatial memory task in behaviourally 
impaired aged rats. 43 It is believed, therefore, that such studies of 
underlying mechanisms of the biological damage to cholinergic cells, and of 
the operation of the memory and other cognitive processes in neonatally 
hypothyroid animals, may serve as useful models to test cholinergic drugs 
and trophic factors, which could be of therapeutic utility in dementias. 

SUMMARY 

The central nervous system consists of a complex array of many 
different neuronal and neuroglial cell types whose precise interrelation
ships determine its functioning. Alterations in the thyroid status affects 
both the formation and differentiation of brain cells, resulting in a dis
tortion, rather than synchronized shifts, in the organization of neuronal 
interconnections. Studies on the differentiation of nerve cell types, 
characterized by different neurotransmitters, have revealed that the effect 
of thyroid hormone on nerve cell maturation is cell-type specific; cholin
ergic cells are more severely affected than the others. The retardation in 
the development of choline acetyl transferase (ChAT) activity observed during 
the period of thyroid deficiency is completely reversible after long-term 
rehabilitation in all brain regions except the basal forebrain, suggesting 
selective sensitivity of subcortical cholinergic neurones to thyroid 
hormone. 

To obtain more precise information, without the complexity of secondary 
reactions in in vivo studies, conditions have been established for growing 
(in a chemically defined medium) relatively pure neuronal cultures enriched 
in cholinergic cells from the septal-diagonal band region of l7-day-old 
embryonic rat brain. Exposure of the cultures to thyroid hormone and nerve 
growth factor (NGF) for 10 days enhances the expression of ChAT activity in 
a dose-dependent manner. The effects of thyroid hormone and NGF are more 
than additive at optimal concentrations. The elevation of ChAT is due to 
an increase in the enzyme activity per cholinergic cell, since neither 
thyroid hormone nor NGF has a significant effect on the number of cells, 
including the cholinergic neurones. The in vitro effects on ChAT activity 
can be reproduced in vivo in the basal forebrain of 10-day-old rats after 
neonatal treatment with NGF (intraventricularly) and thyroid hormone (sub
cutaneously). However, in hypothyroid rats significant effects of NGF at 
low doses are not detectable, although the stimulation of ChAT activity 
induced by thyroid hormone treatment is potentiated by NGF. The effect of 
NGF is specific to cholinergic cells, while thyroid hormone also affects 
the development of GABA-ergic neurones, astrocytes and oligodendroglial 
cells. The findings on the normal morphology and distribution of NGF-
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receptor (R)- and ChAT-containing cells of the adult rat forebrain are in 
good agreement with these biochemical observations. Unlike the peripheral 
nervous system, only neurones show immunoreactivity to NGF-R antibody in 
the brain. In each subdivision of the basal forebrain, the topographic 
organization, the localization, the intensity of the immunoreaction and the 
total cell number of NGF-R- and ChAT-containing neurones is strikingly 
similar, indicating that nearly all NGF-R-immunoreactive cells are 
cholinergic neurones. The observations show that subcortical cholinergic 
neurones are subject to regulation by an interaction between thyroid 
hormone and local humoural factors such as NGF. 
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Recent morphologic, biochemical and functional evidence supports a 
direct role for thyroid hormones in adult brain (1-4). Nevertheless, the 
concept that adult brain is unresponsive to thyroid hormones continues, at 
least in some quarters, to prevail. By contrast, a role for the hormone 
during brain development has, for some time, been assumed, even though ob
servations suggesting a cause and effect relationship between triiodothy
ronine (TJ) in the developing brain and a TJ-dependent response have been 
presented only recently. Evidence that TJ nuclear receptors are homolo
gous to the products of the e-~b A protooncogene family provides a com
pelling rationale for involvement of these receptors in early events as
sociated with blast cell replication and specification. This rationale is 
now coupled with evidence that a high degree of T3 nuclear receptor occu
pancy coincides in time with the period of active neurogenesis in the fetal 
lamb (5). However, there is as yet no demonstrated link between TJ nuclear 
receptor complex formation and the somewhat later effects of the hormone 
on growth of nerve cell processes, synaptogenesis and myelin formation, 
and, as yet, no evidence for participation of the T3 nuclear receptor in 
adult brain activities. 

ONTOGENETIC FEATURES OF NEUROTRANSMITTER ACTIONS IN BRAIN 

Investigations of Jean Lauder have shown that many substances which 
regulate certain critical phases of neurogenesis and nerve cell speciali
zation were originally identified and are better known for their important 
neuroregulatory or direct neurotransmitter roles in the differentiated 
brain (6). In this context, Lauder cites evidence for early and important 
growth promoting activities of biogenic amines, acetyl choline, GABA, and 
substance P, expressed well before the apparatus of neurotransmission has 
been set in place. As outlined in Table I, mitogenesis and differentia
tion of neuroblasts and morphogenetic cell movements are induced by dopa
mine, for example, during this early, pre-neurotransmission phase of brain 
development. Although receptors for those early activities are unknown, 
they are likely to be different from those mediating the information-trans
mitting, synaptic activities of dopamine in the adult brain, and may well 
be localized in the cell nucleus. During (and presumably after) the con
struction of the apparatus of neurotransmission, dopamine appears to act 
as a "trophic" agent inducing nerve cell specialization such as neurite 
elongation, myelinogeneSis and synaptogenesis. Whether the receptors for 
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TABLE I ROLE OF NEUROACTIVE AGENTS IN THE BRAIN 

QEIIELOPIN§ BRAIN MATURE BRAIN 

Apparatus for Neurotransmission 

nat yet In place 

mitogeniC 
and 

dlfferentlltlng 
effects on 

nlurDIIlasts; 

control 
of morpbog
ItlC cell 
movements 

form Ina or In place 

prl and transsynaptlc 
actions as 

trophic Iglnts Inducing 
further devllopmental 

splclallzatlons 
(neurite Ilongatlon; 
myelinogenesis; 
synaptogenesls. etc.) 

transsynapt Ic 
actions IS 

neuromodulators 
neuroregulltors 

or 
neurotrlDs

mltters 

these functions are the same as those involved in dopaminergic actions as 
classically understood, remains to be seen. Finally, when the apparatus 
for neurotransmission is fully in place, transsynaptic actions of dopamine 
are in the forefront, and are brought about through the formation of com
plexes with well-characterized pre- and post-synaptic receptors. Thus, 
the same molecular specie may have markedly different neural activities, 
possibly mediated through different receptors, during different phases of 
brain ontogenesis. 

DO THYROID HORMONES INFLUENCE GROWTH AND SYNAPTIC ACTIVITY IN BRAIN? 

Our laboratory has been interested in the succession of early growth
promoting and subsequent synaptic activities of known neurotransmitters 
because a similar model might serve to link the early neurogenetic effects 
of thyroid hormones in the growing brain with their later behavioral and 
autonomic nervous system effects in adults. Evidence derived from study
ing ontogenetic features of thyroid hormone-dependent brain development 
in the rat supports this possibility. Thus, the actions of T3 on neuro
blast proliferation and differentiation (which are probably mediated 
through nuclear receptors) occur before the development of a synaptosomal 
apparatus Which (as will be seen) is later active in processing the hor
mone. Further along in the course of development, effects of the hormone 
on behavior and autonomic nervous system functions emerge, which may rea
sonably be linked to neuromodulatory, synaptosomally-based actions of the 
hormone in the central and peripheral adrenergic nervous system. This 
succession of thyroid hormone-dependent events is not unlike the onto
genetic succession of events characteristic of the actions of many known 
neurotransmitters, as outlined in Table I. 

Fate of the Hormone in Brain 

In the early 70's, when different approaches to studying these pro
blems experimentally were considered, the distribution of thyroid hormones 
in the brain had not yet been systematically examined. Since that time a 
number of studies have addressed the issue of regional, cellular and sub
cellular localization and metabolism of thyroid hormones in brain (7-9). 
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As a result we now have available considerable information regarding the 
fate of the hormone in the adult CNS. Among the more striking observations 
in the area are those demonstrating marked stability of thyroid hormone 
levels in both adult and developing rat brain (2,10). This stability is 
even maintained in the face of long standing extremes of hormone avail
ability. Coordinated adjustments in the activity of brain and liver help 
to maintain those stable conditions, suggesting that brain iodothyronine 
homeostasis is important for the function of the organism as a whole. 

Subcellular Distribution and Metabolism 

Thyroxine (T4) enters the extracellular fluid space through blood brain 
baTrier (11) and the choroid plexus (12) delivery systems. The potential
ly important role of the latter system has become a matter of considerable 
interest, following the demonstration of Dickson et al that T4 binding pre
albumin (transthyretin) is strongly localized and independently controlled 
within choroid plexus cells (12). T4 (and any T3 entering the brain) is 
transported from the extracellular fluid space into groups of selected 
nerve somata and their axonal and dendritic terminals (synaptosomes). More
over, with time after i.v. administration of a T4 or a T3 pulse, there is 
progressive accumulation of iodothyronines in synaptosomal particles 
(Fig.l) • 
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Data points show mean ± SEM; 0---0: synaptosomes; 
.---.: myelin; x---x: mitochondria; other symbols 
refer to intervening (unidentified) particles in 
the gradient. Abscissa shows time after i.v. 
hormone. 
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rn brain, T4 is converted to T3 at a low Km and faster fractional rate 
than has been demonstrated in liver and other somatic tissues (2,13). As 
compared with other brain fractions, the rate of T4 conversion to T3 is 
highest in synaptosomes (Fig. 2). 
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Fig. 2. FRACTIONAL CONVERSION OF T4 TO T3 IN VIVU IN 
BRAIN CYTOSOL AND SYNAPTOSOMES 

Rats were given an i.v. pulse of l25 I_T4 ; brain 
homogenates and subcellular fractions of brain 
were extracted by methods of Gordon, et al (19); 
iodothyronines in the extracts were separated by 
HPLC. Data points show mean T3/T4 ± SD at 1 and 
3 hours after isotope administration. 

A high affinity mechanism for binding T3 to selected synaptosomal 
membranes has been described by Mashio and colleagues (14,15). These 
binding sites may help to maintain the strong concentration gradient from 
cytosol to synaptosomes noted after labeled T4 and T3 administration 
(Fig. 3), and may implement actions of T3 within or across nerve endings. 
The affinity and capacity of T3 synaptosomal binding sites are similar to 
those of T3 nuclear receptors (14); the ratio of labeled T3 found in these 
organelles after l25I-T3 administration is also similar through the 1 hour 
time interval, although concentrations are relatively higher in synapto
somes at later times (Table II). In addition to T3 directly taken up or 
formed from synaptosomally-concentrated T4, the evidence thus far indi
cates that T3, directly taken up or formed from T4 within the nerve cell 
body, is axonally transported to synaptic elements in terminal fields 
(Figs. 2 and 4), thereby continuously adding to the intrasynaptosomal T3 
pool. This may explain why enriched synaptosomal elements derived from 
brain homogenates show a T3 concentration gradient from cytosol to synap
tosomes through at least 24 hours after i.v. l25I- T4 administration. 
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Fig. 3. 
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RATIOS OF LABELED HORMONE IN SYNAPTOSOMES RELATIVE 
TO BRAIN CYTOSOL AFTER I.V. l25I-T3. 

The concentration gradient from cytosol to synap
tosomes is linear through the first hour and shows 
a progressive, non-linear increase thereafter. 
Each data point represents the ratio in an indi
vidual animal. 

TABLE II Ratio of synaptosomal to nuclear 125 1_ T3 

hours ratio 
after per brain 
Qulse 

1 1.00 
3 1.26 

24 1.41 

Hormone was administered i.v.; synaptosomes were 
separated by gradient centrifugation of Sl de
rived from labeled brain homogenates (9); nuclei 
were recovered from the low speed homogenate 
pellet after passage through Ficoll gradients. 
T3 was isolated as described in legend. Fig. 2. 
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AUTORADIOGRAPHIC EVIDENCE FOR AXONAL TRANSPORT 
AND TERMINAL FIELD LOCALIZATION OF I.V. l25I-T3. 

Top panel: Histologic section prepared from 
forebrain region of rat brain at the level of 
the mid hypothalamus. 

Lower panel: Film autoradiogram prepared from 
same region of brain 48 hours after hormone 
injection. Note persistence of choroid plexus 
labeling, unlabeled fimbria but labeling in 
internal capsule and fornix indicating selec
tivity of white matter label and axonal trans
port. Thalamic nuclei (important terminal 
field relays) are seen to be differentially 
labeled, with particularly strong concentration 
of isotope in the paraventricular thalamic 
nuc. 



On the other hand, a morphologically distinct type of nerve ending, 
the cerebellar mossy fiber terminal, exhibits its highest ratio to cyto
solie T3 concentration 3 hours after i.v. l25I-T3 and undergoes a progres
sive net fall thereafter (Fig. 5). It is therefore likely that rates of 
labeled hormone turnover in synaptosomes differ from one neural network 
to another, due, for example, to differences in endogenous hormone stores 
or local differences in impulse traffic, to name only the more obvious 
possibilities. Whether such factors might contribute to the observed T3 
processing differences between cerebellar mossy fiber synaptosomes and 
mixed, conventional synaptosomal populations, can be tested experimentally. 
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Fig. 5. RATIOS OF LABELLED T3 CONCENTRATIONS IN CYTOSOL 
AND SYNAPTOSOMES IN DIFFERENT SYNAPTOSOMAL 
POPULATIONS 

Conventional synaptosomes and mossy fiber ter
minals were isolated on density gradients (9,21) 
and T3 concentrations in the different fractions 
were measured as described in Fig. 2. Data 
points are mean concentration gradient units de
rived from two 2-pool brain homogenates; error 
bars show range of differences in the replicate 
observations. Abscissa: time after i.v. l25I-T3; 
20 and 60 = minutes; 3 and 72 = hours. 

Autoradiographic Studies 

The selectivity of hormone localization within the brain is hardly 
appreciated if the data are derived from regional dissections, but is 
clearly demonstrated in thaw-mount autoradiograms prepared after i.v. ad
ministration of high SA l25I-iodothyronine (7). As an example, Fig. 6 
shows time-dependent changes in labeling of cerebellum in film autoradio
grams prepared from coronal sections of labeled rat brain taken at inter
vals through 48 hours after hormone administration. Although most attri
butes of labeling rates and patterns are unique for every region and sub
region of brain, certain of the observations can be generalized, viz: Ex
cept for a time lag, T4 is distributed like T3 unless conversion of T4 to 
T3 is impeded (in which case the labeling patterns are unresolved); At 
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1 hour, there are high concentrations of label in choroid plexus and dif
fuse distribution in the extracellular fluid space; Within 3 hours for T3 
and 10 hours for T4 there is progressive (saturable) resolution within 
nerve cell bodies of selected brain nuclei; By 24-48 hours, label at ori
ginal sites of concentration in grey matter shows marked diminuition or 
disappearance while label in selected fiber tracts appears and becomes 
progressively more resolved; By 48-72 hours, the label is noted in termin
al fields relevant to originally labeled brain nuclei; In certain relay 
stations or regions with reverberating circuits (e.g. cerebellum), occu
pancy eventually diminishes but the pattern of distribution is maintained 
for the entire period of observation. 

Functional effects. Although the distribution and binding of iodo
thyronines in brain have been reasonably well-characterized, only a few 
studies have provided experimental evidence of a functional role for the 
hormone in adult brain. The work of Ruiz-Marcos and colleagues (16) is 
of particular interest. Their investigations have shown that long-stand
ing adult-onset hypothyroidism causes reversible loss of dendritic spines 
of pyramidal cells in visual and auditory cortex (3). The deficit is most 
prominent in the terminal dendritic tree. Although the authors undoubted
ly make different interpretations of their data, Ruiz-Marcos' observations 
might conceivably reflect loss of "trophic" effects normally exerted by 
thyroid hormone-processing axon terminals on pyramidal cell dendrites. 
Light microscopic autoradiograms show that neuronal cell bodies in layers 
2 3 and 4 in the auditory and visual cortex are heavily labeled with 
1~SI-T3 within 3 hours after an i.v. hormone pulse. Further evidence sug
gests that the cellular label is translocated into axons (1). The axon 
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Fig. 6. FILM AUTORADIOGRAMS FROM MID-CEREBELLAR REGION OF 
RAT BRAIN STEM. 
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(a) above: Histologic (coronal) section of cere
bellum at level of cochlear nn. 
(b) facing page: Autoradiograms of cerebellum prepar-
ed 1, 3, 10, 24 and 48 hours after i.v. l2SI-T4 (left) 
or l2SI-T3 (right). Note intense labeling of choroid 
plexus in all T4-labeled sections, diffuse labeling 
after both isotopes at 1 hour, time lag for T4 as com
pared with T3 but eventual resolution within the granule 
cell layer in each instance. At early times, pyramids 
are unlabeled but are clearly distinguishable from back
ground at 48 hours. For T3 but not ~ for T4, labeling 
of spinal tract of V can be distinguished. Additional 
details are found in reference 1. 



terminals of these cells synapse wi~h dendrites of pyramidal cells in the 
deeper cortical layers and could serve as a source of thyroid hormone
mediated trophic effects. This interpretation is relevant to evidence de
rived from serial film autoradiography (unpublished observations). 

Another experimental result compatible with direct effects of the 
hormone on nerve cell activity comes from studies showing earlier heart 
rate stimulating properties of intrathecally as compared with intravenous
ly delivered T3 to hy~othyroid rats (Fig. 7). Thus, though sparse, pre
sently available functional results demonstrate that thyroid hormones play 
a continuing role in adult brain, which may be synaptically mediated. 
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Fig. 7. EFFECT OF ROUTE OF ADMINISTRATION ON FRACTIONAL 
HEART RATE RESPONSE TO T3 

Pairs of rats were given 1 ~g T3/l00 g BW or NaOH 
by i.v. or intrathecal injection. Mean fractional 
changes every 2 hours indicated by A: intrathecal 
T3; B: i.v. T3; C: intrathecal NaOH; D: i.v. NaOH. 
I.V. T3 results were not significantly different 
from both NaOH controls; intrathecal T3 (A) pro
duced a significant increase in heart rate re
sponse as compared with B, C, D combined (p<.02). 

EARLY ONTOGENETIC STUDIES 

Serial observations made during the early postnatal phase of rat 
brain development help to establish a connecting link between the 
role of thyroid hormones during neuroblast proliferation/differentiation 
and their potential role as synaptically active compounds. These onto
genetic studies have revealed that certain well-established iodocompound 
processing functions of adult brain are not yet active during late fetal 
and early postnatal life; that synaptosomal processing characteristic of 
the adult animal brain is not present at birth, but begins to develop at 
the time that brain nuclear T3 receptor capacity begins to decline; that 
the weaning process constitutes an important landmark in thyroid hormone 
processing mechanisms in the brain (associated with selective reshuffling 
of regional hormone distribution); and that male and female differences 
in brain iodothyronine distribution are well-established before sexual 
maturation. 

To non-invasively investigate the ontogeny of thyroid hormone pro
cessing in developing rat brain, we carried out a modified isotope equi
librium study, administering radioactive iodide to the mothers from the 
15th day of gestation to the t~me of weaning. This methodology insured 
efficient and non-stressful radioactive iodide transport to the progeny 
before birth, through the placenta, and thereafter, through the powerful 
iodide transport mechanism of the breast (17). After weaning, labeled 
iodide was made available to the offspring through their own drinking 
water. As a result, iodocompounds of the rat pup tissues and bodily fluids 
became non-invasively and pervasively labeled with l25I-iodine (17,18). 
It was therefore possible to study the time course of iodocompound-pro
cessing activities in brain through application of straightforeward radio
chemical methods of analysis. 
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Early Ontogeny of Brain Iodocompounds 

Using paper and reverse phase HPLC chromatography of whole brain 
homogenate extracts (19) daily changes in brain iodocompounds were mea
sured during the first week of life. Thereafter, measurements were made 
at intervals throughout the rest of the period of observation (through 40 
days). Fig. 8 shows the important changes in brain iodocompound identity 
and concentration from early to late phases of the nursing period and com
pares the results with those in serum and skeletal muscle. As noted, 
highly significant changes in brain iodide, reverse T3 and iodotyrosine 
concentrations occur over the course of the nursing period. The high con
centrations of iodide and iodotyrosines in brain at birth and during the 
first week of life may indicate that these compounds play a role in early 
postnatal brain development. They also suggest that the ability to block 
the entry of iodide and the ability to dispose of iodide generated in the 
brain may not yet have developed during the first week of postnatal life. 
As regards the presence of iodotyrosine, it is possible that ether ring
cleavage is very active during this early period and/or that iodotyrosine 
deiodinase activity has not yet matured. It is noteworthy that despite 
the marked reduction in iodide and iodotyrosine concentrations as develop
ment proceeds, T3:T4 ratios found in brain homogenates during the entire 
nursing phase are quite stable, are similar to those found in the post
weaning period, and are in line with results obtained from measurements 
of endogenous T3:T4 ratios in adult brain. 
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Fig. 8. IODOCOMPOUNDS IN BRAIN, MUSCLE AND SERUM IN RAT NURSLINGS 

Tissues and blood samples were obtained on the 5th and 
19th day of life from rat pups pervasively labeled with 
1251; brain, muscle and serum iodocompounds were mea
sured by methods described in the text. Changes in 
iodocompound levels from 5 to 19 days: sig. for T4 in 
all instances (p<.OOl); for T3 in brain (p<.OOl) and 
muscle (p<.Ol); for iodotyrosines in brain (p<.Ol); 
iodide levels showed a similar, significant rate of 
decrease in all samples. 
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Ontogenesis of Brain Iodocompounds: Regional Distribution 

Unfortunately, brain tissue labeling produced by the isotope equili
brium methods used in these experiments was not sufficient to produce 
autoradiographic images. This is attributable to the low concentrations 
of iodide administered (restricted, in order to maintain general health 
and active thyroid function) and the limited half-life of the isotope. 
Therefore, regional distribution was estimated from anatomical dissections 
of whole brains. On day 1 through 6 of postnatal life, the rat brain is 
extremely friable and regional landmarks are difficult to distinguish. 
Nevertheless, it is possible to carry out gross dissections which reveal 
that regional differences in iodocompound distribution are already estab
lished by day 1 of life. These may reflect regional differences in nu
clear receptor density,which receptors are reported to be at their height 
during the first few days of postnatal (rat) life (18). 

On and after the 12th day of life, regional dissections can be ap
proached with greater confidence. The results demonstrate that the rela
tionships among the different regions observed during the first week of 
life are generally maintained during later aspects of the preweaning per
iod. However, weaning induces changes in the absolute and relative pat
terns of regional labeling within the neuraxis. Thus, the hypothalamus 
becomes one of the most prominent sites of iodocompound concentration, 
when previously it was the least. The cerebral cortex, which was the most 
prominently labeled, now ranks 4th in the list of 5 regions. Whether this 
shift is related to programmed death of certain iodocompound-concentrating 
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Fig. 9. REGIONAL DISTRIBUTION OF BRAIN IODOCOMPOUNDS 
DURING DEVELOPMENT 

Iodocoffipound measurements made from postnatal days 
1 through 40 showed that, relative to brain stem, 
where levels increased progressively during the 
period of observation, levels in corpus striatum 
were maintained at a generally high level; in cere
bellum, at an intermediate level; in hypothalamus, 
a&ow rise with a marked increase during weaning, 
and in cerebrum, initially high, a significant de
crease with weaning. Little further regional change 
was noted from day 23 to 40, at which time all values 
were sig. different from each other (p<.OS). 0/5 = 
ratio of brain to serum iodocompounds expressed as 
cpm/mg: cpm/~l (22). 



eural elements or to other developmental changes is entirely unknown. 
owever, to the degree that can be discerned through the medium of region-
1 dissections, there is a highly reproducible effect of weaning on re
;ional organization of iodocompound processing systems in the rat brain. 

:hanges in Subcellular Distribution of Iodocompounds with Development 

During the first few days of life, almost all iodocompounds in the 
)ost-nuclear supernatant phase of brain homogenates are found in the sol
lble fraction, and relatively few are associated with membrane-bound or
ganelles. As development proceeds, however, this relationship is reversed 
and soon, labeling of perikaryal particulates predominates, while labeling 
of the cytosol is proportionately diminished (Fig. lOa). Among the post
nuclear particles examined after the 4th day of life, iodocompounds were 
always more heavily concentrated in synaptosomes, and, to a significantly 
lesser extent, in myelin, whereas in fractions enriched in mitochondria, 
the rate of change was much slower and less prominent (Fig. lOb). Since 
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Fig. 10. IODOCOMPOUNDS IN DEVELOPING RAT BRAIN: LOCALIZATION 
IN SUBCELLULAR PARTICLES 

Rat brains were obtained at the indicated days of life 
(abscissae); after homogenization in .32 M sucrose, 
particulate components of the supranuclear fraction 
were separated on sucrose density gradients. 

(a) Data showing developmental changes in localiza
tion of iodocompounds in cytosol and total particles 
are expressed as % of total in Sl ± SD; n = >3 at each 
time interval. 

(b) Data show mean % of total iodocompounds in synapto
somes, myelin and mitochondria; differences among the 
different particles significant (p<.OOl) both as to 
amounts and rates of change. 
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brain mass increases rapidly during the first 3 weeks of life, we measured 
the increase in iodocompounds in cytosol and synaptosomes as a function of 
the increase in protein during the nursing period. The results (Fig. lla 
and b) demonstrate that accumulation of T3 in synaptosomes (determined by 
extraction and chromatography of each brain fraction) is far greater than 
can be accounted for by the increasing mass of synaptosomal protein (16). 

In separate studies, Mashio and colleagues observed progressive in
creases in high affinity T3 binding sites in synaptosomal membranes deriv
ed from the developing rat brain (Fig. llc). This contrasts with the dir
ection of change in nuclear binding sites, and is compatible with a devel
opmentally-determined shift into a new phase of thyroid hormone action in 
brain. 

To pursue the analogy with known neurotransmitter actions during de
velopment: it might be predicted that the formation of a T3-processing 
system of nerve terminals, now known to occur in the rat from days 4 to 19 
of postnatal life, would coincide with T3-dependent changes in nerve cell 
specialization (neurite elongation, synaptogenesis, myelination). In fact 
this is the very period of such events. Further investigations should de
termine whether actions mediated by nuclear receptors, synaptosomal recep
tors or other, not yet identified, receptors, are responsible. 
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Fig. 11. DEVELOPMENTAL CHANGES IN IODOCOMPOUNDS AND HIGH 
AFFINITY T3 BINDING SITES IN SYNAPTOSOMES 

(a and b) Rat pup brains were analyzed as de
scribed in Legend, Fig. 10. Individual data 
points are mean levels of iodocompounds in 
cytosol and synaptosomes per brain, expressed 
as a multiple of the mean day 4 value. After 
day 4, ratios of protein to iodocompound con
tent were constant for cytosol but changed sig
nificantly for synaptosomes (p<.OOl); differences 
between cytosol and synaptosomal iodocompounds/mg 
protein we~e also significant (p<.OOl). 

(c) Data of Mashio et al (14,15) showing change 
in specific binding capacity of T3 nuclear (.---e, 
and synaptosomal 0---0 sites during development. 
Abscissae: postnatal days. 
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SUMMARY 

Ontogenetic features of thyroid hormone processing in brain have been 
characterized on the basis of new morphologic, biochemical and functional 
evidence. This evidence raises the possibility that, like other neuroac
tive substances, thyroxine may participate in developmental events through 
a series of separate but related mechanisms. 

An analogy is drawn between the ontogenesis of substances known to be 
synaptically active in the differentiated brain (neurotransmitters, neuro
modulators, neuroregulators) and selected features of thyroid hormone bind
ing and processing during development. 

Many neurotransmitters (for example, dopamine) participate in regulat
ing important stages of brain growth during different phases of develop
ment: EARLY: before the appearance of the apparatus of neurotransmission, 
influencing neuroblast proliferation and differentiation; LATER: during 
and after the appearance of neurotransmission machinery, influencing nerve 
cell specializations such as neurite elongation, synaptogenesis, myelina
tion; in DIFFERENTIATED BRAIN, affecting axonal and dendritic plasticity 
as well as information transfer across synapses. 

Early effects of T3 on neuroblast division and differentiation occur 
before the neural apparatus for processing thyroid hormones has developed. 
The period of thyroid hormone-dependent nerve cell specialization occurs 
later, during the so-called critical period, coinciding with the elabora
tion of a T3-processing neural system. In the differentiated brain there 
is now evidence compatible with a role for T3 in maintaining neural plas
ticity and intercellular communication through a transsynaptic mechanism. 
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DEVELOPMENT OF FETAL THYROID SYSTEM CONTROL 

INTRODUCTION 

Delbert A. Fisher 
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The hypothalamic-pituitary-thyroid system in the fetus is comprised 
of a complex of hypothalamic centers, anterior pituitary thyrotroph cells, 
thyroid follicular cells, and peripheral tissues which metabolize and respond 
to thyroid hormones. Embryogenesis of the hypothalamus and of the pituitary 
and thyroid glands is largely completed by 12 weeks of gestation in the human 
fetus. Hypothalamic histogenesis and differentiation and continued growth 
and functional maturation of the pituitary and thyroid glands proceed into 
the neonatal period (1). Studies of thyroid system maturation have been con
ducted in many species, but most detailed data have been developed in the 
sheep and rat models. The period of thyroid system development in man, a 
precocial species, extends to one month of postnatal life (some 44 weeks). 
In the sheep (also a precocial species), comparable thyroid system maturation 
encompasses 150' days of intrauterine gestation plus two weeks of postnatal 
life (165 days total). In the rat (an altricial species) thyroid system development 
requires some 50 days (21 fetal days + 28 postnatal days). Relative thyroid 
system maturation in these species is quite comparable and thyroid control 
matures during the latter half of the period of ontogenesis. Thus, the third 
trimester fetal sheep and neonatal lamb and the neonatal rat have served as 
useful models for the study of thyroid control maturation. The following discus
sion of the development of various aspects of control of thyroid hormone produc
tion will review data in the three species normalized as relative development 
time to facilitate species comparisons. 

The Pituitary Thyroid-Axis 

The central focus of thyroid system control is the pituitary thyrotroph 
cell. Figure 1 summarizes the major events in thyrotroph cell control of thyro
tropin (TSH) synthesis and release. Hypothalamic thyrotropin releasing hormone 
(TRH) binds to its receptor, stimulating the synthesis and release of TSH. 
Based on available evidence it appears that TRH-receptor interaction increases 
intracellular free calcium concentrations both by mobilization from intracellular 
pools and by increasing transport via cell membrane calcium channels (2). 
The increased cytoplasmic calcium activates TSH release. Cyclic AMP may 
play a role: both TRH and cAMP seem capable of increasing calcium inflow 
into the thyrotroph, as well as mobilizing calcium from intracellular pools. 
However, cAMP does not appear to be the primary mediator of the TRH effect. 
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Rather, recent evidence suggests that stimulation of membrane inositol phospho
lid metabolism with production of inositol triphosphate and diacylglycerol 
as second messengers may be involved (2). TRH stimulates glycosylation of 
TSH but does not increase production of the messenger RNA species for the 
alpha and beta subunits of TSH (3). 

y ~y@OJ-5'MO+-T3 
Co++ ~T4--+-T4 

\ '-- /RNA 

~SH 

Figure 1. Details of thyrotropin releasing hormone <TRH) and triiodothyronin-e 
(T3) regulation of pituitary TSH synthesis and release. See text 
for details. 5'MD is iodothyronine 5'monodeiodinase, type II. 

The second major factor in control of pituitary TSH secretion is thyroid 
hormone which is known to inhibit TSH release via two major mechanisms, 
1) triiodothyronine <T3) binding to the thyrotroph nuclear receptor inhibits 
TSH mRNA production, both alpha and beta chains, and 2) T3 decreases TRH 
receptor binding (2,4,5) (Figure 1). The intrapituitary T3 is derived from thyrox
ine <T4) by monodeiodination as well as by transport from serum. The T4 outer 
ring monodeiodinase (5'MD) in pituitary tissue is a type II enzyme, as contrasted 
with type I hepatic 5'MD. The pituitary enzyme differs from hepatic enzyme 
in having a lower Km, being insensitive to propylthiouracil (PTU) inhibition 
and being suppressible rather than inducible by thyroid hormone (4,6). 

The timing of appearance of the several events in pituitary thyrotroph 
cell maturation are summarized in Table 1. The less than «) notation indicates 
that studies were not conducted at an earlier age. 

Studies in the rat have shown the presence of TRH receptors at the time 
of birth (0.4 of system development)(7). The TSH response to TRH is present 
at birth in the rat and early in the third trimester in man and sheep (8-11). 
The pituitary iodothyronine 5'monodeiodinase enzyme for intrapituitary conver
sion of T 4 to T3 is present at birth in the rat and has been measured during 
the mid-third trimester in the fetal sheep pituitary (12,13). Pituitary nuclear 
T3 receptors are present in near-adult concentrations in the 5-day neonatal 
rat and PTU inhibition of pituitary T3 receptor binding was observed at 14 
days of postnatal age (about 0.7 of thyroid system maturation) (14). Immunoreac-
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Table 1 

MATURATION OF PITUITARY THYROTROPH 

TRH receptor present 
TSH response to TRH 
T 4 5'deiodinase activity present 
T3 receptor present 
T3 stimulation of T3 

receptor binding 
TSH synthesis 
T3 inhibition of TSH synthesis 

and release 
T3 inhibition of pituitary 

TRH binding 
TRH effect on TSH glycosylation 

Time of Appearance* 

Man 

<0.6 

<0.3 

<0.65 

<0.6 
<0.8 

<0.3 

Rat 

<0.4 
<0.4 
<0.4 
<0.5 

<0.7 
<0.3 

<0.5 

<0.6 
>0.6 

·Fractional proportion of thyroid system maturation time. Complete maturation 
time (=1.0> is 10 months in man, 51 months in sheep, and 50 days in rats. 

tive TSH is present in the pituitary and serum of sheep and human fetuses 
near the end of the first trimester and is detectable in fetal rats by 18-20 
days (1,10,11). The capacity for T3 modulation of TSH synthesis and release 
is present at 5 days of age in neonatal rats and as early as 26 weeks gestation 
in the human premature infant (8,10>. T3 inhibition of TRH receptor binding 
has been observed in the 10-day neonatal rat (5), A TRH effect on glycosylation 
of TSH in rat pituitaries in vitro was not observed at 5 days and by 56 days 
was easily observed (11).-These results indicate that the pituitary cellular 
mechanisms for control of TSH release are present by 0.4-0.6 of thyroid system 
maturation. This corresponds to the mid or late second trimester of development 
in the human fetus. 

Thyroid follicular cells are present and can synthesize thyroid hormones 
by 70-80 days of human gestation (1). However, the capacity of these cells 
to produce thyroid hormones in response to TSH increases with advancing gesta
tion age. Table 2 summarizes available information regarding the time of 
appearance of important follicular cell functions during development. 

Iodide trapping and T 4 synthesis are observed late in the first trimester 
in sheep and human fetuses (1). Thyroglobulin has been detected as early as 
29 days of human fetal age (1). T4 to T3 conversion capacity has been detected 
at birth in the fetal sheep thyroid (Fisher, unpubl ished). TSH responsiveness 
in the developing thyroid appears near the midperiod of thyroid system develop
ment, when assessed as the time fetal serum T4 levels begin to increase. In 
the rat and sheep, serum TSH levels increase before the T 4 increase occurs; 
this is not so clearly evident in the human fetus (1,11). Iodide is known, in 
large concentrations, to inhibit iodide trapping and to block the effect of TSH 
on T 4 synthesis and release. The adult thyroid has the capacity to defend 
against excess iodide by decreasing membrane iodide trapping (15), The capacity 
of the thyroid follicular cell to inhibit iodide transport and defend against 
iodide-i/lduced hypothyroidism appears as a terminal event in thyroid system 
ontogenesis in both infant rats and humans (16,17). Studies in rabbits suggest 
that the failure of fetal thyroid tissue to exhibit autoregulation may relate 
to reduced iodination of an 8 to 10 kilodalton soluble component of the thyroid 
gland (15,18). 
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Table 2 

MATURATION EVENTS IN THYROID GLAND FOLLICULAR CELL DEVELOPMENT 

Event 
TSH responsiveness" 
Iodide trapping 
Thyroglobulin synthesis 
T 4 synthesis 
T 4 to T3 conversion 
Iodide inhibition of iodide 

trapping 

Time of Appearance* 

Man 
0.5 
0.2 
0.1 
0.2 

1.0 

Sheep 
0.3 
0.3 

0.3 
<1.0 

*Fractional proportion of thyroid system maturation time. Complete 
maturation time (=1.0) is 10 months in man, 51 months in sheep and 50 
days in rats. 
** Assessed as time serum T4 begins to increase. 

The Hypothalamic-Pituitary Axis 

Rat 
0.5 
0.3 
0.3 
0.3 

1.0 

One important neuronal TRH control center appears to be the paraventric
ular nucleus, but TRH is widely distributed in the hypothalamus and highly concen
trated in the median eminence (4). One important factor regUlating TRH produc
tion is environmental temperature. Both peripheral thermal receptors and preop
tic neuronal thermal receptors monitor environmental and central body tempera
ture; these receptors modulate preoptic neuronal outflow to the paraventricular 
nucleus and other TRH synthesizing neurons in the hypothalamus and median 
eminence which, in turn, modulate TRH secretion (4). Decreasing environmental 
and/or core body temperature increase TRH output and increase the tonic level 
of TSH release. Somatostatin (SRIF) and dopamine can inhibit TSH release 
by actions at the pituitary level, and these inhibitory transmitters contribute 
to central nervous system modulation of TSH release (4). There is evidence 
that serotonin may be inhibitory in the adult rat, but this does not seem to be 
so in other species. Norepinephrine also may be inhibitory. Glucocorticoid 
can inhibit TSH release at the hypothalamic level, but the mechanism is not 
known. The exact roles of TRH and non-TRH regulatory factors in TSH control 
are not clear. Administration of somatostatin antiserum to adult rats increases 
basal TSH levels and potentiates the TSH response to cold (19). Inhibitory factors 
probably also playa role in the diurnal variation in TSH secretion, in the inhibitory 
reactions to stress, in the variation in thyroidal activity in psychosis, etc. 

Table 3 summarizes current information regarding the timing of maturation 
of several major events in hypothalamic control of TSH release. 

TRH has been detected in the hypothalamus of all three species near 
the end of the first trimester of thyroid system ontogenesis. Exogenous T3 
has been shown to decrease and thyroidectomy to increase hypothalamic and 
extraneural tissue TRH concentrations at 130 days of gestation in the sheep 
(about 0.8 of system development) (20). The increase in hypothalamic TRH 
concentration begins at 10-12 weeks in humans, at 4-5 days of age in the rat, 
and at 90-100 days gestation in the sheep (1,21). TSH release becomes responsive 
to TRH near the mid-period of thyroid system ontogenesis (1,10>. Hypothalamic 
ablation experiments, administration of TRH antiserum, and studies of TRH 
augmentation of propythiouracil-induced increases in serum TSH in neonatal 
rats have indicated that the pituitary-TSH release becomes TRH dependent 
between 5 and 10 days of age (about 0.5 of thyroid system ontogenesis) (22-25). 
Roughly simultaneous increases in pituitary TSH, serum TSH, and serum T4 
levels occur in the human fetus at 18-20 weeks gestation, probably reflecting 
similar TRH activation of the fetal pituitary thyroidal axis (1,26). In the sheep 
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FRACTIONAL THYROID SYSTEM MATURATION 
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Figure 2. Maturation of TSH secretion in the developing rat. The events depicted 
are described in more detail in the text. Details of timing are compiled 
from references 1,10,34. 
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Figure 3. Maturation of thyroid hormone secretion in the developing rat. The 
events depicted are described in text. Details of timing are compiled 
from references 1,12,34. 
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TABLE 3 

MATURATION EVENTS IN HYPOTHALAMIC CONTROL OF TSH RELEASE 

Event 

TRH synthesis 
TRH stimulation of TSH 
T3 inhibition of TRH synthesis 
TSH response to cold 
Somatostatin inhibition of 

TSH secretion 
Dopamine inhibition of 

TSH secretion 

Man 

<0.3 
0.5 

<0.6 

>1.0 

Time of Appearance* 

Sheep 

<0.3 
0.5 

<0.8 
<0.6 

<1.0 

Rat 

<0.4 
0.5 

1.0 

0.4 

>1.0 

*Fractional proportion of thyroid system maturation time. Complete maturation 
time (+1.0> is 10 months in man,S months in sheep and 50 days in rats. 

the increase in serum T4 also begins at midgestation (1). This "activation" probably 
reflects maturation of the pituitary-portal vascular system and/or increased 
TRH secretion since TRH receptors and the post receptor response to TRH at 
the thyrotroph level are present prior to this time (Table 1). 

The TSH response to cooling has been observed in the sheep fetus at 106 
days gestation <0.6 of system ontogenesis) (27). In the human neonate a T 4 
response to extrauterine cooling has been observed at term (28); moreover, 
the TSH response of premature infants to extrauterine exposure presumably 
also reflects a cold response (26). In the neonatal rat a response to cold is not 
observed until 3-4 weeks of age (29,30>. 

Somatostatin (SRIF) inhibition of TRH-stimulated TSH secretion has been 
demonstrated in the neonatal rat using SRIF antiserum as early as 3 days of 
age (0.4 of thyroid development) (19). However no effect on basal TSH levels 
was observed during the first 60 days of age (19). Exogenous SR IF inhibits the 
TSH response to TRH in neonatal lambs (31). Finally, dopamine receptor blockade 
in neonatal rats had no effect on serum TSH levels during the first 6 weeks 
of life and no effect at birth in human infants (32,33). 

Maturation of Thyroid Control 

The timing of maturation events for the developing rat is illustrated in 
figures 2 and 3. The pituitary-thyroid axis develops and functions autonomously 
of the hypothalamus during the first half of the period of thyroid system onto
genesis. The system becomes TRH responsive near midgestation, and during 
the last 0.3 to 0.5 of the period of thyroid system development there is a progres
sive increase in serum T4 and free T4 levels in the face of prevailing, relatively 
high serum TSH concentrations. This period of increasing serum T4 concentra
tions (figure 3) reflects several simultaneous maturational events. Probably 
the predominant event is a progressive increase in hypothalamic TRH secretion. 
The pattern of maturation of extraneural tissue TRH levels and serum TRH 
is compatible with an effect of extrahypothalamic TRH on TSH secretion during 
the midperiod of thyroid system maturation (Figure 2). However, encephalectomy 
experiments in neonatal rat show no effect on serum TSH until the second week 
of life (22,23). Thus, whether extraneural TRH plays a role is not yet clear. 

The ontogenesis of TSH and thyroid hormone secretion in the human fetus 
and newborn are shown graphically in figures 4 and 5. Here, also, the role of 
extraneural TRH in TSH release during midgestation is not yet clear (figure 
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Figure 4. Maturation of TSH secretion in the human fetus and neonate. The 
events depicted are described in more detail in the text. Details 
of timing are compiled from references 1,8,34 and 37-39. 
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Figure 5. Maturation of thyroid hormone secretion in the human fetus and neo
nate. The events depicted are described in text. Details of timing 
are compiled from references 1,26,28. 
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4). The period of increasing fetal serum T 4 concentrations between 20 and 
35 weeks gestation (figure 5) represents the critical period of maturation of 
thyroid system control. And this period of immaturity is reflected in thyroid 
system function in human premature infants. Newborn premature infants have 
a progressively increasing prevalence of hypothyroxinemia with decreasing 
gestational age; the prevalence in infants <30 weeks gestation is 50% (8,35,36). 
This hypothyroxinemia is associated with low serum TSH values and normal 
TSH and T 4 responses to TRH, observations characteristic of a state of hypothal
amic hypothyroxinemia. The data of Tables 1 and 2 suggest that TRH binding 
and post receptor responsiveness are reasonably well developed at this time 
and are not contributing to the immature function. The progressive increase 
in hypothalamic TRH concentrations observed in sheep and rats would support 
the hypothesis of progressively maturing TRH secretion during this period of 
maturation (1,20,21). 

There also is a progressive maturation of T3 negative feedback control 
of pituitary TSH release during the last half of thyroid system development. 
In the neonatal rat this is reflected by a progressive decrease in the dose and 
serum level of T3 necessary to suppress serum TSH or inhibit the serum TSH 
response to TRH (10). Pituitary T3 receptors and pituitary T4 to T3 conversion 
capacity are not rate limiting (Table 1). Hinkle and Goh (5) have shown that 
TRH binding and the TSH response to TRH in 10 to 12-day rat pituitary cells 
in culture are decreased by exposure to T3. Thyroid hormones also increase 
T3 receptor binding in developing pituitary gland (14). These data suggest that 
the maturation of pituitary sensitivity to negative feedback suppression of TSH 
by T3 is a complex process. Increasing T3 sensitivity with maturation seems 
to be due to a progressive decrease in the TRH effect mediated by a) a T3-induced 
decrease in TRH receptors, b) a T3-induced augmentation of T3 receptor binding, 
and c) T3 inhibition of hypothalamic TRH synthesis (20,40). Qualitatively, matu
ration of negative feedback control appears similar in the rat and human (figures 
2-5>' 

Finally, there is a progressive maturation of the thyroid gland responsiveness 
to TSH. This has been most clearly evident in the fetal sheep, where a progressive 
increase in the T 4 response to TRH-stimulated endogenous TSH release has 
been observed during the third trimester of gestation (9). This maturation proba
bly involves a) an increase in TSH glycosylation, and b) an increased thyroid 
response to TRH. The progressive increase in serum free T4 levels in the human 
fetus in the face of relatively elevated and stable serum TSH concentrations 
would support this hypothesis (34) (Figures 4,5). 
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Iodine Deficiency Disorders (IDD) are a major international public 
health problem (1). The effects of iodine deficiency occur at all ages, 
but are particularly important during the period of fetal development. The 
available epidemiological evidence has been c~mplemented by experimental 
studies of fetal development in animal models. These have focussed 
particularly on fetal brain development because of its obvious importance. 
Definite effects have been observed in a variety of animal models - the 
rat. the marmoset and the sheep. In addition studies of the mechanisms 
involved have been carried out which have revealed the importance of 
maternal thyroid function for fetal brain development. 

In this paper our work on the marmoset and the sheep models is 
reviewed. 

It is well known that the timing of brain development differs between 
species. In the human. maximum growth occurs at the time of parturition 
which is also the time of maximum growth of the pig brain (hence termed 
"perinatal brain developer"). In the rat and rabbit the maximum growth 
period is postnatal (termed "postnatal brain developer"). In the sheep and 
the monkey the maximum growth period is prenatal (termed "prenatal brain 
developer") • 

As Dobbing (2) has pointed out comparisons can be made between species 
if the stages rather than the ages of brain development are taken into 
account. 

One major problem in these studies has been the development of a 
suitable low iodine diet. It was essential that the diet be satisfactory 
apart from the one particular nutrient. iodine. so that any non-specific 
effects could be eliminated. This was achieved with both species showing 
normal fetal growth on the control diets which consisted of the iodine 
deficient diet with an iodine supplement. This meant that differences 
between the control and iodine deficient animals could, with confidence. be 
attributed to the iodine deficiency. 
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IODINE DEFICIENCY IN THE MARMOSET 

The effect of iodine deficiency on fetal development in the primate 
was investigated by Mano et al (3) in the common cotton-eared marmoset 
(Callithrix jacchus jacchus) (native of Brazil). A low-iodine diet 

(14.9 ± 0.8 ~g iodine per kilo) was developed composed of maize (60%), peas 
(15%), torula yeast (10%), low-iodine dried meat meal (10%) - prepared from 
the slaughter of iodine-deficient sheep (4) with added maize oil, minerals, 
amino acids and vitamins. The marmosets were confined to cages in pairs of 
opposite sex, and compared to the control pairs which received the same 
diet to which potassium iodate was added to provide a total intake of 433 ± 
34 ~g iodine per kilo). The iodine-deficient pairs maintained body weight 
and good health but had grossly reduced plasma T4 levels and elevated TSH 
levels. Thyroid iodine was reduced and histological examination of the 
glands revealed hyperplasia, hypertrophy and total absence of colloid 
material in the follicles (3). After a year on the diet, the female 
animals became pregnant and the newborn marmosets were studied following 
the first pregnancy and again following a second pregnancy. 

The newborn iodine-deficient marmosets showed some sparsity of hair 
growth but there was no evidence of significant changes in body weight or 
definite evidence of skeletal retardation as indicated by delayed 
epiphyseal development. There was gross reduction in plasma T4 in both 
mothers and offspring, increased newborn thyroid iodine weight and reduced 
thyroid iodine content. The differences were more obvious in the second 
pregnancy than in the first associated with a greater severity of iodine 
deficiency (Table 1). 

Table 1. Body weight, Plasma thyroxine (T4), and brain weight of 
newborn marmosets (mean ± SEM).* 

Normal 

Control 

Iodine deficient 
- first pregnancy 

Iodine deficient 
- second pregnancy 

Iodine deficient 
- all pregnancies 

a P < 0.001 

b P < 0.05 

*Modified from Mano 
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Number of 
Observations 

10 

28 

14 

10 

24 

et al (5). 

Plasma 
T4 
(nmol/ml) 

>300 

>300 

133 ± 20a 

47 ± 7a 

97 ± lSa 

Body weight 
(g) 

28.2 ± 0.7 

28.1 ± 0.4 

26.5 ± 0.8 

27.2 ± 1.6 

26.8 ± 0.8 

Brain weight 
(g) 

3.63 ± 0.08 

3.53 ± 0.04 

3.41 ± 0.07 

3.31 ± O.ll b 

3.37 ± 0.06b 



The brain weights of the newborn marmosets were significantly reduced 
in the second pregnancy (Table 1). This occurred particularly in the 
cerebellum in which a significant reduction in cell number was observed 
(5). 

Histological examination of the brain revealed morphological changes 
in the cerebellum, and cerebral hemispheres. In the cerebellum a thickened 
external germinal layer indicated impaired cell acquisition, a consistent 
feature of hypothyroidism in the developing brain. Other changes which 
were seen only in brains of offspring from second pregnancies were a 
reduction in total area and in molecular layer area and an increase in 
Purkinje cell linear density. The changes in the molecular layer area and 
the Purkinje cell linear density are indicative of reduced arborization of 
Purkinje cell dendrites. 

In the cerebral hemispheres, there was little change in weight or cell 
number (as measured by the DNA content) but in the visual cortex area an 
increase in neuronal density was apparent in the granular band in the 
second pregnancy iodine-deficient newborns. Synaptic counts also were 
reduced in the visual cortex (Table 2). 

Table 2. Counts of neuronal cells (in visual cortex) and synapses 
(in the band between the pia mater and supragranular band) 
in the cerebral hemispheres of newborn marmosets.* 

Neurons 

per 0Dn2 of 
supragranua1 band 

per 0Dn2 of 
granular band 

per 0Dn2 of 
infragranu1ar band 

Synapses 

per m2 of section 

Control 

mean SEM 
n = 8 

5650 ± 234 

8977 ± 237 

3948 ± 111 

0.296 ±0.015 

n = number of observations 

a P < 0.001 

*From Mano et a1 (5) 

I-deficient 
second pregnancy 
mean ± SEM 
n = 4 

5906 ± 131 

11264 ± 502 

3672 ± 122 

0.154 ±0.013 

% Difference 
from 
control 

5 

25a 

-7 
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These findings indicate definite effects of iodine deficiency on brain 
development in a primate model. The relative lack of effect in the first 
pregnancy indicates that severe iodine deficiency was necessary. 

IODINE DEFICIENCY IN THE SHEEP 

The sheep has been used as an animal model for extensive studies on 
iodine deficiency because of its convenience for the study of 
maternal-fetal function (6). 

Severe iodine deficiency was produced in sheep (4) with a low-iodine 
diet of crushed maize and pelleted pea pollard (8-15 ~g iodine/Kg) which 
provided 5-8 ~.g iodine per day. After a period of 5 months, although body 
weights were maintained, iodine deficiency was evident with the appearance 
of goitre, low plasma T4 and T3 values, elevated TSH levels and low 
daily urinary excretion of iodine. Control animals received the same diet 
but were supplemented with 2 mg sodium iodide administered by subcutaneous 
injections each week or by a single iodized oil injection (1 ml = 480 mg 
iodine). The ewes were mated with normal fertile rams, the dates of 
conception established, and fetuses delivered at 56, 70, 98 and 140 days 
gestation by hysterotomy. (The normal gestation period for the sheep is 
150 days). 

Over the whole period of some 8 years during which these studies were 
carried out there was a significant loss of lambs to the 69 iodine 
deficient ewes (21% due to abortion and stillbirths) in comparison to the 
67 controls (4.3%). 

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 and greatly reduced plasma T4 values associated 
with greatly reduced plasma T4 levels in the mother (Table 3). 

The iodine-deficient fetuses at 140 days were grossly different in 
physical appearance to the control fetuses. They weighed less and there 
was a notable absence of wool growth. Goiter, varying degrees of 
subluxation of the foot joints, and deformation of the skull were also 
present. Bone maturation was slowed as shown by the delayed appearance of 
the epiphyses in the limbs. Examination of the viscera of the fetuses 
revealed reduced weight of the fetal heart and lungs (7) (8). 

Lowered brain weight and brain DNA were noticed as early as 70 days 
(Table 3), indicating a reduction in cell number probably due to slowed 
neuroblast multiplication which normally occurs from 40-80 days in the 
sheep. Although brain protein was reduced in the deficient fetuses, the 
ratio of protein:DNA remained unchanged indicating no significant change in 
the size of the brain cells. The reduction in protein and DNA to less than 
normal in the 98 day and 140 day fetal brains implies that after 80 days 
the development of neuroglia is slowed also in iodine deficiency. 

Morphological changes were observed in the cerebellum and cerebral 
hemispheres at 140 days gestation (Table 4). Delayed maturation of the 
cerebellum was shown by reduced migration of cells from the external 
granular layer to the internal granual layer and increased density of 
Purkinje cells. The greater density of Purkinje cells indicates reduced 
Purkinje cell arborisation within the molecular layer. In the cerebral 
hemispheres the cells were more densely packed in the motor and visual 
areas while the pyramidal neurons in the hippocampus were denser in the CAl 
and CA4 regions indicating severe retardation in neuropil growth in both 
subfields (7). 
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Table 3. Effect of severe iodine deficiency on fetal brain 
development in the sheep.* 

Gestational Age 56 days 70 days 98 days 140 days 

Maternal plasma I-defic. (5) 37 a (6) 17 a (5) 15a (7) 19a 
T4 (nmol/l) Control (3) 126 (4) 134 (5) 141 (3) 137 

Fetal plasma I-defic. (5) 3b (6) 4a (5) 4a (7) 6a 
T4 (nmol/l) Control (2) 10 (4) 25 (5) 125 (3) 216 

Brain weight I-defic. (5) 1. 79 (7) 4.20c (5)19.0 (7)46.4b 
(g) Control (3) 1.68 (4) 5.01 (5)22.1 (6)53.8 

Cell number I-defic. (5) 8.86 (7)14.2 c (5)27.8b (7)62.6a 
(mg DNA) Control (3) 8.37 (4)16.2 (5)32.5 (6)74.5 

Body weight I-defic. (5)31. 7 (7) 101 c (5) 662 (7)2930b 
(g) Control (3)32.2 (4) 129 (5) 753 (6)3820 

Number of observations shown in parentheses. 
a P < 0.001 b P < 0.01 c P < 0.001 (two-tailed "t" test) 
*Modified from Potter et al (7). 

Table 4. Histological data at 140 days gestation of brain regions 
from fetal sheep during severe dietary iodine deficiency 
(mean values).* 

Cerebral hemispheres 
Parietal cortex area density (neurons/mm 2) 
Motor cortex area density (neurons/mm 2) 

Cerebellum 
Molecular area/Total area 
Granular area/Total area 
Medullary area/Total area 
Molecular area/Granular area 
Purkinje cell linear density (cells/mm) 
Granule cell area density (ce1ls/mm2) 
External germinal cell linear density 

(cells/mm) 

Hippocampus 
Basal dendrite depth (mm) 
Apical dendrite depth (mm) 
Subfield CAl area density (neurons/mm2) 
Subfield CA4 area density (neurons/mm2) 

Cranial nerve 
Abducent (number of myelinated axons) 

Number of observations is 4 for all parameters. 
a P < 0.01 b P < 0.05 (Two tailed "t" test) 
*From Potter et al (7). 

Control 

1287 
973 

0.468 
0.360 
0.173 
1.303 

15.55 
7.67 

305 

0.227 
0.530 

543 
339 

2862 

I-deficient 

1726b 
1124 

0.41S b 
0.390 
0.20Sb 
1.0S0b 

17.61 b 
7.90 

363 

0.243 
0.646 

707a 
404b 

2761 
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Evidence of retarded myelination in the cerebral hemispheres and 
brainstem also was provided by lowered cholesterol:DNA ratios. An 
increased water content in the brain at 140 days was further evidence of 
brain retardation in iodine deficiency (7). 

The effect of iodine supplementation on the retarded fetal brain 
development induced by iodine deficiency was investigated with a single 
intramuscular injection of iodized oil containing 500 mg iodine given to 
the pregnant sheep at 100 days gestation (9). The administered iodine 
restored the maternal and fetal plasma T4 values to normal and improved 
the physical appearance of the fetuses. There was an increase in brain 
growth and to a lesser extent in body growth; and restoration of the 
number of cells (DNA) and myelination (cholesterol:DNA ratio) in the 
cerebellum and cerebral hemispheres suggested a catch-up of neuroblast 
development during pregnancy. Histological examination, however, revealed 
that counts of synapses (density) in the cerebral cortex after iodized oil 
were still less than those of the control fetal brains at 140 days 
gestation or ten days before parturition. The effects of iodine deficiency 
and iodized oil administration on the cerebellum and cerebral hemispheres 
are compared with those of the control brains in Fig. 1. 

The effects of severe iodine deficiency on fetal brain and somatic 
development were found to be more severe but similar to those observed by 
McIntosh et al (10) when thyroidectomy was performed on fetal sheep at 
50-60 days. Fetal thyroidectomy later in gestation at 98 days caused less 
severe effects (11). Further investigations by McIntosh et al (12). 
following earlier indications (13) that the maternal thyroid could exert an 
influence on fetal development in early pregnancy, revealed that a 
combination of maternal thyroidectomy before conception and fetal 
thyroidectomy at 98 days gestation produced more severe effects than those 
of iodine deficiency (Fig. 1). 

These observations suggested that normal brain development requires 
the availability of both maternal and fetal thyroid hormones,a suggestion 
which is at variance with earlier reports (9) (14) (15) (16) that the 
placenta in many mammalian species is relatively impermeable to thyroid 
hormones and with the suggestion (17) (18) that early mammalian development 
takes place normally in the absence of thyroid homrones. The observations 
do agree however with a more recent report (19) that rat embryonic tissues 
are provided with T4 and T3 only four days after uterine implantation 
and well before the onset of fetal thyroid function at 17 days. They are 
also supported by the work of Woods et al (20) who showed that [II25] 
T4 and [II2~T3' when injected into pregnant rats, entered the rat 
fetus in substantial amounts early in pregnancy, but in minimal amounts in 
later pregnancy. 

Potter et al (21) extended and confirmed their earlier observations 
and were able to show that surgical thyroidectomy of ewes 6 weeks prior to 
conception caused a reduction in fetal brain and body growth in 
mid-gestation compared to that of fetuses from sham-operated ewes. The 
differences were no longer evident in the neonatal brain at parturition 
after the onset of fetal thyroid function but the possibility of residual 
damage remains to be explored with behavioural and functional studies of 
brain function. 

In the light of the available data and observations on the sheep, it 
may be concluded that the effects of severe iodine deficiency are mediated 
by a combination of maternal and fetal hypothyroidism. the effect of 
maternal hypothyroidism being earlier than the onset of fetal thyroid 
secretion. This would infer an effect on neuroblast multiplication which 
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Fig. 1. Comparison of brains of sheep fetuses at 140 days' gestation. 
C = Control; -I = iodine-deficient; I = iodine at 100 days; 
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thyroidectomised (From Hetzel (1) with permission). 
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occurs from 40-80 days gestation in the sheep and 11-18 weeks in the human 
(2). In the rat (a postnatal brain developer) an effect of the maternal 
thyroid early in pregnancy is indicated by reduced weight and number of 
embryos, reduced brain weight and reduced transfer of maternal T4 (19) 
(22). 

The findings suggest that iodine deficiency has an early effect on 
neuroblast multiplication and if so this could be important in the 
pathogenesis of the neurological form of endemic cretinism (8) (23). 

From current knowledge of the embryology of the brain it is suggested 
that the critical period when iodine deficiency affects the development of 
the fetus is at the mid-trimester of pregnancy at which time the neurons of 
the cerebral cortex and basal ganglia are formed (14-18 weeks). Formation 
of the cochlea which is severely affected in endemic cretinism (23) also 
occurs during this period (10-18 weeks) and antedates the onset of fetal 
thyroid function. This information and the earlier belief that iodine, but 
not thyroxine, could traverse the placenta led to the suggestion that 
iodine in elemental form exerts an influence on fetal brain development 
irrespective of any action mediated by the thyroid (24) (25). The work of 
Obregon et al (19); Woods et al (20); Morreale de Escobar et al (22); and 
Potter et al (21) has produced later evidence of the transfer of thyroxine 
from the mother to the fetus and the early effects of iodine deficiency 
would appear to be a reflection of the failure of maternal thyroid function 
in the early stages of pregnancy. 

This is further indicated by evidence of the relation of maternal 
thyroxine levels to the risk of cretinism and the psychomotor defect from 
studies in Papua New Guinea (26). The subsequent lack of fetal thyroid 
hormones due to the inadequate supply of iodine in iodine deficiency would 
exacerbate the effects of maternal thyroid insufficiency and the 
combination of effects, which were represented experimentally in the sheep 
by maternal thyroidectomy before conception (21) combined with fetal 
thyroidectomy at 98 days (12), might be expected to produce the multiple 
defects of neurological cretinism. 

Myxedematous cretinism would result from fetal hypothyroidism later in 
pregnancy - a condition that can be reversed with treatment by thyroid 
hormones or correction of the iodine deficiency - but the earlier damage in 
mid-trimester appears to be irreversible. 

It has not been possible yet to reproduce in animals the full clinical 
syndrome of cretinism - with deaf mutism and spastic diplegia - although 
only limited observations have been made into the postnatal period. 
Further investigations are required before the pathogenesis of endemic 
cretinism can be fully elucidated. 

SUMMARY 

Animal models in the marmoset and the sheep have been developed to 
study the effect of severe iodine deficiency on brain development. Both 
these models are characterised by the production of severe maternal and 
fetal hypothyroidism which is associated with effects on the maturation of 
the cerebral cortex and cerebellum. There was a reduced brain weight with 
a reduced number of cells as indicated by reduced DNA, a greater density of 
cells in the cerebral cortex and reduced cell acquisition in the 
cerebellum. 
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Studies of the mechanisms involved have been carried out in the 
sheep. The findings reveal significant, though less severe, effects of 
fetal thyroidectomy (late gestation) and a significant effect of maternal 
thyroidectomy on brain development in mid gestation. A combination of 
maternal and fetal thyroidectomy has similar but more severe effects than 
iodine deficiency. 

The data reviewed reveal significant effects on fetal brain 
development. The study of the mechanisms in the sheep reveals the role of 
both maternal and fetal thyroid function. 

We conclude that iodine is essential for normal fetal brain 
development because of the critical role of the thyroid hormones. Further 
investigations are required into the postnatal period before the 
pathogenesis of endemic cretinism can be elucidated. 
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MODELS OF FETAL IODINE DEFICIENCY 

I NTRODUCTI ON 

Gabriella Morreale de Escobar, Carmen Ruiz de Ona, 
Maria Jesus Obregon and FranCisco Escobar del Rey 

Unidad de Endocrinologia Experimental, Instituto 
de Investigaciones Biomedicas, C.S.I.C., Facultad de 
Medicina, Arzobispo Morcillo 4, 28029 Madrid (Spain) 

An experimental model would obviously be of great importance to define 
the etiopathological factors leading to the neurological damage of the 
cretins, and to poor mental and psychomotor development of inhabitants of 
iodine-deficient areas. We shall only describe the rat model, as other 
animal models are being dealt with by Dr. Basil H. Hetzel. 

The rat has been successfully used as a model of human congenital 
hypothyroidism since the pioneering work by Eayrs (for reviews 1,2 ). Though 
the term "cretin" has been often applied to rats rendered hypothyroid at 
birth or soon thereafter, it should be realized that this may lead to 
considerable confusion, as such rats are not the animal counterpart of the 
neurological cretins from iodine-deficient areas, but of the "sporadic" 
congenital hypothyroid baby. Attempts to produce rats with CNS damage which 
could be attributed to iodine deficiency have seldom met with success. Van 
Middlesworth reported in 1977 3 that 89 % of rats exposed to severe prenatal 
and postnatal iodine depletion suffered from severe audiogenic seizures, 
even if fed a normal diet after weaning as compared to 2 % in controls. The 
low iodine diet (LID) employed had an extremely low iodine content (0.006 
pg / g) and is no longer available. Similar audiogenic seizures and partial 
deafness were later observed in rats born from mothers treated with a 
gOitrogen between the end of gestation and until 16 days after birth 4. The 
similarity of results suggested that the CNS lesion caused by iodine 
depletion could be attributed to fetal thyroid hormone deficiency prolonged 
during most of the suckling period, combined with maternal thyroid hormone 
deficiency. Unfortunately, direct data regarding fetal and neonatal thyroid 
hormone economy in the LID (or the goitrogen-treated rats) were not 
available. 

More recently Chen et al. 5 fed female rats an LID with a very low iodine 
content (0.016 pg / g), prepared using maize and black soybean from an area 
of severe iodine deficiency and cretinism, or the same diet supplemented 
with iodine. Three months later they were mated and the first litter 
discarded. They were inmediately mated again and the second studied at 42 
days of age. As compared to the animals on the iodine-supplemented LID, the 
iodine deficient progeny grew poorly, had a thin skull, disproportions in 
skull dimension, dry, short, scant and patchy hair, all of which are 
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characteristic changes observed in rats rendered hypothyroid early in 
development. Learning ability was markedly impaired in 42 % of the 
offspring; there was a decrease in brain weight, DNA and protein contents, 
delayed myelination of the spinal cord and a decrease in the number of 
spines along the shaft of pyramidal neurons of the visual cortex. These rats 
indeed appear to be the experimental counterpart of the human endemic 
cretin, and the study constitutes a very important contribution. 

It would be very useful for our understanding of the timing at which the 
damage to the CNS was produced, to obtain data regarding the degree of 
thyroid hormone deficiency in different fetal and neonatal tissues at 
different stages of development. It would also be important to define for 
how long the iodine-deficient situation has to be prolonged after birth for 
irreversible lesions to occur. We will here describe our attempts to clarify 
the first of these two pOints with respect to the fetal period of 
development; some data regarding postnatal development will be summarized in 
the contribution by Escobar del Reyet al., at this Meeting, and nave been 
reported in detail elsewhere ~ We have not yet obtained cretin rats as those 
described by Chen at al. ~ or with the audiogenic seizures described by Van 
Middlesworth ~ and attribute this lack of success to the fact that our LID 
had a higher iodine content (0.02-0.06 f g / g). 

It has been well established that neurological cretins are born in areas 
where the iodine intake is very low, and that correction of the iodine 
deficiency before, or very early in pregnancy, prevents their birth7. Women 
living in such areas are unable to raise their low serum T4 levels during 
pregnancy, a fact considered of causal importance for the birth of cretins8. 
The degree of maternal hypothyroxinemia has been correlated both to the 
frequency of congenital abnormalities, especially the birth of cretins 9,10, 
and to the poor psychomotor performance of the non-cretinous part of the 
population 1: There were no correlations when maternal T3 levels were 
considered, as they are usually normal in severe iodine deficiency. 

Damage caused by maternal hypothyroxinemia has usually been attributed to 
difficulties in maintaining adequate placental function, transfer of 
nutrients to the fetus, etc.12. This possibility is supported by the idea that 
the human placenta is impermeable to the iodothyronines 13,14. However, it is 
also possible that maternal thyroid hormones do cross the placenta. A 
decreased contribution in cases of maternal hypothyroxinemia or 
hypothyroidism might have damaging effects on the developing embryo, 
especially during stages antedating onset of its own thyroid function. We 
shall here summarize information obtained in the rat model which might be 
pertinent to this problem. Special attention will be given to results which 
might answer to the following questions: 

1) For how long does the fetus from an iodine deficient mother suffer from 
thyroid hormone deficiency? 

2) Why is maternal hypothyroxinemia damaging to the fetus, even if maternal 
T3 levels are normal? 

THYROID HORMONES IN EMBRYONIC TISSUES BEFORE ONSET OF FETAL THYROID FUNCTION 

Work performed by Weiss and Novak 15and by Sweney and Shapir016 strongly 
suggested the possibility that maternal thyroid hormones are available to 
the rat embryo before onset of fetal thyroid function. despite opinions to 
the contrary 1~ We decided to re-investigate this possibility by measuring 
T4 and T3 concentrations in embryonic and fetal tissues. We had developed 
specific and sensitive RIAs 1~ and extensive extraction and purification 
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Figures 1 A and B. 1 A compares the T3 and T4 standard curves with serial 
dilutions of eluates obtained from embryo-trophoblasts (E-T), embryonic (E) 
placental (P) and amniotic fluid (AF) samples obtained at different gesta
tional ages in the rat, shown in the inset. 1 B shows similar curves with 
extracts from human fetal brains, between 10 and 16 weeks of gestation. 
From Obregon et al. 19 and Bernal & Pekonen 27 , with permission of publishers. 
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Figure 2 A and B. 1 A shows the concentrations of T4 and T3 found in 9- to 
12- day old embryo-trophoblasts and in 13- to day old placentas and fe
tuses from C dams in black dots, and from T dams in triangles. The shaded 
areas indicate the limits of detection. All differences between C and T 
were significant. 1 B shows concentrations of nuclear T3 receptor in fe
tal tissues, al~~ from rats. From Morreale de Escobar et al. 20and Perez
Castillo et al. with permission of the publishers. 
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procedures which permitted the determination of very small concentrations of 
these iodothyronines in tissues 19,2~ Different types of samples were 
obtained from the embryonic compartment, at different stages of development, 
and after extensive perfusion of the dams with phosphate buffered saline. 
The day of appearance of the vaginal plug was taken as gestational day (gd) 
= O. With this dating, birth occurs at 22.7 ± 0.2 (SEM) gd. As summarized in 
Fig 1 A, all tissues obtained from the fetal compartment before onset of 
fetal thyroid function contained T4 and T3 19 . They were found in molar 
ratios which were quite different from those of maternal plasma, thus 
excluding contamination with maternal blood. These results were in agreement 
with the simultaneous independent study by Woods et al. 21 showing transfer 
from mother to embryos of labeled iodothyronines early in gestation. 

To confirm the maternal origin of the iodothyronines found in early 
embryonic samples, we determined their concentrations in fetal tissues 
obtained from normal (C) mothers and from dams which had been 
thyroidectomized (T) a few months before mating 20. When the embryonic 
samples were obtained from T mothers, concentrations of both T4 and T3 were 
below the limits of detection in all tissues, placentas included, at least 
up to 17 gd (Fig. 2 A). 

The extrathyroidal concentrations of T4 and T3 in whole fetuses (thyroid 
excluded) from normal dams do not increase until after 17 gd. This finding 
agrees with the report that the rat fetal thyroid starts secreting hormones 
at 17.5-18 gd 22• Therefore, fetuses from T mothers develop in a thyroid 
hormone-deficient condition, at least up to 17.5-18 gd. Their number is 
markedly reduced (from 11.1 ± 0.4 to 6.8 ± 0.3), and the individual weight 
of the fetuses is smaller. Before onset of fetal thyroid fu,lction, fetal 
weight is reduced by maternal T to 59 % of C values20 . Once fetal thyroid 
function starts,here appears to be a catch-up in growth, but even at 21 gd 
(near term) the body weight of fetuses from T dams is only 80 %20,23 of 
normal. Bonet and Herrera24 have recently described that maternal 
hypothyroidism during the first half of gestation results in a reduction of 
the pituitary growth hormone content of the fetuses t031 % of that of 
fetuses from C dams, as measured at 21 gd. This decrease was only prevented 
by treating the T dams with T4 during the first half of gestation; treatment 
during the second half did not restore fetal pituitary GH. Permanent 
behavioral defects have been described in the progeny of T rats 25 . 

Studies by Perez-Castillo et al. 26 have shown the presence of nuclear 
receptors for T3 in rat embryos as early as 13 gd, in brain by 14 gd, and in 
liver, heart and lung from 16 gd onwards (Figure 2 B). Therefore, both 
the hormone and its receptor are present before onset of fetal thyroid 
function, and it does not appear far-fetched to suggest that a biological 
effect might ensue, though this possibility has not yet been confirmed nor 
the possible effect defined. 

There are similarities between the above findings in rats, and those 
reported for human fetuses. Bernal & Pekonen 27 have shown the presence of 
nuclear receptors for T3 in the brain of 10-weeks old human embryos. T3 was 
also found in their brain (Fig. 1 B). The receptor was later (personal 
communication by J. Bernal) identified in a whole 7 week-old human embryo, 
in which T4 was also detected; the amount of tissue was too small to attempt 
the detection of T3. Thus, both the receptor and the hormone are present in 
the human feta: brain at a stage of development when active neuroblast 
division is starting in the forebrain, and several weeks before onset of 
active thyroid function. After 10 weeks of gestation, and coinciding with 
the active phase of neuroblast division, there was a rapid increase in 
cerebral DNA; receptor concentration increased ten-fold by 16 weeks of 
gestation. The results show that there is maternal transfer of thyroid 
hormone in man before the beginning of the second trimester of pregnancy. 
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Therefore, maternal hypothyroidism could result in decreased availability of 
thyroid hormone during the initial phases of development. It is known that 
maternal hypothyroxinemia results in lowered 1.0. of the progeny, even in 
areas without iodine deficiency 28 . 

THYROID HORMONES IN FETAL TISSUES AFTER ONSET OF FETAL THYROID FUNC,ION 

We have measured the content of T4 and T3 in tile thyroid glands of 
fetuses from normal dams between 18 and 22 gd, using methods already 
described in detail 20 . Results are shown in Fig. 3. Total thyroidal content 
of T4 increased from 0.66 ± 0.07 (SEM) ng / gland at 18 gd to 57.7 ± 8.2 at 
22 gd; data for T~ were 0.021 ± 0.005 ng / gland and 8.07 ± 0.78. The 
increases were ~bout a hundred-fold for T4, and fourhundred-fold for T3. The 
T4 to T3 ratio was about 30 : 1 at 18 gd and 7 : 1 at 22 gd. When the mother 
had been T, the fetal T4 and T3 contents were the same as those of fetuses 
from C dams up to 20 gd, but then stopped increasing. By 22 gd the thyroidal 
T4 and T3 contents in fetuses from T dams were 24 % and 28 %, respectively, 
of those of fetuses from C dams. This finding confirms a previous 
observation at 21 gd 21 and suggests that the thyroid of the fetuses from T 
mothers is stimulated to secrete increasing amounts of hormones to 
compensate for the maternal contribution, which would be absent when the dam 
is T. Both the data and their interpretation agree with those of Gray and 
Galton29. 

T4 and T3 were measured in fetal plasma and tissues between 18 and 22 gd. 
During this period the concentrations of T4 increased almost ten-fold. In 
striking contrast to this, and despite the marked increase in thyroidal T3 
content, the plasma concentration of T3 increased less than two-fold during 
the same period. Considering that low activities of outer ring iodothyronine 
deiodinating enzymes (5' D) had been reported in rat fetal tissues as 
compared to adult levels30,31~ it might have been concluded that tissue T3 
levels would increase two-fold between 18 and 22 gd, whereas tissue T4 
concentrations would increase ten-fold. 

The approximately ten-fold increase in T4 concentration was indeed fourid 
for the brain, liver and carcass #. In contrast to this, only fetal liver T3 
levels increased in parallel to plasma T3. In the brain, carcass and lung 
the increase was seven- to ten-fold. T4 and T3 concentrations in plasma, 
liver and brain are shown in Fig. 4. Linear regression coefficients were 
calculated for T4 and T3 concentrations over fetal age, after logarithmic 
transformation of the concentration data. The rates of increase were 
compared. There were no statistically significant differences between the 
rates of increase in brain, or liver T4, and plasma T4, nor between that of 
liver T3 and plasma T3. The rate of increase of brain T3 was significantly 
higher than that of plasma T3, and the same as that of plasma T4. 

These results strongly suggested that the fetal brain does not depend on 
plasma T3 for its intracellular supply of this iodothyronine, but is 
deriving most of it by local generation from T4. This was confirmed when 
type II 5' 0 (5' 0-11) activity was measured: there was a six-fold increase 
between 17 and 21 gd, with a slight decrease between 21 and 22 gd 32. The 
important role of this enzyme in supplying the brain with increasing amounts 
of T3 during this period of development is also suggested by the fact that 
its activity increases in response to a decrease in fetal brain T4 
concentrations as early as 17 gd; by 18 gd the increase in 5 ' 0-11 activity 
in response to hypothyroidism was three-fold 32. 

The concentrations of T3 in the carcass and lung also increased at a much 
higher rate than plasma T3. We have tentatively attributed the findings for 
the carcass to its content of BAT from sources other than the interscapular 
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Table 1. Experimental design and treatments of the dams. 

Group of dams : MMI T4 

C or T 
C + MMI T + MMI + 
C + MMI + T4 T + MMI + T4 + + ---------------------------------------------------------
MMI was given in drinking water, 0.02%, starting at 16 gd. 
T4 was infused (osmotic micropump), 1.8~g / 100 g BW . day, 
from 17 dg. 

pads of brown adipose tissue (BAT), as BAT 5' 0-11 is quite active in rat 
fetuses 32 ,33. But the rapid increase in lung T3 was totally unexpected, as 
5' 0-1 activity is low in fetal lungs, as compared to adult levels 31 • 
Preliminary results, however, indicate that 5' 0-1 is already active in the 
fetal lung, and increases about five- to ten-fold between 18 and 22 gd (Ruiz 
de Ona et al., unpublished). 

We have already briefly described the changes occurring in fetal 
thyroidal T4 and T3 contents as a consequence of maternal T. These changes 
suggest an increased secretion of T4 and T3 to compensate for the effects of 
maternal T. These effects are not the same for all fetal tissues. In some of 
them, T4 and T3 concentrations are lower in fetuses from T dams as compared 
to those from C dams up to 21-22 gd. The brain, however, appears to be 
preferentially spared from T4 and T3 deficiency throughout this period of 
development, confirming previous results obtained at 21 gd 20 . 

CGNTRIBUTION OF MATERNAL HORMONES AFTER ONSET OF FETAL THYROID FUNCTION. 

We have summarized evidence that maternal thyroid hormones cross the 
placenta into the fetal compartment early in gestation. Once the fetal 
thyroid starts Functioning, this transfer might decrease and eventually 
stop, or it might continue until term. It is experimentally difficult to 
investigate these possibilities. Labeled iodine-containing hormones found in 
the fetal compartment after their ir,jection into the mother do not 
necessarily indicate transfer, as the fetal thyroid might have synthesized 
them from labeled iodine deiodinated from the hormone administered to the 
dam. Determinations of T4 and T3 in fetal tissues by RIA do not permit to 
distinguish between maternal and fetal contributions. Fetal thyroid function 
has to be blocked. But conclusions may then only be drawn for maternal-fetal 
ralationships where the fetus is hypothyroid, and cannot be extrapolated to 
normal conditions. 

Table 1 outlines the experimental design which we used. Methimazole (MMI) 
was used to block maternal and fetal thyroid function. Some of the 
MMI-treated dams received a replacement dose of T4 given by constant 
infusion, as described in detail elsewhere 23 • The main findings are 
summarized in Fig. 5, which shows· the T4 and T3 concentrations in fetal 
carcass and brain. Comparison of the hormone levels in fetuses from C + MMI + 
T4 (or T + MMI + T4) dams with those from C + MMI (or T + MMI) mothers shows 
that infusion of T4 into the mothers not only ameliorates fetal deficiency 
of T4, but also of T3. This occurs without an increase of fetal plasma T3, 
suggesting that the fetal brain derived its T3 from local deiodination of 
T4. 

When the fetal thyroid is impaired (as in congenital hypothyroidism) 
maternal T4 has a protective effect on the fetal brain and on other fetal 
tissues 23• This might mitigate adverse effects of fetal thyroid failure on 
the developing brain. It appeared important to determine whether, or not, T3 

193 



FETAL DATA 
60 THYROID DIGEST (Pronase 

-y''''- T4 -,--

* ,--

1.6 
* -,- r-

1.2 

Q 

- 0.8 
Q 
c 

0.4 

0.0 

1.2 

"""T .--

~ 

BRAIN 

T4 

T3 

FETAL DATA 

* -. ....-
2.0 

Q -

~ 

CARCASS 

• -. -.--

c c c 
DAMS, MMI MMI 

TTT CCC 
MMI ~I DAMS: MMI'~ 

TTT CCC T T T 
, T4 MIll ~I DAMS: MMI '~I MMi MMI 

T4 

Figure 5.- Concentrations of T4 and T3 in fetal thyroid digests, and in the 
brain and carcass of fetuses from the six groups of dams described in 
Table 1. Data are means {+ SEM}. Horizontal lines indicate the limits of 
detection. Asterisks between data bars indicate statistical significance 
of the difference. From Morreale de Escobar et al. 23 , with permission from 
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is also transferred from the mother to the fetus near term, also mitigating 
the effects of fetal hypothyroidism. An experiment was carried out34 similar 
to the one outlined in Table 1, but with several modifications. MMI was 
started two days earlier, at 14 gd, and the infusion of hormone into the 
dams was started at 15 gd. Several MMI-treated dams were infused with T3 at 
a dose (O.45 f g / 100 g BW. day) equivalent to that of T435. Data from the 
groups of dams infused with T4 confirmed those of the previous experiment 23 
illustrated in Fig. 5 as regards the transfer of T4 and its effects on the 
T4 and T3 deficiency of fetal tissues, the brain included. The new finding 
was that infusion of T3 into the MMI-treated dams increased the 
concentration of T3 in fetal plasma {Fig. 6}, and in all fetal tissues 
studied, except the brain (Fig. 7). MMI treatment had increased both the 
maternal (not shown) and fetal plasma TSH levels {Fig. 6}. Infusion of both 
T4 and T3 decreased plasma TSH to normal levels in the mothers themselves. 
Infusion of T4 decreased fetal TSH, although it remained elevated as 
compared to normal fetuses. In contrast, the infusion of T3 had no effect 
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on fetal plasma TSH. Data shown in Figs. 6 and 7 correspond to the groups 
from C dams only; results from the four groups of fetuses from T dams were 
very similar. 

Previous data summarized here have suggested an important role of local 
generation of T3 from T4 in providing the developing brain with increasing 
amounts of T3. The results of this last experiment show that the brain of 
rat fetuses near term is entirely dependent on T4 availability, as T3 does 
not enter the brain, at least at physiological plasma T3 levels. Preliminary 
results have been obtained in fetuses from MMI-treated dams infused with 
doses of T3 which were 3 and 10 times the dose used for the experiment 
illustrated in Figs. 6 and 7. These results show a dose-related transfer of 
T3, accompanied by a dose-related increase of T3 in several fetal tissues. 
But again, fetal plasma TSH was not affected, even at the highest T3 dose, 
and there was no increase in cerebral T3 above the level found in 
MMI-treated fetuses. Recent studies on the role 'of the choroid plexus in the 
transport of T4 and T3 into the brain show that after injection of labeled 
thyroid hormones, the choroid plexus and the brain avidly accumulate T4, but 
not T3 36. 

5' D-II activities were measured in the cerebral cortex of the fetuses 
corresponding to Fig. 6. Activity increased with MMI treatment, in response 
to thyroid hormone deficiency. Infusion of T4 into the mothers decreased 
enzyme activity markedly, although not to control levels, whereas infusion 
of T3 did not. The 5' D-II activities were inversely correlated to the T4 
and T3 concentrations of the fetal brains 32 , showing that the changes in 
thyroid hormone level were accompanied by a biological effect. 

All these findings show ttlat maternal thyroid hormones cross the placenta 
late in gestation also, at least when the fetal thyroid is impaired, and 
despite active deiodination by the placenta 37. Maternal T4 has a more 
important role, as it mitigates T3 deficiency of the brain, whereas maternal 
T3 does not. Neither does maternal T3 decrease fetal TSH secretion. We have 
already discussed more extensively the possibility that these results are 
relevant to human pregnancies 23,38. Transfer of maternal thyroid hormones to 
athyreotic fetuses would explain that in some of them cord-blood T4 levels 
are detectable, and then decrease rapidly. It would also explain the 
frequent absence of overt signs of hypothyroidism at birth. Part of the 
conclusion that the human placenta at term is virtually impermeable to the 
iodothyronines is based on studies 39 ,40 where normal women were given T3 
near term, and some parameter related to fetal TSH secretion was measured. 
The data obtained in the rat suggest that this might be a misleading 
end-pOint to assess transfer of T3. Moreover, the results should not be 
extrapolated to T4. 

THE IODINE-DEFICIENT RAT FETUS 

Female rats were fed a diet with a low iodine content (LID; 0.02-0.06 f g 
/ g diet) or the same LID supplemented with KI (LID + I; 7-10 ~g I / 
rat.day) for 5-6 weeks, after which they were mated with normal males. 

Embryonic and fetal samples were obtained before (at 11 and 17 gd ) and 
after (21 gd ) onset of fetal thyroid function 41 . Maternal plasma T4 was 
very low in the LID dams, and could only be measured after extraction of 
larger samples than used for the direct RIA. T3 levels were similar to those 
of LID + I dams, and decreased in both groups at the end of pregnancy. 
Length of gestation was unaffected, but the number of fetuses was decreased 
in the LID group, from (11.2 ± 0.6 to 8.8 ± 0.6). Their weight, as measured 
at 21 gd, was decreased, and their brains were smaller. CereiJral DNA and 
protein contents were lower. 
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and from Escobar del Rey et al. 6 • Figures are reproduced with permission 
of Plenum Press, from Frontiers in Thyroidology (1986). 
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The LID fetuses developed gOiter, and their thyroidal total iodine was 
4.7 % of that of LID + I fetuses 6. The concentrations of T4 and T3 in 
different embryonic and fetal samples are shown in Figs. 8 and 9, where they 
are compared to data from age-paired samples obtained from C and T dams. 
Before onset of fetal thyroid function (11-day-old embryotrophoblasts and 
17-day old fetuses) T4 concentrations are decreased by LID to a degree 
comparable to that of concepta taken from T mothers. T3 concentrations did 
not differ initially from those of the LID + I group. By 17 gd, however, T3 
concentrations were lower both in the fetus, and placenta (not shown). Once 
fetal thyroid function starts, important differences become apparent between 
fetuses from T and LID dams. The activated secretion of T4 and T3 
by the thyroid in fetuses from T mothers is able to compensate for previous 
differences related to maternal hypothyroidism, at least as far as the brain 
is concerned. But this is not possible for fetuses faced with a very low 
iodine supply, and cerebral T3 is quite 6low. Similar results were later 
obtained in another experimental series . 

In a more recent experiment (Obregon et al., unpublished) cerebral T3 
concentrations at 21 gd were reduced to 12 % of the values found for LID + 
fetuses, a value which is even lower than in MMI-treated fetuses. This 
occurred despite a five- to ten-fold increase in cerebral cortex 5' D-II 
activity. 

After birth, there is a relative increase of iodine availability ttlrough 
maternal milk which may result in an increase of plasma and cerebral T4 
sufficient to maintain normal brain T3 levels throughout most of the 
suckling period 6 , as 5' D-II remains elevated in LID pups after birth 
(Obreg6n et al., unpublished). After the suckling period, cerebral T3 
decreases again as compared to that of LID + I rats. If the iodine intake 
were lower, however, as in the experimental groups studied by Van 
Middlesworth 3and by Chen et al. 5, this postnatal normalization of cerebral 
T3 levels might not occurr. 

The situation found in iodine-deficient human and sheep fetuses are 
described at this Meeting in the contributipons by Ma Tai, Liu Jia-Liu, and 
B. S. Hetzel. 

GENERAL COMMENTS 

Implicit in many of our comments is the concept that thyroid hormones do 
playa role during fetal life. Direct evidence regarding a role in early 
brain development is still lacking. But thyroid hormones do reach the fetal 
compartment, and both T3 and its nuclear receptors are found in the brain 
early in development. We believe that statements such as "Thyroid hormone is 
neither available nor required during fetal life" made referring to 
neurogenesis 17 , are no longer tenable for the rat, and probably neither for 
man. The early timing of the CNS damage of the neurological cretin also 
constitutes indirect evidence of a role of thyroid hormone in early human 
brain development. 
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It is also of interest that in fetal sheep brain, there is not only an 
increase of T3 receptor concentration between 50 and 100 gd, but receptor 
occupancy is markedly increased at 100 gd~2, when active neuroblast division 
is starting. Three tissues which are undergoing important maturational 
processes in the rat near birth, namely the brain, lung and BAT, .are endowed 
with mechanisms to ensure an increasing supply of T3 during a period when 
plasma T3 is hardly increasing. When this is prevented, as in the 
hypothyroid rat fetus, the number of beta-adrenergic receptors of the brain 
decrease, as measured by Smith et al.~3 at 21 gd. The lung is maturing to 
face breathing at birth, and Hitchcock~~ has shown acceleration of this 
process by intra-amniotic injection of T4. BAT is also undergoing rapid 
maturation geared to the production of thermogenin. Obreg6n et al.~5 have 
found that thermogenin mRNA is expressed in fetal BAT by 21 gd, and 
decreases to 30 % of normal values when the fetus is hypothyroid. 
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Figure 9.- Concentrations of T4 and T3 in plasma and tissues from 21-day 
old fetuses from the same groups of dams as in Figure 8. Data for plasma 
T4 and T3 in fetuses from T dams had not been obtained. Figure reprodu
ced with permission of Plenum Press, Frontiers in Thyroidology (1986). 

As regards the first of the questions outlined in the introduction, we 
now know that the LID rat fetus is markedly T4-deficient throughout all of 
gestation, to a degree comparable to that of fetuses from T mothers. T3 is 
initially normal, but later decreases, and the brain is T3 deficient during 
a period of active neurogenesis, and this might have damaging effects on 
fetal brain maturation 

As regards the second question, results described here might afford a 
possible explanation for the adverse effects of maternal hypothyroxinemia 
on the CNS of the progeny, even if maternal T3 levels are normal. This is a 
frequent finding in women with severe iodine defici ency B-10. If production 
of fetal thyroid hormones is impaired because of inadequate iodine supply, 
and the mother also has very low plasma T4, the brain would be totally 
deprived of T3, despite marked increases in cerebral 5' 0-11. The normal 
maternal plasma T3 levels cannot mitigate this cerebral T3 deficiency, 
because the T3 transferred from the mother does not enter the fetal brain. 
However, the normal maternal levels of T3 might afford some protection to 
other fetal tissues, which would be in a better situation than if maternal 
T4 and T3 were both low. This might also explain why at birth babies from 
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such areas do not present the clinical signs usually associated with hypo
thyroidism. If the rat data may be extrapolated to the human situation, the 
cord-blood TSH of the iodine-deficient babies should be higher than normal, 
and their brain deficient in T3, even if their plasma T3 is within the 
normal range. 
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SCREENING FOR CONGENITAL HYPOTHYROIDISM; BENEFICIAL EFFECTS ON 

NEUROPSYCHOLOGICAL DEVELOPMENT 

INTRODUCTION 

J. H. Dussault and J. Glorieux 

The Quebec Network for Genetic Medicine 
C~L 

Ste-Foy, Quebec 

Untreated congenital hypothyroidism is characterized by neurologic 
and mental retardation l ,'. Recent evidence has been interpreted to 
indicate that most of these infants can attain normal development if 
treatment is instituted before age 3 months. On the other hand, numerous 
reports have shown that some infants have some degree of impaired 
psychologic and neuromuscular function at later ages, even when therapy has 
been started early·,'. The Quebec Network for Genetic Medicine has been 
screening every newborn infant for congenital hypothyroidism since April, 
1974, using filter paper blood spot thyroxine and thyroid-stimulating 
hormone measurements', thereby allowing early detection and treatment of 
affected infants. 

MATERIALS AND METHODS 

Infants with congenital hypothyroidism were detected through the 
Quebec Network for Genetic Medicine Screening Program. The diagnosis was 
confirmed from measurements of serum TSH, T4 , and thyroxine-binding 
globulin (TBG) obtained at approximately 3 weeks of age and treatment was 
started immediately with sodium L-thyroxine (8-10 ~g/kg/d). Because there 
was no statistical difference in their psychological global and specific 
scores, infants with thyroid agenesis, hypoplasia, or ectopic tissue were 
included in this study, the diagnosis being retrospectively confirmed by a 
thyroid scan at 3 years of age. Girls outnumbered boys by a ratio of two 
to one. Adequacy of therapy and compliance was assessed by regular 
physical examination and serum T4-TSH measurements. All treated patients 
had subsequent normal growth, physical development, and hormonal control 
measurements. 

Their development has been assessed by the same two psychologists 
from the beginning, which permitted a close relationship with the patient 
and their families. Only those children who strictly complied with 
treatment were enrolled in the study. Evaluation of mental development was 
assessed by the Griffiths Mental Development Scales l ., which give a global 
quotient and five or six specific scales that permit evaluation of and 
comparison between locomotion, social and personal development, audition 
and language, fine coordination, performance, and practical reasoning. At 
each level (1 1/2, 3, 5 years) a control group was constituted and selected 
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according to the following criteria: age, sex, rank in the family, ethnic 
origin, mother's occupation, and Hollingshead Index (socioeconomic 
status)11. At age 7 years the children were evaluated with the Wechsler 
Intelligence Scales for Children (Revised)1I, using the North American 
norms. 

RESULTS 

In absolute value, our results (Table I) shows that our two groups of 
subjects (hypothyroid: H and control: C) have a mean DQ above 100 which is 
considered normal. At age one there is no difference between the 
hypothyroid and control children whereas starting at 18 months up to five 
year differences in certain scales are appearing and are significant for 
the global scores. Using the Hoteling T2 statistical test, discrimination 
occurs between the two groups specifically at age five for practical 
reasoning and non verbal reasoning. No differences are observed between 
the two groups at age 7. Thus we can conclude that the global performance 
of the hypothyroid children is very satisfying with certain restrictions in 
regard to specific scales. In search of a causal factor that might explain 
these differences we looked at different parameters: diagnosis (agenesis 
or ectopic gland), age of initiation of therapy, the clinical index and 
could not find any correlation. On the other hand looking at the T4 
concentration at birth and the bone surface at diagnosis (3-4 weeks of age) 
one could predict reasonably well a sub group which is at risk of 
developing manifestations of minimal brain damage as expressed by the 
various scales by which the infants were tested. (Table II) In summary a 
newborn with a T4 lower than 2~g/dl with no bone surface has more chance to 
have abnormal results. This predictive index is very useful since it will 
determine which infant should have a psychological follow-up and its 
integration and various specific stimulation programs. 

Finally school integration was evaluated. Preliminary results from 
45 of our patients who were admitted in primary school are not different 
than those obtained by their schoolmates: 3 needed adapted schooling, 2 
had to repeat their year and 9 have needed orthopedagogy in either french 
or mathematic. It should be noted that out of those 14 subjects, 9 were 
classified at "risk" as defined earlier. 

TABLE I 

Age N Locomotion Social Language Coordination Reasoning Reasoning Global DO Range 
(year) (non verbal) (Practical) 

H:45 119 111 111 111 117 11S± 1.5 88-133 
C:37 119 111 111 113 119 11S±1.4 102-139 

1.5 H:98 109 104" 100" 104 lOS" 10S±1.2" 64-122 
C: 41 112 108 108 107 114 110±1.0 94-121 

3 H:69 102" 110 102" 99 lOS" 90" 101 ± 2.3 55-140 
C:40 111 118 128 107 116 103 114 ± 2.2 82-139 

5 H:Sl 100 114 106 101 100" 85" 101 ± 1.8" 60-123 
C:45 105 116 112 105 110 93 107 ± 1.4 83-128 

7 H:44 92 102 97 ±2.2 49-128 
C: - 100 100 100 

": p < .01 

204 



TABLE II 

Global WISC-R 10 at the age of 7 years 

Number of children with 10 

< 90 >90 

B.S. < 0.05 cm2 and 
T4 < 211(l1dL 10 6 

B.S. < 0.05 cm2 and/or 
T4> 211(l1dL 3 24 

Total 13 30 

From: ·Useful parameters to predict the eventual mental outcome of 
hypothyroid children", Pediatric Research in press with permission. 

DISCUSSIONS 

Smith et a1. U first noted the importance of initiating treatment 
within the first few months of age in infants with hypothyroidism to 
maximize the probability of achieving a normal IQ_ They reported improved 
mental prognosis in congenital hypothyroidism when treatment was started 
before 7 months of age; almost 50% of the infants had an IQ >90. Raiti and 
Newns l and Klein et al. 2 found an even better result when infants received 
treatment before 3 months of age, with 85% achieving an IQ >85. With the 
advent of screening programs, which permitted initiation of therapy before 
1 month of age, these results were corroborated in prospective studies; 
almost 90% of affected infants achieved an IQ >90 at 3 to 4 years of 
agel", II. 

Our data confirm these results in children who have reached school 
age. Only 10% have DQ <90, with the performance and practical reasoning 
scales being the most discriminant. 

At age 7 years the mean quotients are not different from the accepted 
norm. In our patients, two factors may have been influential in the good 
results: professional guidance was started as soon as problems were 
noticed, and the group of patients with the lowest scores have not yet 
attained the age of 5 or 7 years. 

Throughout the last decade numerous groups have also been involved in 
similar research programs. Publications from the New England Collaboration 
Study have shown that in their cohort of patients there was no difference 
between the IQ of both groups with no correlation between the biological 
parameters and the various psychological indexes ll ,17. It is the only 
group that has such an optimistic outlook on the eventual outcome of these 
patients. On the other hand Rovet et al.I',ao come to similar conclusions 
as our own using siblings as controls. In Europe, through the European 
Society of Pediatric Endocrinology numerous questionnaires were sent to 
various countries and an effort made to collate all the results. Although 
the results confirm the efficiency of screening, there are so many diverse 
methods of evaluation and ages of evaluation that no firm conclusions can 
be drawn from that collaborative study. 

In summary, we can state that screening for congenital hypothyroidism 
has been very beneficial but there is still much work to be done to come to 
a final conclusion. We think that the recommendations stated at the last 
International Symposium on screening are very appropriate 22 • "The 
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observation that there still exists a relationship between factors 
associated with hypothyroidism and developmental measures, however, 
suggests that children are still affected, but to a much lesser degree. 
This implies there is still a need for further research in this area. 
Issues that should be studied include identifying the important risk 
factors, studying the children at school-age, determining optimal treatment 
levels. By assessing different screening and management practices in terms 
of outcome, guidelines for the optimal development of these children could 
be provided." 

REFERENCES 

1. S. Raiti and G.H. Newns, Early diagnosis and its relation to mental 
prognosis, Arch. Dis. Child. 46:692 (1971). 

2. A.H. Klein, S. Meltzer, and F.M. Kenney, Improved prognosis in 
congenital hypothyroidism treated before age 3 months, J. Pediatr. 
89:912 (1972). 

3. New England Congenital Hypothyroidism Collaborative, Effects of 
neonatal screening for hypothyroidism: Prevention of mental 
retardation by treatment before clinical manifestations, Lancet 
2:1095 (1981). --

4. J. Maenpaa, Congenital hypothyroidism: Etiological and clinical 
aspects, Arch. Dis. Child. 47:914 (1972). 

5. P.J. Collipp, S.A. Kaplan, M.D. Kogut, W. Tasem, F. Plachte, V. 
Schlamm, D.C. Boyle, S.M. Ling, and R. Koch, Mental retardation in 
congenital hypothyroidism: Improvement with thyroid replacement 
therapy, Am J. Ment. Defic. 80:432 (1965). 

6. H.J. Andersen, in: "Endocrine and genetic diseases of childhood," 
ed. 2, W.B. Saunders Co., Philadelphia, p. 238 (1975). 

7. G.A. Von Harnack and H. Wallis, Zur psychopatholgie der 
hypothyreose I im Kindesalter, Monatsschr Kinderheilkd 108:373 
(1960) . 

8. S. Zabransky, R. Richter, F. Hanefeld, B. Weber, and H. Helge, Zur 
prognose der angeborenen hypothyreose. Psychopatholgische befunde 
bein 30 langzeitbehandelten kindern, Monatsschr Kinderheilkd 
123:475 (1975). 

9. J.H. Dussault, J. Morissette, J. Letarte, H. Guyda, and C. Laberge, 
Modification of a screening program for neonatal hypothyroidism, J. 
Pediatr. 92:274 (1978). 

10. R. Griffiths, "The abilities of young children," Somerset: Young & Son 
(1970) . 

11. A.B. Hollingshead, "Two factor index of social position." Yale 
University Press, New Haven, Conn. (1965). 

12. D. Wechsler, "Wechsler Intelligence Scales for Children (Revised," 
Psychological Corp., New York (1974). 

13. D.W. Smith, R.M. Blizzard, and L. Wilkins, The mental prognosis in 
hypothyroidism of infancy in childhood, Pediatrics 19:1011 (1957). 

14. J.H. Dussault, J. Glorieux, J. Letarte, and H. Guyda, Preliminary 
report on psychological development at age one of treated 
hypothyroid infants detected in the Quebec Screening Network for 
Metabolic Disorder, Pediatr. Res. 12:412 (1978). 

15. New England Congenital Hypothyroidism Collaborative. Characteristics 
of infantile hypothyroidism discovered on neonatal screening, ~ 
Pediatric. 104:539 (1984). 

16. R.Z. Klein, Infantile hypothyroidism then and now: the results of 
neonatal screening, Curr, Probl. Pediatr. 15:1 (1985). 

17. New England congenital hypothyroidism collaboration, Screening for 
congenital hypothyroidism, ~ 403 (1986). 

18. J.F. Rovet, D.L. Westbrook, and R.M. McErlich, Neonatal thyroid 
deficiency: early temperamental and cognitive characteristics, 
J. Am. Acad. Child. Psychiatry 1:10 (1984). 

206 



19. J. Rovet, R. Erlich, and D. Sorbara, Intellectual outcome in children 
with fetal hypothyroidism, J. Pediatr. 5:700 (1987). 

20. J. Rovet, D.L. Sorbara, and R. Erlich, The intellectual and 
behavioral characteristics of children with congenital 
hypothyroidism identified by neonatal screening in Ontario, in: 
"The Toronto prospective study, Genetic Disease Screening an~ 
Management," Alan R. Liss Inc., New York, P. 281 (1986). 

21. R. Illig, R.H. Largo, Q. Qin, T. Torresani, P. Rochiccioli, and A. 
Larsson, Mental development in congenital hypothyroidism after 
neonatal screening, Arch. Dis. Child. 62:1050-1055 (1987). 

22. J. Rovet, J. Glorieux, and S. Heyerdahl, Summary of presentation and 
discussion of the psychological follow-up of congenital hypothyroid 
children identified by newborn screening, in: "Advances in Neonatal 
Screening," B.L. Therrel Jr. Eds: Elsevier Science Publishers 
B.V., Amsterdam - New York, P. 71 (1987). 

207 



PLACENTAL DEIODINATION OF THE THYROID HORMONES 

Lewis E. Braverman 

University of Massachusetts Medical School 
Worcester, Mass. 

Deiodination of the thyroid hornrmes in peri{ileral tissues is a 
well establishoo phenomenon which affects both the tissue arrl plasma 
concentrations of these honrones arrl their action at the cellular 
level. For example, the rate of 5' or outer rin:]' FlU sensitive type I 
deiodination of T4 is a major factor in the regulation of the plasma 
triiodothyronine (T3) concentration in the euthyroid state arrl FlU 
insensitive Type II 5'-deiodination of T4 plays a major role in the 
generation of nuclear T3 in brain, pituitary arrl brown adipose tissue 
(BAT) .1 Inner rin:]' or 5-deiodination of T4 arrl T3 is present in 
highest concentrations in the placenta arrl brain arrl serves primarily 
to inactivate T4 arrl T3 by generating iodothyronines with little or no 
known metabolic activity.l since the placenta is intimately relatOO 
to the transport of iodothyronines from IrOther to fetus arrl receives a 
relatively large proportion of the fetal cardiac outp..lt., it seemed 
likely that the placenta would play inportant roles in regulatin:]' the 
passage of thyroid honrones across the placenta, in fetal thyroid 
honrone metabolism arrl action, arrl in determining the concentration of 
thyroid honrones in amniotic fluid. In 1981 arrl 1982, we first 
reportOO that the rat and human placentas are rich in 5-deiodinase 
activity2,3 and have continuoo to be concerned with the possible 
inportance of this activity in affectin:]' maternal and fetal thyroid 
honrone metabolism and those factors which might regulate the enzyme's 
activity. 

In the human, the concentration of reverse T3 (rr3) , an 
iodothyronine generated from 5-deiodination of T4' in amniotic fluid 
(AF) far exceeds its concentration in maternal serum. 4 Rat IOOdels of 
fetal hypothyroidism, maternal hypothyroidism and combined maternal
fetal hypothyroidism were errployoo to explore the source(s) of AF rr3 
since it had earlier been suggestOO that AF rT3 concentration might be 
usej as a means of diagnosing fetal hypothyroidism in utero. 5 '!hese 
studies indicated that AF rT3 content was influenced by maternal and 
not fetal thyroid function (Table 1) and that rT3 itself was poorly 
transportOO from maternal serum into the amniotic cavity. Fetal serum 
rT3 concentration is dependent upon both maternal arrl fetal thyroid 
function. suzuki et al., have also reportOO that changes in rat AF 
rT3 concentration are mainly dependent upon maternal thyroid 
function. 6 '!hese findin:]'s suggested to us that tissues in contact 
with both maternal serum and fetal serum, or maternal tissues and the 
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amniotic cavity could deiodinate maternal T4 to generatel:T3 • Since 
the trembranes of hE!lOOChoroidal placentas are in contact with maternal 
ani fetal blood ani the chorioamniotic trembranes are in contact with 
maternal decidua ani AF, these tissues were tested for deiodinase 
activity. 

Table 1. Amniotic fluid (AF) reverse T3 (l:T3) in rat IrOdels 
of maternal-fetal hypothyroidism (MFH), maternal hypothy
roidism (MH) ani fetal hypothyroidism (FH) 

Group 

MFH 
n 

MH 
n 

FH 
n 

*p<.01 vs control group 

AF l:T3, % of Control Group 
Exp. 1 Exp. 2 Exp. 3 

34.7* 
14 

34.7* 
19 

103.6 
13 

39.8* 
11 

58.4* 
8 

95.2 
9 

20.1* 
11 

26.0* 
10 

79.6 
12 

MATERIAIS AND MEIHOOO 

Outer ring labeled 125I-T4, 125I-T3 ani 125I-l:T3 were obtained 
from New Englani Nuclear (Boston, MA). '!he specific activities of 
these labeled icx:1othyronines were from 942 to 1250 uCijug. When 
labeled icx:1othyronines were incubated with tissue haoogenates, the 
incubation prcx:1ucts were analyzed by paper chromatography using a 
hexane-tertiary amyl alcohol-NH3 system IrOdified from that described 
by Bellabarba et al. 7 The paper chromatograms were analyzed by 
autoradiography and counting of 1 em sections of the lanes. In other 
exper:ilnents, stable T4 was incubated with haoogenates and the rT3 
generated from T4 measured by radioimmunoassay. Placental 5'
deicx:1inase activity was measured by the formation of 125I when 125I _ 
rT3 was incubated with placental haoogenates. 8 Sprague Dawley rats 
were obtained from Charles River (Boston, MA) and mated in our 
laboratory. Tilned pregnant guinea pigs were obtained from Elm Hill 
Breeding labs (Olelmsford, MA). Guinea pig placentas were perfused in 
situ at tenn, after removal of a single fetus, with I25I-T3 and 
perfusates analyzed by HPI£ for 125I -labeled icx:1othyronine 
metabolites. 

Icx:1othyronine Deicx:1ination by the Placenta 

Haoogenates of rat and human placentas actively deicx:1inate T4 
and T3 in the tyrosyl (5) ring, generating rT3 from T4 and 3,3'-T2 and 
3'-Tl from T3 (Figure 1). l:T3 generated from T4 or l:T3 added directly 
to the haoogenates was not further deicx:1inated. '!his 5-deiodinase 
activity was in the microsomal fraction and was protein, pH, time, and 
DDr dependent. '!he effects of PIU, icx:1othyronines and other a~ents on 
placental microsomal 5-deiodinase activity were assessed. The 
apparent Michaelis-Menton (!5m) for the deiodinase in human placental 
microsomes was 1. 2 x 10-7m. T3, 3,3' -T2' iopanoic acid (IA), 
icx:1oacetic acid, diamide and propranolol, but not PIU, exhibited dose
dependent inhibition of human and rat placental 5-deiodinase activity 
in the presence of 10 roM DIT (Figure 2). When the our concentration 
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was lowered to 0.25 nM, FlU inhibited deiodinase activity by 
approximately 71%. 'Ihese studies may be relevant since FlU, 
pIqlranolol am iopanoic acid may be administered to pregnant waren. 

T4 
* 63~ 

I I ./ 
HO~O .. ~R 34%~ 
~~ 

I I ~ 

* I I 
~ ~ 98"t. 
HO~O~R~ 

I ~ 

* 
3, 3: 5'- T3 (rT3) 

T4* 

* 3' 5'-1 , 2 

* 
3,3' -T2 

* 3' 5'-T , 2 

Figure 1. The metabolism of 125I -labeled T4, T3 am rI'3 by human 
placental hoIOOgenates. 
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Figure 2. The inhibitory effect of icxlothyronines (3,5, 3 ' -T3 am 
3,5,-T2)' iopanoic acid, propranolol, am the sulfhydryl oxidizing 
agents (iodoacetic acid, diamide, am FlU) on inner ring iodothyronine 
deiodinase activity in the microsomal fraction of human placenta. The 
T4 concentration was 6.4 x 10-7 M. The incubation tilne was 60 min. 
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In addition to iodothyronine 5-deiodinase activity, ~lacental 
homogenates10 and cultures of human chorionic decidual cells1 contain 
T4 and :r'I'3 5'-deiodinase activity but this activity is far less than 
that observed for 5-deiodinase. 

100 * p< 0.01 vs 011 other doys 

* 
c 12) 
0 80 -~ 

* Q) -SE c 
Q) 60 (20) 
~ 

t 40 (17) 

'" 
(23) 

0 
::!E 20 
~ 

0 
14 16 18 20 

Doys of Pregnancy 

Fiaure 3. '!he ontogenesis of rat placental homogenate 5-deiodinase. 
Results are expressed as a percentage of the maxllnal value of :r'I'3 
generated from T4 from days 14-20 of pregnancy. 

In order to further detennine the relationship between AF :r'I'3 
concentrations and placental 5-deiodinase activity, the ontogenesis of 
these 2 parameters were studied during pregnancy in the rat. 
SUfficient placental tissue was obtained to measure 5-deiodinase 
activity on all but the 12th day of gestation. '!he highest level was 
observed on day 16. 5-deiodinase activity on days 14, 18, and 20 
was 52%, 77%, and 41%, respectively, of that observed on day 16 
(P<0.01, day 16 vs. all other days) (Figure 3). Amniotic fluid :r'I'3 
concentrations were highest on day 18 and were 61% and 64%, 
respectively, of that observed on day 18 (P<0.01, days 16 and 20 vs. 
day 18). '!hese studies indicate that there are age-dependent changes 
in placental deiodinase activity in the rat and enphasize the 
importance ~ of gestational age in studies of placental inner ring 
iodothyronine deiodinase. AF:r'I'3 concentrations appear to reflect 
these changes in deiodinase activity. Yoshida et al., have reported a 
significant negative correlation between the net placental :r'I'3 
generation from T4 and gestational age in humans. 12 

since thyroid status and fasting have profound effects on 
iodothyronine deiodinases in other tissues, studies were performed to 
detennine if these perturbations affected 5-deiodinase activity. 
Control and treated rats were mated and killed near tenn on the 20th 
day of gestation. 5-deiodinase activity was detennmed in placenta 
homogenates enriched with dithiothreitol by measuring the conversion 
of T4 to :r'I'3' In four of 5 studies, 5-deiodinase activity was similar 
in dams that underwent thyroidectomy (T x) on day 7 of gestation and 
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sham Tx dams. 5-deicx:linase activity was not altered in dams that were 
treated with methimazole (MMI) to irduce maternal arxl fetal 
hypothyroidism. Treatment of dams with supraphysiological doses of 
T4' beginning on the seventh day of gestation, did not significantly 
affect 5-deicx:linase activity. In three of 4 studies, 5-deicx:linase 
activity was similar in fed dams c:orrparecl to values in dams fasted for 
the last 5 days of pregnancy. Placenta iodothyronine 5 1-deicx:linase 
activity was also measured in sane studies. 5 1-deicx:linase activity 
was not decreased in Tx rats arxl was JOOdestly decreased in MMI-treated 
rats. However, the effect of MMI was not reversed by the 
administration of supraphysiological doses of T4' sugggestirq that MMI 
itself may decrease 5 1-deicx:linase activity in the placenta. Tx, MMI 
treatment, arxl fastirq all decreased hepatic T4 5 1-deicx:linase activity 
in the pregnant rats. '!hese results strongly suggest that thyroid 
status arxl fastirq do not alter placenta 5-deicx:linase activity. SUzuki 
et al. also reported that placental 5-deiodinase activity is not 
affected by maternal thyroid status. 6 

since all studies of placenta deiodinase activity had been 
carried out in broken cell preparations, it was ilrportant to detennine 
whether the intact placenta could also deiodinate the iodothyronines. 
To address this question, studies have been performed enployirq the 
perfused guinea pig placenta. At about 60 days gestation, pregnant 
guinea pigs were anesthetized, a fetus renoved arxl one of the placenta 
perfused through an umbilical artery usirq a technique JOOdified fran 
Kihlstrom arxl Kihlstran. 13 '!he perfusion effluent was returned to the 
same reservoir fran which the perfusion fluid was drawn. '!his 
recirculatirq reservoir system was, therefore, analogous to the fetal 
vascular pool. In a tenperature-controlled chamber (37 I C), the fetal 
side of the placenta was perfused through the umbilical artery at a 
rate of 1 ml./rnin with 3% bovine serum albumin Krebs-Henseleit Wffer 
oontainirq 0.14 nM outer rirq labeled 125I -'1'3' Placenta effluent 
fractions were oollected at timed intervals fran the umbilical vein 
canula throughout a 120-rnin perfusion period. '!he contents of the 
perfusion Wffer arxl the various effluent fractions were analyzed for 
their iodothyrqnine oontent by HPLC. In 5 experiments, the percent 
ccmposition of 125I -labeled iodothyronines in the perfusion buffer arxl 
placenta effluent was 95.3 ± 1.0 (mean ± SE) arxl 70.2 ± 2.1 for T3 
(P<O.Ol), 2.5 ± 0.7 arxl 20.1 ± 1.8 for 3,3 1-'1'3 (P<O.Ol), arxl 0 arxl 8.2 
± 0.9 for 3 1 -'1'1 (Figure 4). '!here was no difference between the 
percent 125I -iodide in the perfusion buffer arxl in the placenta 
effluents. When~lacentas were perfused with IA and 125I-'1'3' after 
perfusion with 5I-'1'3 alone, there was a significant increase 
(P<0.01) in the percent 125I-'1'3 in the placenta effluents, arxl a 
significant decrease in 125I - 3,3 1-'1'2 (P<0.01) arxl 125I - 3 1-'1'1 (P<0.01) 
(Figure 5). In oontrast, PIU did not affect the ccmposition of 
labeled iodothyronines in the placenta effluents, despite the fact 
that the addition of PIU significantly (P<O.OOl) inhibits the inner
rirq deiodination of 125I-'1'3 in human or guinea pig placenta 
microsames in the presence of low (0.25 lIM) ooncentrations of 
dithiothreitol. These studies derronstrate that T3 is actively 
deiodinated in the inner rirq to 3,3 1-'1'2 by the intact guinea pig 
placenta. A portion of 3,3 1-'1'2 is further deiodinated in the inner 
rirq to generate 31-'1'1' No outer rirq deiodination of T3 was seen 
urrler the oonditions enployed. IA, but not PIU, inhibits T3 
deiodination in the placenta perfused in situ. We oonclude that the 
placenta is prd::lably a site for fetal T3 metabolism. 14 Cooper et 
al. 15 have reported T4 inner rirq deiodination in the perfused guinea 
pig placenta. 
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Figure 4. Perfusion of the guinea pig placenta usirg a recirculatirg 
reservoir system. 

Inner Ring Deiodination bv Fetal Membranes 

Indirect evidence, based on injection of thyroxine (T4> into the 
anmiotic cavity of humans, am maternal thyroidectomy in the rat, 
suggests that fetal membranes might be capable of convertirg T4 to IT3 
by virtue of inner ring iodothyronine deiodinase activity. '!he 
present study was urrlertaken to provide direct evidence that human 
fetal membranes contain imler ring iodothyronine deiodinase activity 
directed tcMard T~ am T3. Haoogenates of human fetal membranes were 
incubated with 1 5I-labeled T4' IT3' am T3' am with stable T4. 
Conversion of 125I-T4 to 125I - IT3 was noted in chorion am anmion. 
125I-T3 was converted to 125I-3,3'-diiodothyronine (T2> in chorion am 
anmion. 125[I]-rI'3 was stable in fetal membranes un:ler the incubation 
corrlitions enployed. Time, ~ture, pH, am protein content
dependent conversion of stable T4 to IT3 was found in fetal membranes. 
Iodothyronine metabolism did not occur in the ~ of 
dithiothreitol. These studies indicate that human fetal membranes 
contain an inner ring deiodinase enzyme. Because of their intimate 
contact with the anmiotic cavity, this fetal membrane enzyme may 
generate a portion of the IT3 found in anmiotic fluid. 16 
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DISaJSSION 

It can be postulated that placental deicxlinase activity has two 
effects on maternal-fetal thyroid econany. '!he first is that the 
placenta is a site for llperipheral deiodinationll in the maternal 
arXIjor fetal circulation. '!he meaning of IlperiJileral deiodinationll in 
this discussion is restricted to the situation in which products of 
deiodination are returned to the c:arrpartJnent fran which the precursor 
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Figure 5. Effect of IA on the metabolism of 1311-'1'3 in the perfused 
guinea pig placenta. 

originated. For exanple, inner ring deiodination of fetal serum T4 by 
the placenta would generate fetal serum rT3' '!he evidence that the 
placenta is an iInportant site for peripheral deiodination, while 
indirect, is carpelling. '!he placenta is perfused with approximately 
25-50 ~t of the fetal cardiac output, llOre than any other 
organ. r Many organs besides the placenta are undoubtedly responsible 
for peripheral deiodination in the fetus. 18,19 Comparative studies of 
the deicxlinase activities of different fetal organs, including the 
placenta, are required in order to quantitate the relative iInportance 
of the placenta as a site for peripheral deiodination in the fetus. 
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Differences in placentation all¥Dl species may detennine whether 
the placenta is also a site for periIDeral deiodination of maternal 
iodothyronines. In the hem::x::horial placenta, maternal ani fetal blood 
is in direct cxmtact with placental tissue. 20 'therefore, in these 
placentas, iodothyronines fran both the maternal ani fetal 
circulations are likely to provide substrates for inner rin;J 
deiodinase activity. Species with hem::x::horial placentation include 
the rat, guinea pig, ani human. 20 In the sheep, which has 
endotheliochorial placentation, only fetal blood is in contact with 
placental tissue. 2'0 For this reason the placental deiodination of 
maternal iodothyronines in the sheep may be limited. 

'!he secorrl possible effect of placental deiodinase activity on 
maternal-fetal thyroid economy is that substrates fran one canpart:ment 
are deiodinated ani the products transferred into a secorrl CClIl'partment 
which also borders the deiodinatin;J tissues. For exan-ple, maternal 
plasma T4 may be deiodinated by the placenta ani a portion of the I'I'3 
generated transferred to the fetal vascular pool. According to this 
schema, fetal T4 could also be the source of some I'I'3 in maternal 
serum. In addition, as discussed earlier, maternal I'I'4 could 
contribute to AF I'I'3 by virtue of deiodinase activities in the chorion 
ani amnion. 

Free T4 ani T3 concentrations are much lower in the fetal 
circula-tion than in the maternal circulation durin;J most of 
gestation. 21 '!hese relatively low concentrations of T3 ani T4 in 
fetal blood are probably optimal for fetal development. Placental 
dysfunction could conceivably result in fetal hyperthyroxi.nemia ani 
hypertriiodothyroninemia by pennittin;J T4 ani T3 to be freely 
transferred fran the mother to the fetus. An i.np>rtant question is 
whether transfer of T4 ani T3 between the maternal ani fetal 
circulations is limited by placental deiodinase activity. To prove 
this hypothesis it must be shown that inhibition of the deiodinase 
enzyme increases the transfer of intact T4 ani T3 fran mother to 
fetus. At the present ti1ne, the evidence that placenta inner rin;J 
deiodinase limits the transfer of intact honnone is irxlirect:. It 
consists largely of the studies described above which suggest that 
maternal T4 is a source of fetal serum I'I'3' However, it would be an 
over simplification to equate enhanced deiodinase activity with 
decreased transfer fran the placenta. I'I'3 is both resistant to 
deiodination ani is poorly transferred across the placenta. One 
speculation is that access of iodothyronines to the active site on the 
placental 5-deiodinase ani movement of iodothyronines into ani across 
the placental membrane cells are related. 

Bonet ani Herrera22 ani Escobar et al23 have recently reported 
that thyroid honnones cross the placenta fran dam to fetus ani that 
maternal hypothyroidism does affect fetal growth ani developnent ani 
brain T3 content. Further studies in the rat ani other species, 
including man, will further clarify this question. 
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ENDEMIC CRETINISM. AN OVERVIEW 

INTRODUCTION 

Fran~ois M. Delange 

Depts. of Pediatrics and Radioisotopes x 
University Hospital Saint-Pierre 
University of Brussels, Belgium. 

The term endemic cretlnlsm applies to individuals born and living in 
areas of severe iodine deficiency and endemic goiter exhibiting irrever
sible anomalies of intellectual and physical development not explained by 
other causes than the environmental factors responsible for goiter. The 
prevalence of the disorder can reach 10 % of the whole population in seve
rely affected areas and cretinism constitutes the most serious complication 
of endemic goiter. 

The diagnosis of endemic cretinism is descriptive and mostly made on 
epidemiological grounds because its etiopathogenesis $ only partly understood 
and because information on its pathology is scanty. In 1986, a study group 
of the Pan American Health Organization (1) formulatffi the following defi
nition of endemic cretinism: 

"The condition of endemic cretinism is defined by three major features : 
1. Epidemiology. It is associated with endemic goiter and severe iodine 

deficiency. 
2. Clinical manifestations. These comprise mental deficiency, together 

with either : 
a) a predominant neurological syndrome including defects of hearing 

and speech, squint, and characteristic disorders of stance and gait 
of varying degree; or 

b) predominant hypothyroidism and stunted growth. 
Although in some regions one of the two types may predominate, in 
other areas a combination of the two syndromes will occur. 

3. Prevention. In areas where adequate correction of iodine deficiency 
has been achieved, endemic cretinism has been prevented." 

Several extensive review papers on endemic cretinism with comprehen
sive bibliography are available (2-6). 

In this chapter, the author will summarize present knowledge in the 
field and express his personal views on what is clear and unclear in the 
various aspects of endemic cretinism. 
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1. CLINICAL ASPECTS AND EPIDEMIOLOGY 

We know that there are two extreme types of endemic cretinism, 
neurological and myxedematous, that there are regional variations in the 
frequency of the two types, that there are mixed types in some individuals 
and areas and. finally, that there is neurointellectual impairment in non 
cretin individuals in severe endemic areas (1-12). 

We do not know the reasons for the regional variations in the fre
quency of the two types or the reasons for the predominance of neurologi
cal impairment of thyroid failure in individuals with the mixed type of 
cretinism. There is no doubt that the focus of interest and the training 
of the investigator playa role. Endocrinologists will take more notice of 
signs of thyroid failure and neurologists of signs of impairment of the 
nervous system (13). The question also arises as to what extent neurologi
cal signs in myxedematous cretins are a consequence of longstanding untrea
ted hypothyroidism (14-16) or whether they are the consequence of encepha
lopathy of the type found in neurological cretins. 

2. PATHOLOGY 

a. Brain 

We know from early reports by De Quervain and Wegelin in Switzerland 
(17) and, from more recent pathological and radiological studies made in 
Ecuador (18) and China (19) that the brain of neurological cretins is 
atrophic, especially in the pontomesencephalic and cerebellar areas, and 
that there is dilatation of the ventricles and subarachnoid spaces. There 
is also microscopic evidence of disorganisation of the interneuronal rela
tionship and lack of development of the pyramidal and Purkinje cells. We 
also know from Chinese studies (20. See also Chapter 4) that human "fetuses 
in regions of severe endemic goiter have cerebral atrophy with increased 
cell density and an increased percentage of non-differentiated neuroblasts. 

What is needed now is a comparison of brain pathology in neurological 
cretinism and cerebral palsy and in myxedematous cretinism and sporadic 
congenital hypothyroidism; there is also a need for study of the brain in 
endemic mental retardation. 

b. Ear 

We know very little about the pathology of the ear. And yet, hearing 
loss is a major component of cretinism. Old data summarized by Koemg(21) 
indicated that neurological endemic cretins present middle ear abnormalities 
characterized by hypertrophic bone changes of the promontorium, deformation 
of the ossicles, distorsion of the oval and round windows and thickening 
of the mucous membrane of the tympanic cavity. No data are available for 
the inner ear. 

What we need is more precise information, obtained with modern methods 
of investigation, on the structure and ultrastructure of the middle and 
inner ear in neurological and myxedematous cretins. Such findings should 
then be compared with data concerning sporadic congenital hypothyroidism 
and congenital infections. There is undoubtedly scope for further work in 
audiometry and auditory evoked potentials in endemic and sporadic creti
nism. 

c. Thyroid 

Swiss authors (2, 17) reported that neurological cretins have hyper
plastic, colloid, multinodular goiters similar to those seen in non cretin 
individuals in the same area.'They showed that myxedematous endemic cretins 
have thyroid atrophy and sclerosis. As a consequence of their thyroid fai
lure, myxedematous cretins also have hyperplastic pituitary glands. 
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Human fetuses in regions of severe endemic goiter have hyperplastic 
colloid goiters with no evidence of thyroid atrophy or destruction (22). 

We need more information on the structure and ultrastructure of the 
thyroid in the two types of cretinism. We need to know whether there are 
specific aspects of thyroid morphology in hypothyroid newborns and still
births in endemic areas. We also need to know whether there are age-related 
changes in the thyroid 'of hypothyroid infants and children. In other words, 
how valid is the hypothesis that only progressive atrophy of the thyroid 
will result in permanent hypothyroidism and myxedematous cretinism in some 
individuals while the development of compensatory thyroid hyperplasia 
explains the transient character of hypothyroidism in others (5). Finally, 
is there any morphological evidence of an autoimmune process within the 
thyroid ? 

3. ETIOLOGY 

a. Iodine deficiency 

The role of iodine deficiency in the etiology of endemic cretinism is 
well established I) by the correlation between the degree of iodine defi
ciency and the frequency of cretinism 2) by the prophylactic action of 
iodine on the incidence of cretinism and 3) by the emergence of cretinism 
in previously unaffected populations as a consequence of iodine deficiency 
of recent onset, as observed in the Jimi valley in New Guinea after 
replacement of natural rock salt rich in iodine with low iodine industrial 
salt (23). 

Finally, iodine deficiency during gestation in animals results in 
thyroid deficiency in the offspring. All the models used mimic the myxede
matous type of cretinism; none was able to produce the neurological type (16). 

We do not know why it is only in certain individuals that the thyroid, 
and possibly the brain, are unable to adapt themselves to iodine deficiency. 

b. Naturally occurring goitrogens 

We know that thiocyanate, a naturally occurring goitrogen resulting 
from chronic consumption of poorly detoxified cassava, aggravates the 
effects of iodine deficiency on the incidence of congenital hypothyroidism 
(24) and that thiocyanate overload is more severe in myxedematous cretins 
than in euthyroid controls of the same area (25). We do not know whether 
this last finding is the cause or the consequence of cretinism. We have no 
information on the possible etiological role of other goitrogens in the 
presence of iodine deficiency, such as the waterborne humic substances 
described by Gaitan et al. (26). 

c. Congenital infections and perinatal anoxia 

The fact that there are some similarities between neurological 
cretinism and cerebral palsy (18) raises the question of whether congenital 
infections or perinatal anoxia play a role in the etiology of cretinism. 
For example, in non endemic areas, as much as 12 % of congenital sensori
neural hearing loss is due to congenital infection caused by cytomegalo
virus (27-29). 

On the other hand, the seasonal variations in the incidence of sporadic 
congenital hypothyroidism (30) are not due to infectious processes (31). 

More information is needed on the infectious profiles and obstetrical 
history in populations with endemic cretinism. 
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d. Thyroid autoimmunity 

On the strength of findings reported initially in sporadic goiter 
(32), it has been suggested that goiter in endemic areas could be due to 
thyroid-growth-promoting antibodies, TGI (33-38). 

In addition, there is now a keen controversy over the possible role 
of thyroid-growth-blocking antibodies of maternal origin in the etiology 
of sporadic congenital hypothyroidism (39-41). 

Finally, the role of anti thyroglobulin antibodies in the etiology of 
endemic goiter has been suspected in Argentina (42) but has never been 
conclusively confirmed, either in endemic goiter and cretinism (43) or in 
sporadic congenital hypothyroidism (44). 

We definitely need more information about the possible relationship 
between iodine deficiency, goitrogens and thyroid autoimmunity. 

e. Oligoelements 

The serum concentration of Selenium is lower in inhabitants of the 
former goitrous area than in those of the non-goitrous area of Idjwi Island 
in Zaire (45). It has been speculated that Selenium deficiency could cause 
oxygen derivatives such as H202 to be toxic for the thyroid, and could be 
one of the factors responsible for thyroid damage resulting in myxedematous 
cretinism. 

Manganese deficiency in rats aggravates the alterations of the vesti
bular function induced by PTU (46). On the other hand, supplements of 
manganese to iodine deficient rats partly protect them against the anti
thyroid action of iodine deficiency (47). The question arises as to whether 
manganese deficiency in man could aggravate the goitrogenic action of iodine 
deficiency. 

Finally, Zinc deficiency enhances the hepatic deiodination of T4 (48). 
Among the several nutritional disorders associated with endemic goiter, it 
would be of interest to investigate the specific role of Zinc nutrition. 

4. PATHOGENESIS 

a. Fetal hypothyroidism 

Chinese data have indicated that hypothyroidism is present in human 
fetuses in regions of severe iodine deficiency from the fourth month of 
gestation (22). Thyroid failure at birth has been evidenced in several 
areas of the world, such as Zaire (49, 50), India (51, 52), Algeria (53), 
Tanzania (54), and even some parts in Europe such as Sicily (55), Southern 
Germany (56) and Greece (57). 

We know that thyroid deficiency occurring during the initial period 
of brain development results in irreversible brain damage (Review in 58) 
and especially in case of thyroid deficiency of prenatal onset (59) 
probably even if, based on neon tal screening (60), adequate substitutive 
therapy is initiated soon after birth (61, 62). 

There is some suggestion that infants with sporadic congenital hypo
thyroidism have hearing defects (63). 

Finally, it has been shown experimentally in animals that fetal 
hypothyroidism induces damage of the inner ear (64-68), which is possibly 
responsible for the audiogenic seizures reported in the offspring of 
extremely severely iodine deficient rats (69). 

We do not know the reason for the varying degrees of fetal and neo
natal hypothyroidism in the presence of uniform iodine deficiency in a 
given population, the frequency and the long-term consequences of transient 
fetal or neonatal hypothyroidism in endemic goiter and the possible role, 
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if any, of fetal hypothyroidism in the etiology of neurological cretinism. 

b. Maternal hypothyroxinemia 

Maternal hypothyroxinemia is rare in non endemic areas and can result 
in impaired neurointellectual development in offspring (2, 70). In contrast, 
maternal hypothyroxinemia is extremely frequent in endemic areas (50, 71-
73). It is associated with increased mortality and morbidity in offspring 
(72, 74) and increased incidence of hypothyroidism in neonates (49, 50). 
In addition. data collected in rats showed that maternal hypothyroxinemia 
results in fetal hypothyroxinemia and brain damage during early pregnancy, 
even before the onset of fetal thyroid function (75-81). 

What we would like to know is the rae of transfer, if any, of thyroid 
hormones across the placenta in humans before and after the onset of fetal 
thyroid function; the presently accepted concept is that there is no 
transfer or only a very minimal transfer of thyroid hormones and TSH across 
the placenta in humans (Review in 82). What we would also like to know are 
the specific consequences of hypothyroxinemia and iodine deficiency for 
fetal development in humans. On the basis of presently available clinical 
and experimental data, DeLong (13) has developed the concept that all the 
neurological deficits in endemic cretinism result from iodine deficiency 
mediated through hypothyroidism and that the difference between the purely 
neurological and myxedematous types of cretinism are explained by timing 
and, perhaps, the degree of maternal and/or fetal hypothyroidism. The 
neurological type would result from second-trimester hypothyroxinemia of 
mother and fetus and the myxedematous type from third-trimester hypothyro
xinemia of the fetus, possibly because of a more adequete maternal thyroid 
hormone contribution during early gestation. The hypothesis is extremely 
attractive; the problem is that it has been clearly established that ma
ternal hypothyroxinemia is much more severe in areas with the myxedematous 
type (50) than in areas with the neurological type (71), not the reverse 

c. Lack of elemental iodine 

The data suggesting the direct role of elemental iodine on brain 
development is the observation that correction of iodine deficiency in 
mothers prevents the emergence of neurological cretinism only if 
correction takes place before or during early gestation, thus before the 
onset of fetal thyroid function (83). What we would like to know in 
greater detail is which parameter is corrected in the human fetus when 
maternal iodine deficiency is corrected before the onset of fetal thyroid 
function? Is it the fetal deficiency in iodine, in thyroid hormones or 
in both ? 

5. PREVENTION 

We know that endemic cretlnlsm can be prevented by the normalization 
of iodine intake in the population, for example by the introduction of 
iodized salt. It can also be prevented by giving injections of iodized oil 
to mothers during early or even late pregnancy in the case of myxedematous 
cretinism (Reviews in 3-6). We also know that newborns are more sensitive 
than children and adults to the antithyroid effects of both iodine 
deficiency and iodine excess (84). 

What we would like to know more precisely is the duration of the 
preventive effect of a single injection of iodized oil in women on the 
incidence of cretinism in the offspring. More information is also needed 
on the possible adverse effects of iodized oil. The possibility that this 
therapy could induce a Wolff-Chaikoff effect in the fetus has been raised 
(85) but never conclusively demonstrated. The hypothesis has also been 
proposed (86), but never confirmed, that an acute increase in iodine 
supply could trigger thyroid autoimmunity. 
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Finally, we would like to know a little more about the minimum and 
maximum iodine intakes to be recommended during pregnancy in humans. 

In conclusion, a lot is known about the clinical characteristics, 
pathology, etiopathogenesis and prevention of endemic cretinis, but 
probably a lot more is unknown. It may be expected that a lot will be 
learned over the next few years thanks to recent developments in 
clinical and experimental thyriodology and easier access to the field. 
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OBSERVATIONS ON THE NEUROLOGY OF ENDEMIC CRETINISM 

G. Robert DeLong 
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Durham, North Carolina 

Several points emerge from a neurological analysis of endemic 
cretinism: 

1) Endemic cretinism presents a coherent clinical picture, though 
varying in severity and emphasis. 

2) The clinical neurological deficits primarily implicate 
impairment of cerebral cortex, cochlea and basal ganglia. 

3) The major motor disorder in neurological cretinism is 
extrapyramidal rather than pyramidal and is characterized by rigidity, 
with an added measure of spasticity. It is consistent with a put amino
pallidal lesion, in addition to other elements. 

4) The pattern of damage, and other information, indicates that 
the critical effect on brain occurs during the second trimester of 
intrauterine life. It seems likely that the irreversible effect on 
brain results from impairment of neuron production. 

I. CLINICAL PICTURE 

I have previously described the neurological features of endemic 
cretinism (1,2) and will summarize them briefly here. The three major 
features are deafmutism, mental deficiency and motor disorders. 
Deafness, if complete, results from cochlear dysfunction. Partial 
hearing loss may be associated with limited dysarthric speech, probably 
reflecting an element of cerebral cortical dysfunction. 

Intellectual deficiency, shown by concreteness, lack of 
abstraction, primitive language and arithmetic skills, poor visuomotor 
integration and difficulties in praxis is ascribable to cerebral 
neocortical dysfunction. In very severe cases, frontal release of 
primitive sucking and grasping reflexes, autistic vacuity and poor 
visual attention can be attributed to dysfunction of frontal, temporo
limbic, and occipito-parietal cortex respectively. Association cortex 
functions are impaired more than those of primary analyzers, probably 
reflecting plasticity of function with limited overall cortical 
capacity. 
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Motor dysfunction is dominated by a proximal and axial plastic 
rigidity and flexion dystonia most consistent with dysfunction of the 
basal ganglia, particularly putamen and globus pallidus. On this is 
superimposed a varying degree of spasticity, again predominantly 
proximal, attributable to cortico-spinal dysfunction, including premotor 
cortex. In some severely involved individuals, leg muscles are thin and 
undergrown, and the feet are weak. This may reflect loss of anterior 
horn cells. 

It is important to note those neurological systems that are 
apparently spared: They include the visual system; autonomic and 
vegetative functions including those of hypothalamus; personality and 
memory functions associated with the temporo-limbic system (except in a 
few severely deficient individuals); and cerebellar function. Seizures 
are not a feature. 

Within the broad syndrome of neurological endemic cretinism, the 
severity of particular features may vary widely. For example, deafness 
may be minimal or may be complete; spasticity may be prominent or may be 
subtle; speech may be impossible, or may be functional and only mildly 
dysarthric, etc. Within sibships, the overall pattern tends to be more 
similar than is seen if unrelated individuals are compared. These 
observations argue that the genetic substrate influences the expression 
of endemic cretinism. This has recently been clearly demonstrated by 
Held, et al. (3) 

II. PATHOPHYSIOLOGY 

What can the neurological data contribute to understanding of the 
pathophysiology of the brain in endemic cretinism? Can neurological 
observations tell which systems are involved and when that involvement 
occurred? 

The systems mainly involved are auditory, motor and intellectual. 
The language deficit results from a combination of deafness and 
intellectual deficit, as well as defective motor control of speech. The 
motor deficit is characterized by predominantly proximal rigidity and 
spasticity that implies extra-pyramidal more than pyramidal dysfunctio~ 

The intellectual deficit deserves comment. Detailed psychological 
data will be presented by others; here I will make some comments from 
the point of view of the neurologist. The intellectual deficit in 
neurological cretinism appears to be generalized: it affects most, if 
not all, areas of mental function, including language, reasoning, visual 
perception and visuomotor integration, motor planning and praxis. 
Mental function, when it can be assessed accurately in individuals with 
some hearing and language, is simple, concrete and quite limited. The 
deficits shown by cretins are best illustrated by their crude efforts in 
drawing, copying, performing imitative motor actions, naming and 
counting. An exception to the generalized nature of the intellectual 
deficits may be memory, which seems to be relatively preserved in 
neurologic cretins of moderate severity. The generalized defect in 
intellectual functions is best explained by a diffuse disorder of the 
neocortex, particularly of high level association areas. It is a 
general rule of the developing brain that defects are compensated by a 
plastic reorganization of remaining tisue, so there is a strong tendency 
to integrate function utilizing the remaining brain tissue - even 
though, after injury, the re-integrated function may be at a low level. 
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After emphasizing the pervasiveness of intellectual deficits in 
cretins, which probably are accounted for by neocortical damage, we 
should comment on the generally better preservation of those functions 
important to personality, including emotionality and also memory. We 
have elsewhere noted the tendency of cretins to be equable, sociable, 
cheerful, tractible, able and motivated to work at simple tasks and able 
to sustain att1!ntion and remember at a level adequate for work-a-day 
activities. This suggests a relatively good preservation of limbic 
systems of brain which are important to personality organization. It is 
true by the same token that very severely defective cretins do show an 
absence of personality, of social responsiveness, and of motivated 
activity that can best be described as autism, and which implies severe 
deficits not only of neocortical structures but also of limbic systems. 

The movement disorder in endemic cretinism is distinctive. It is 
not primarily a cortico-spinal or pyramidal dysfunction although in a 
minority there are clasp-knife spasticity and extensor plantar 
responses. More characteristic, however, is the rigidity seen in axial 
structures (trunk and neck) and in the proximal limb girdles, both at 
the hips and thighs, and in the shoulders and upper arms. Other cretin 
individuals have marked flexion dystonia with plastic rigidity and 
eventual contractures at the hips, knees, shoulders and elbows, with 
preserved free movements of the hands and wrists. This pattern of axial 
and proximal rigidity is classically extrapyramidal, similar to the 
pattern of rigidity and bradykinesia seen in Parkinsonism and in other 
lesions of the basal ganglia (particularly the globus pallidus). 
Reminiscent of Parkinsonism are cretins with marked truncal rigidity who 
can't flex at the hips to sit on a chair - they remain stiffly extended 
and slide down. Their arms are held adducted over their abdomen, with 
the fingers extended and immobile. Tremor is not seen, however. The 
lesion in Parkinson's disease primarily affects the substantia nigra, 
but through the nigro-striatal pathways the striatum is strongly 
affected. 

Other disorders showing analogous motor findings include 
progressive supranuclear palsy, the rigid childhood form of Huntington's 
disease, and cases of striatal necrosis seen in young children. All 
these diseases have in common a lesion of the basal ganglia, 
particularly the putamen or globus pall1dus or both. In the case of 
Huntington's disease, Byers et al (4) found in all 13 rigid children, 
the globus pallidus or the ansa lenticularis was severely involved, a 
finding not commonly reported in adults. Extensive bilateral striatal 
lesions, for example in children with Leigh's disease or acute striatal 
necrosis, produce a similar picture of proximal limb and trunk rigidity. 
Another clinical analogy is that of progressive supranuclear palsy in 
which there is marked rigidity especially in a cape-like distribution in 
the neck, shoulders and proximal upper extremities very similar to that 
in endemic cretinism, with sparing of wrists and hands (5). The major 
pertinent lesions in progressive supranuclear palsy are in the globus 
pallidus and substantia nigra, though other extrapyramidal areas are 
also involved. 

The extreme form of the motor syndrome is instructive, just as the 
extreme form of mental deficiency in cretinism is instructive because it 
produces an autistic state (implicating the limbic system). The severe 
form of motoric dysfunction (which does not necessarily run parallel to 
the mental dysfunction) is characterized by marked flexion dystonia and 
by release of "thalamic postures." These are obligatory and stereotyped 
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postures originally described in monkeys whose entire telencephalon 
above the thalamus had been destroyed. They consist of flexion of the 
limbs on one side, and extension of those on the other, when the animal 
is iaid on its side on a firm surface; they reverse if the animal is 
laid on the other side, and represent fragments of righting reflexes. 
The existence of reflex responses closely reminiscent of these in 
cretins suggests that certain critical motor systems above thalamic 
level may be destroyed or non-functioning and is consistent with 
putaminal and globus pallidal pathology. These findings were seen only 
in severely affected, non-ambulatory individuals. Interestingly, 
despite these severe gross motor deficits, three of these same 
individuals had preserved use of their hands to the extent that they 
could throw or manipulate a ball or point with a finger. 

In summary, one can make a reasonable hypothesis that implicates 
lesions of the basal ganglia, particularly putamen and globus pallidus, 
as playing an important role in the motoric defect in neurological 
endemic cretinism. This hypothesis must be tested by further research 
in pathology and neurophysiology. Obviously other systems, and other 
nuclei concerned with motility, including cerebral cortex, must be 
affected in endemic cretinism. However, the predominating finding is 
usually rigidity. 

III. DEVELOPMENTAL TIMING 

The neurological and neuropathological findings in endemic 
cretinism put some limits on the timing of the intrauterine insult to 
the developing brain. We know the consequences of other insults at 
specific times in brain development and can use this information to 
estimate the time at which damage is critical in cretinism. Of course, 
the exact biological mechanism of injury must vary widely with different 
noxious agents, but the fact remains that different insults occuring at 
a particular time in development tend to produce similar effects, 
presumably because they affect systems which are at the most active and 
critical stage of development. The minimal facts are as follows: 

The basic organogenetic plan of brain is intact in endemic 
cretinism. The processes of neural tube closure, formation of eyes, 
midline cleavage and pairing of forebrain structures, formation of the 
corpus callosum, formation of the outlet foramina of the fourth 
ventricle, and formation of the subarachnoid pathways for cerebrospinal 
fluid flow - all these are normal in any cretin brain that has come to 
my attention. These features are the result of the main actions of the 
first twelve weeks of human brain development. This constitutes a 
strong argument that the first trimester of human brain development, if 
not independent of iodine and thyroid hormone action, is at least not 
critically impacted by the conditions obtaining in endemic cretinism. By 
contrast, there are close parallels between the abnormalities in endemic 
cretinism and those found after other insults during the second 
trimester of human gestation. The formation of the cochlea of the inner 
ear occurs during the second trimester, specifically between the 10th 
and 18th week, and it is particularly vulnerable in iodine deficiency 
(6). The time of the major burst of proliferation of neurons destined 
for the cerebral cortex occurs between fourteen and eighteen weeks of 
gestational age (7). The time of maximal generation and migration of 
neurons destined for the basal ganglia corresponds closely to that of 
the cerebral cortex, that is during the 12th to 18th weeks of gestation 
(14). 
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Thus, we can suggest with some confidence that these organs -
cochlea, cortex and basal ganglia - undergo their major formative events 
during the second trimester and are selectively affected in cretinism. 
To this extent the data from clinical neurology and that from 
developmental neuroanatomy are congruent. They are also entirely 
congruent with the well-known data on iodine repletion, which show that 
iodine must be given by the end of the first trimester of pregnancy to 
prevent cretinism (8), demonstrating that the critical iodine-dependent 
events determining neurological cretinism begin at that time. 

IV. CRITICAL PROCESSES AFFECTED 

What is the critical process? Is it failure of cell proliferation 
or migration? Is it failure of dendritic development, or of myelin? The 
timing of endemic cretinism may indirectly suggest answers: There is a 
narrow window of vulnerability - in the second and perhaps third 
trimesters. This is the time of neuron generation and migration. By 
contrast, formation of dendrites and synapses and myelination occur 
later and continue over a long period. This suggests that cell 
proliferation and perhaps migration is the critical event - that if too 
few cells are generated for cerebral cortex and basal ganglia, further 
developmental events even if they proceed normally are subject to the 
constraint of a limited number of neurons. The Chinese have human fetal 
brain material from endemic areas that is thyroid deficient at the 
fourth through the eighth month of pregnancy (9). Careful quantitative 
study of this material may permit an answer to the question of adequacy 
of cell production. 

What is the cause of this second-trimester defect in brain 
development in endemic cretinism? Is it hypothyroidism? In 1986 I 
wrote that "no firm data were available" on the question whether severe 
iodine deficiency caused fetal hypothyroidism in man (2). I must 
apologise for that statement, because such data were available and had 
been published in China, documenting hypothyroidism in fetuses in 
iodine-deficient areas. I believe it is fair to say that the fact of 
human fetal hypothyroidism in iodine deficiency was not known, or not 
widely appreciated, at that time outside of China. One of the basic 
purposes of the present meeting is to bring that Chinese experience to 
the attention of the rest of the world. In fact, however, the knowledge 
that iodine deficiency produces fetal thyroid dysfunction, shown by low 
levels of thyroid hormones and thyroid hypertrophy as early as four 
months of gestation (10) does much to clarify the pathogenesis of 
neurological cretinism in man •. 

VI. NEUROLOGICAL CRETINISM WITHOUT IODINE DEFICIENCY: A CASE 

I wish to describe an exceptional case that may throw some light on 
the pathogenesis of endemic cretinism. Only in one instance have I seen 
a clinical picture similar to endemic cretinism in the United States, in 
a young man I examined when he was 21 years old. He had moderately 
severe mental deficiency, moderate hearing loss and quite limited 
dysarthric speech, and the motor deficits typical of endemic cretinism 
(proximal hypertonia and mild flexion contractures, rigidity, 
exaggerated adductor and knee jerks, absence of distal spasticity, 
disinhibited facial emotional expressions and strabismus.) In every 
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respect, the clinical picture was that of endemic cretinism and scarcely 
compatible with any other clinical syndrome I know. His history is 
instructive: At birth he was recognized as cretinous and was treated 
with thyroxine subsequently with normal growth. Studies showed no 
functional thyroid tissue. During her pregnancy with our patient, the 
mother became tired, constipated, and had dry skin from the third month, 
but she was only diagnosed as hypothyroid with Hashimoto's thyroiditis 
and treated after giving birth. In retrospect, she had a history of 
hyperthyroidism ten years previously, for which she was briefly treated 
with propylthiouracil. It is difficult to escape the conclusion that 
her infant suffered in utero from a combination of maternal 
hypothyroidism and fetal athyreosis reproducing the conditions commonly 
present in iodine deficiency, and resulting in an irreversible insult to 
the fetal brain and cochlea indistinguishable from that seen in endemic 
cretinism. In this case, the cause of the fetal athyreosis is unknown, 
but it is tempting to speculate that the fetal thyroid was damaged by 
maternal anti-thyroid antibodies. 

Blizzard et al (11) observed the simultaneous occurrence of thyroid 
antibodies in both mother and newborn in many human cases of cretinism. 
They postulated the transplacental transfer of a thyrocytotoxic factor. 
Goldsmith et al (12) described a family with autoimmune thyroid disease 
(Hashimoto's type), in which congenital thyroid suppression (partially 
reversible) was present in all six offspring of one member with 
autoimmune thyroiditis and hypothyroidism. Of these six children, all 
were hypothyroid at birth, four were obviously cretinous, and 3 of 4 
tested had high titers of antithyroid antibodies. The four surviving 
children were all mentally retarded and undergrown despite replacement 
thyroid treatment. More recently, van der Gaag et al(13) found 15 
mothers of infants with sporadic congenital hypothyroidism had 
circulating immunoglobulins that blocked thyroid growth (thyroid growth 
inhibiting immunoglobulin). All the mothers were euthyroid. These 
results support the view that at least some infants with sporadic 
congenital hypothyroidism have a maternal thyroid autoantibody mediated 
cause for their thyroid dysgenesis. 

The reason for describing our case is that his neurological 
deficits were indistinguishable from neurological endemic cretinism, and 
were irreversible despite early treatment, presumably because there was 
the added factor that the mother was hypothyroid during pregnancy. 

VII. SUMMARY 

Clinical data indicate that the major deficits in neurological 
cretinism are intellectual deficiency, deafness, and motor rigidity, and 
indicate that the parts of the nervous system most affected are the 
cerebral neocortex, the cochlea, and the basal ganglia. The findings 
implicating basal ganglia disease have generally received little 
attention. 

The pathogenesis of this insult to brain development in 
neurological cretinism has been unclear. Only recently has the 
existence of fetal hypothyroidism in man at the critical stages of 
gestation been demonstrated in studies in iodine-deficient endemic areas 
in China (10). This finding greatly strengthens the presumption that 
this is the cause of insult to the developing brain. 
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Knowledge of the framework of develop~ental events in brain makes 
it possible to correlate the clinical deficit in neurological cretinism 
with the timing of the insult with some precision. The events of the 
first trimester, encompassing the basic embryonic organization of the 
brain, are completed without error. This is consistent with the fact 
that iodine treatment is not necessary before the end of the first 
trimester. The systems associated with the major triad of symptoms -
the cerebral cortex the cochlea and the basal ganglia - all undergo 
major formative events during the second trimester, and all may 
plausibly be vulnerable at that time. Also, we know that neurological 
cretins may not be severely hypothyroid at birth and their deficits 
cannot be reversed by treatment after birth. This is consistent with the 
finding that systems having major formative events after birth are not 
notably affected, for example the cerebellum and the dentate gyrus of 
hippocampus. 

The clinical observation of a case with all the features of 
neurological cretinism occuring in a non-endemic area and despite 
treatment beginning shortly after birth helps clarify our understanding 
of pathogenesis. In this case both fetal athyreosis and maternal 
hypothyroidism were demonstrated, suggesting that in man the combination 
of fetal and maternal hypothyroidism is necessary to produce 
neurological cretinism. 

The lesions of neurologic cretinism make sense in anatomic space 
and developmental time. They promise to yield much more information in 
the future about human brain development and function. 
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NEUROLOGICAL ASPECTS OF CRETINISM IN QINGHAI PROVINCE 

SUMMARY 

Halpern J-pl, Morris JGL1, Boyages S2, Maberly 
G2 Eastman C2 Jin C3 , Wang Z-L3, Lim J-L3 Yu 
D4: and You C4 ' 

Neurologyl and Endocrine2 units, Department of 
Medicine, Westmead Hospital, Sydney, Australia 
Institute of Endemic Diseases3 and Qinghai 
Provincial Peoples' Hospita14 

We have examined 69 cretins from the Province of 
Qinghai in the Peoples' Republic of China, an endemia where 
both myxoedematous and neurological cretinism occur. A 
characteristic neurological syndrome was observed in both 
euthyroid and hypothyroid individuals. The neurological 
findings were similar to those which have previously been 
reported: intellectual impairment, deaf-mutism, pyramidal 
signs, gait disorder, primitive reflexes and squint. The 
gait disorder was not typical of the 'spastic diplegia' of 
previous descriptions; much of it could be attributed to 
laxity and deformity of the jOints of the lower limbs. 

In this endemia there was no clear distinction between 
'neurological' and 'myxoedematous' cretins on the basis of 
neurological signs. It appears that a similar neurological 
insult has occurred in both types of cretin. 

INTRODUCTION 

There have been few detailed accounts of the 
neurological aspects of endemic cretinism. McCarrison's 
description (1) of the 'nervous' type of cretinism in the 
Himalayan valleys of Chitral and Gilgit was the first and 
remains an impressive feat of clinical observation. He noted 
a 'knock-kneed spasticity' of the lower limbs and summarised 
his findings as follows: 'In short, the condition is one of 
cretinous idiocy with associated cerebral diplegia'. Since 
then, many studies have mentioned deaf-mutism, mental 
retardation, "gait disturbance and squint but usually without 
detailed descriptions. Like McCarrison, Choufoer and his 
colleagues (2) felt that the gait of cretins (in New Guinea) 
was that of a spastic diplegia but noted that the tone in 
the lower limbs was often normal or even reduced when the 
subjects relaxed. Hornabrook (3) emphasised the evidence of 
corticospinal damage in the cretins he studied in New 
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Guinea. The most detailed account of the neurology of 
endemic cretinism in recent times is provided by DeLong (4) 
on endemias in Zaire, Ecuador and China. 

In this study we describe the neurological features of 
69 cretins from the Province of Qinghai in the Peoples' 
Republic of China, an endemia where both myxoedematous and 
neurological cretinism occur. 

BACKGROUND AND METHODS 

Qinghai Province lies on the Tibetan plateau and has a 
population of 4 million comprising Han Chinese, Tibetans and 
the Wee people. The majority of the population relies on 
subsistence agriculture for their livelihood and the area is 
severely iodine deficient. The prevalence of cretinism has 
been estimated as exceeding 10% by the Ministry of Public 
Health. Iodized salt prophylaxis was introduced in 1978 and 
the cretin rate has fallen greatly since then, particularly 
in the eastern counties of the Province. 

69 individuals, selected by the Chinese health 
authorities to include both myxoedematous and neurological 
cretins were studied at the Institute of Endemic Diseases at 
Xining, the capital of Qinghai Province, in November 1986 
and May 1987. A wide range of assessments and tests were 
performed. The results of the neurological and radiological 
examinations are the subject of this communication. 
Patients are divided into two groups on the basis of current 
thyroid status: euthyroid (TSH < 5 mIU/L) or hypothyroid 
(TSH > 5 mIU/L). Total serum thyroxine (T4) was also 
measured. An Intelligence Quotient was derived for each 
patient using the Hiskey Nebraska Test of Learning Ability 
and the Griffiths Mental Developmental Scales. The details 
of the endocrine, psychological and neurophysiological 
studies are the subject of separate communications. 

RESULTS 

The ages of the 69 patients ranged from 4-53 years. 
There were 37 males (mean age 27.1 years) and 32 females 
(mean age 26 years). 32 patients were euthyroid and 37 
hypothyroid. The endocrine features of the 2 groups of 
patients are summarised in Tables 1a and lb. It was clear 
that features of hypothyroidism were not uncommon in 
patients who were currently euthyroid as well as in those 
who were currently hypothyroid on TSH testing. 

Gait 

A characteristic gait was observed in both euthyroid 
and hypothyroid patients. Its most obvious feature was 
broadening of the base and knock-knees. The feet were flat 
and everted, the knees flexed and the hips adducted. The 
arms did not swing and were held in a curious posture: the 
shoulders abducted, the elbows and wrists flexed. The 
cretins walked, shoulders swaying, in a stiff shuffling 
manner and turned with difficulty, effecting this manoeuvre 
in a series of small steps. The trunk was tilted in flexion 
in severely affected patients. Some required assistance to 
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Table la 

AGE, HEIGHT, TSH AND T4 LEVELS OF THE TWO GROUPS 
OF PATIENTS 

Currently Currently 
euthyroid hypothyroid 

(n=32) (n=37) 

mean SO mean SO 

Age (years) 21.9 9.63 30.6 11.96 

Standing 
height (em) 137 18.2 132.8 15.8 

Sitting 
height (em) 76 9.8 74.7 8.7 

TSH (mIU/L) 2.7 1.34 104.9 112.32 
Total T4 118 24.2 66 40.4 

Table Ib 

CLINICAL SIGNS OF HYPOTHYROIDISM IN THE TWO 
GROUPS OF PATIENTS 

Sign 

Goitre 

Myxoedema 

Delayed ankle 
jerk relaxation 

Loss of outer 
portion of eyebrow 

Abnormally soft 
cartilage 

Saddle nose 
deformity 

No of patients (%) 

Euthyroid 
(n=31) 

4 (13%) 

3 (10%) 

5 (17% ) 

15 (47% ) 

19 ( 61%) 

24 (77% ) 

Hypothyroid 
(n=35) 

4 (11%) 

16 (44%) 

15 (41% ) 

20 (68%) 

22 (63%) 

21 (60%) 
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walk. A spectrum of abnormality was present, flat feet 
being the most consistent finding (see Table 2). Two 
patients had a hemiparetic gait and in a further eight the 
gait was high-stepping. 

Table 2 

CLINICAL FEATURES OF THE CRETIN GAIT 

Feature % of patients 
(n=69) 

Flat feet 97 

Reduced arm swing 66 

Everted feet 59 

Knocked-kneed 47 

Wide-based 31 

Knees flexed 31 

Hips flexed 20 

Pyramidal signs 

Pyramidal signs were present in most patients (see 
Table 3a) regardless of current thyroid status (see Table 
3b). Brisk reflexes and increased tone in the proximal 
muscles of the lower limbs were the most striking findings. 
The pyramidal signs were asymmetrical in nearly one third of 
patients. 

Other neurological signs 

Primitive reflexes and a non-paralytic squint, with 
failure of abduction of one or both eyes on lateral gaze, 
were present in many patients (see Table 4). Half the 
patients were deaf to a greater or lesser extent. We found 
no signs of cerebellar dysfunctibn or of a peripheral 
neuropathy. The only evidence of an extrapyramidal 
disturbance was mildly abnormal posturing of the hands and a 
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Table 3a 

SIGNS OF A PYRAMIDAL LESION 

Brisk reflexes 

Pectorals 
Triceps 
Biceps 
Supinator 
Knee 
Hip adductors 
Ankle 
Extensor plantars 
Asymmetrical signs 

Increased tone 

Elbow 
Wrist 
Knee 
Ankle 

Table 3b 

% of patients 
(n=69) 

18 
38 
50 
71 
91 
38 
33 
25 
29 

22 
17 
43 
15 

ABNORMALITIES OF THE PYRAMIDAL SYSTEM AND OF THE 
HIP JOINTS IN THE TWO GROUPS OF PATIENTS 

Feature % of patients 

Euthyroid Hypothyroid 
(n=32) (n=37) 

Increased tone 
at the knees 22 22 
Brisk knee jerks 43 49 
Extensor plantars 19 6 

Increased hip laxity 22 26 
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positive glabellar tap sign. The pupils were normal. The 
cretins were friendly and co-operative in a childlike way. 

Table 4 

OTHER NEUROLOGICAL FEATURES 

Feature 

Deafness 
Strabismus 
Glabellar tap 
Grasp reflex 
Mild hand dystonia 

% of patients 
(n=69) 

51 
47 
78 
62 
21 

Joint abnormalities (Table 5) 

Nearly half the patients had abnormal laxity of the 
hips and ankles. It was surprising to be able to dorsiflex 
the foot, so that it almost touched the shin, in patients 
with obvious spasticity of the proximal muscles of the leg. 
Fixed deformities of the spine were present in a few 
patients. X-rays of the hips showed coxa vara and valga 
deformities, shortening of the femoral neck, deformities of 
the head of the femur and flattening of the acetabula. 
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Table 5 

JOINT ABNORMALITIES 

Clinical feature 

Lax upper limb jOints 
Lax hips 
Genu recurvatum 
Lax ankles 
Kyphosis 
Scoliosis 
Lordosis 

Radiological feature 

Coxa varus 
Coxa valgus 

% of patients 
(n=69) 

12 
49 
18 
51 

7 
15 

6 

(n=53) 

25 
23 



CT Scans 

50 patients had CT scans of their heads. Calcification 
of the basal ganglia was present in 15, mild atrophy of the 
cerebral hemisphere in 4 and cerebellar atrophy in 3. Four 
patients had evidence of focal atrophy. 

DISCUSSION 

The main neurological findings of mental retardation, 
deafness, gait disorder, spasticity, primitive reflexes and 
squint are similar to those of DeLong and other 
investigators (1,2,3,4). These features result in a 
characteristic neurological syndrome with a wide range of 
expression from those with minimal disability to those who 
are totally dependent on others. 

The unexpected aspect of these neurological findings 
was that they were as common in currently hypothyroid 
cretins as they were in euthyroid (neurological) cretins. 
We did not see myxoedematous cretins without neurological 
signs. McCarrison (1), upon whose observations the current 
classification of endemic cretinism is based, did not 
comment on the neurological abnormalities of the 
myxoedematous cretins. In the current definition of 
myxoedematous cretinism (5) it is stated that deaf mutism 
and spastic diplegia are infrequent though it is also 
emphasised that mixed forms are common. It is significant 
however that in a careful study of myxoedematous cretins in 
the Ubangi region of Zaire, DeLong (4) found that one third 
of the patients had neurological signs. Ibbertson and his 
colleagues (6) also emphasised in their study in Nepal that 
the current classification 'may serve to obscure what is in 
reality a continuing spectrum of physical, mental and 
functional abnormality'. 

While it has proved useful, in descriptive terms, to 
divide cretinism into myxoedematous and neurological types 
it is clear from this and other studies that this 
classification is not ideal for all endemias. Such a 
classification implies different aetiologies for the two 
types. Our experience in Qinghai leads us to believe that 
endemic cretinism is the result of two variables: lack of 
thyroid hormone in utero, which predominantly affects the 
developing nervous system, and continuing hypothyroidism 
after birth which causes stunting of growth, failure of 
sexual maturation, bone deformities and other somatic 
effects. Both variables playa part, to a greater or lesser 
degree, in most, if not all cretins. On this basis, one 
would expect signs of continuing hypothyroidism, such as 
stunting of growth, in many neurological cretins. This was 
certainly the case in Qinghai. The paucity of neurological 
signs in myxoedematous cretins in some studies may reflect 
the fact that a cretin in whom both variables are present 
to a high degree would be unlikely to survive for long 
after birth. 

245 



The term '$pastic diplegia' does not seem an 
appropriate description of the gait observed in this study. 
Spastic diplegia implies a bilateral pyramidal lesion and 
typically the gait is stiff-legged with circumduction and 
adduction of the hips. The feet are inverted causing 
'scissoring' (7). This was not the gait that we observed. 
There was evidence of spasticity in the proximal muscles of 
the legs and the hips assumed an adducted posture. The most 
striking feature however was a broadening of the base and 
knock-knees. Increased joint laxity was noticeable at the 
hips, knees and ankles. Marked deformities of the hips were 
evident on x-ray; these had the features of an epiphyseal 
dysplasia (8). It seems likely that these joint 
abnormalities contributed to the gait. Genu recurvatum and 
hip dislocation are also described in spasticity of the 
lower limbs associated with cerebral palsy (9), the bones 
failing to grow normally in the presence of abnormal muscle 
traction associated with the neurological deficit. 

In this endemia there was little evidence of an 
extrapyramidal disturbance of the type described by DeLong 
in Ecuador (4) apart from a positive glabellar tap sign and 
mild abnormal posturing of the hands. The squint, which was 
present so commonly, was probably due to a failure to 
develop stereoscopic vision and conjugate gaze, for it was 
non-paralytic. This feature is common in mental handicap of 
any type. Considering the degree of neurological disability 
in so many of these patients, the findings on CT scanning of 
the brain were unremarkable. This contrasts with the 
experience in Ecuador where cerebral atrophy was severe 
(10). 

The subject of endemic cretinism has been bedevilled 
over the years by the fact that iodine deficiency disorders 
appear to express themselves very differently from country 
to country. We hope that those observations on the cretins 
of Qinghai Province add one more piece to the immense jigsaw 
puzzle of endemic cretinism. 
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INFLUENCE OF IODINE DEFICIENCY ON HUMAN FETAL THYROID GLAND AND BRAIN 
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Shi Zhon-Fu*, Chen Bin-Zhon** , and Zhang Jia-Xiu* 

Guiyang Medical College, Guiyang 
** Tianjin Medical College, Tianjin, China 

INTRODUCTION 

In order to evaluate the influence of prenatal iodine deficiency on 
the thyroid gland and brain in man, we studied therapeutically aborted 
fetuses collected from a severely iodine deficient endemic goiter and 
cretinism area before and after 5 year iodized salt utilization. Fetuses 
from a non-endemic area served as the normal controls1,2,3. 

MATERIAL AND METHODS 

Material 

Fetuses were obtained by therapeutic abortion as a birth control 
measure by the hydrostatic-bag method. Fetal age was estimated by the 
available clinical data of last maternal menstrual history and fetal crown
rump length. 

1. The normal control group consisted of 20 fetuses from a non
endemic area: 4th month 5, 5th month 6, 6th month 4, 7th month 3, 8th 
month 4. 

2. The iodine deficient group consisted of 30 fetuses from an 
endemic area before iodine supplement: 4th month 7, 5th month 6, 6th month 
6, 7th month 6, 8th month 5. 

3. The iodine treated group consisted of 32 fetuses from the endemic 
area after 5 year iodine supplement (with iodized salt 1/50,000 KI). The 
mothers also received one single injection of iodized oil (475 mg/ml) at 
the end of the first year: 4th month 6, 5th month 5, 6th month 7, 7th month 
6, 8th month 8. 

Laboratory Techniques 

Urine iodine was determined by Barker's modified alkaline 
incineration technique and catalytic reduction of eerie ion by arsenite 
salt. A random afternoon urine sample was collected and assayed. Urine 
iodine was expressed in ~g/gm creatinine. 
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Serum throxine (T4) was determined by a modified protein binding 
technique with the T4 kit supplied by the Atomic Energy Research Institute, 
Academia Sinica, Beijing. 

Serum trii'odothyronine (T3) was determined by RIA (separated by resin 
technique), with antibodies labelled by the Isotope Labelling Laboratory of 
the Atomic Energy Research Institute, Academia Sinica, Beijing. 

Serum human thyrotropin (hTSH) was radioimmunoassayed with hTSH and 
antisera from Calbiochem, California. 

Morphologic Study of the Thyroid Gland 

For light microscopy, the fetal thyroid gland was fixed in 10% 
buffered formalin solution after weighing. Tissue blocks were embedded in 
paraffin. Sections were stained with HE and PAS. Frozen sections were 
stained for peroxidase activity. In addition to the routine microscopic 
examination, the maximal diameter of the follicles and the heights of the 
epithelial cells and their nuclei were measured by micrometer. In each 
case, 100 cells were randomly measured, the average values were obtained 
and the nucleus-cytoplasm index (N/C) was calculated. 

For electronmicroscopy, small fragments of fresh thyroid tissue were 
fixed in 25% glutaldehyde. Postfixation with osmic acid was followed by 
dehydration in a graded series of alcohols and the specimens embedded in 
epon 812. Ultrathin sections were stained with lead hydroxide and studied 
under a JEM-100CX electron microscope. 

Morphometric Study of the Brain 

The brain was fixed in situ by perfusion with 10% buffered formalin 
and removed 1 week later. After weighing, thin pieces of cerebral tissue 
(O.5mm or less in thickness) were taken from certain regions of the frontal 
lobes and fixed again in 10% buffered formalin for 24 hours. Specimens 
were subsequently embedded in celloidin. All section. were s·tained with 
fast cresyl violet and Weil's methods for myelin. Blocks from similar 
areas were treated with Golgi's silver impregnation. 

Cytoarchitectonic studies of the cerebral tissue were made on the 
basis of the following criteria: the number of nerve cells (including 
undifferentiated neuroblasts and differentiated neurons) and astrocytes in 
each 100X100X100 ~3 volume; the percentage of differentiated neurons in the 
total nerve cell population; the number of heterotopic nerve cells in the 
layer considered; the development of dendrites and their bul~s and spines; 
and the degree of myelinization. 

RESULTS 

Iodine Nutrition Status 

The average values of the urine iodine, and 24 hour thyroid 1311 
uptake as the parameters for iodine nutrition status of the inhabitants are 
listed in Table 1. 

Pituitary and Thyroid Axis Functional Status 
of the Mother and Fetus 

1. The serum T4 levels of the maternal, cord and fetal ventricular 
blood of the three groups are listed in Table 2. Both the maternal and 
cord serum T4 values in the iodine deficient group were significantly lower 
in comparison with the normal control group,_ while the serum T4 
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Table 1. Iodine Nutrition Status of Inhabitants in 
Various Areas 

Parameters Normal I-defie. I-treated 

Morbid. rate 0.9 31. 5* 4.5 
of goiter (%) (4320) (3790) (4180) 
Morbid. rate 0 0.2* 0 
of cretinism (%) (63) (53) (64) 
Urine iodine 63.1±1.4 14.5±2.2 91.2±4.1 
(Ilg/g creat.) (53) (75) (62) 
24 hr thyroid 43.0 74.3* 30.5 
131 1 uptake (%) (93) (83) (104) 

Numerals in parenthesis represent inhabitants examined 
* p<0.01 compared to the normal controls 

level of the fetal ventricular blood in the iodine deficient group was 
nearly the same as that of the normal control. In the iodine treated group 
the maternal and fetal ventricular serum T4 values reached the normal 
range, but the cord serum T4 was still lower than that of the normal. 

The maternal serum T4 values in all three groups were significantly 
higher than those of the cord and fetal ventricular blood. In both the 
iodine deficient and the iodine treated groups there was no significant 
difference between the serum values of the cord and fetal ventricular 
blood, but in the normal control group, the serum T4 values showed 
significant difference. 

2. The serum T3 levels are shown in Table 3. Both the maternal and 
cord T3 levels of the iodine deficient group were lower compared to the 
normal control group. The fetal heart T3 of the iodine deficient group was 
higher than of either the normal control or the iodine treated group. The 

Table 2. Serum T4 Levels of the Maternal, Cord and Fetal 
Heart Blood (Ilg/dl) (x ± S.D.) 

Group 

Normal control 

I-deficient 

I-treated 

Maternal 
Blood 

I4.5±2.I 
(24) 

8.7±3.2* 
(29) 

I4.1±2.3 
(21) 

Cord 
Blood 

10.3±5.3 
(13 ) 

5.1±1.9*11 
(25) 

6.5±2.7*#fJ 
(22) 

Fetal 
Heart 
Blood 

5.0±1.811f1 
(12 ) 

4. 2± 1. 61111 
(29) 

6. 3±2. 5f1f1 
(22) 

Numerals in parentheses: number of fetuses examined 
* p<0.01 compared to the normal control 
# p<O.OI, ## p<0.05 compared to the maternal blood 
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Table 3. Serum T3 Levels of the Maternal, Cord and Fetal 
Heart Blood (ng/dl) (x ± S.D.) 

Group 

Normal control 

I-deficient 

I-treated 

Maternal 
Blood 

141. 0±3. 9 
(21) 

124.5±21.61< 
(30) 

136.8±24.4 
(22) 

Cord 
Blood 

49.3±23" 
(12) 

42.4±15.61<" 
(26) 

28.8±10.01<" 
(22) 

Numerals in parentheses: No. of fetuses examined 
1< p<0.01 compared to the normal control 
A p<0.01 compared to the maternal blood 

Fetal Heart 
Blood 

39.1±16.2" 
(13) 

46.5±18.1 A1< 
(30) 

25.8±6.1A1< 
(21) 

maternal serum T3 of the iodine treated group reached the normal range. 
The cord and fetal heart serum T3 in the iodine treated grodp were lowered 
markedly in comparison with the normal control and iodine deficient groups. 
In all three groups, the maternal serum T3 values were s'ignificantly higher 
in comparison with the cord and fetal heart blood, the serum T3 values of 
the latter two showing no significant difference between each other. 

3. As shown in Table 4, the serum TSH values of the maternal, cord 
and fetal heart blood of the iodine deficient group were significantly 
higher compared to the normal control and the iodine treated groups. The 
serum TSH value of the cord blood of the iodine treated group was lower 
than that of either the normal control or the iodine deficient group. In 
the normal control group, the difference between the serum TSH values of 
the, fetal heart and the cord blood was significant, but in the iodine 

Table 4. Serum TSH Levels of the Maternal, Cord and 
Fetal Heart Blood (uU/ml) 

Group Maternal Blood Cord Blood Fetal Heart 
x±S.D. (log) G x±S.D.(log) G i±S.D. (log) 

Normal control 0.56±0.28 3.6 0.78±0.57 6.7A 
(22) (14) 

I-deficient 0.65±0.35 4.51010 1.09±0.38 12.31<" 
(29) (26) 

I-treated 0.49±0.27 1. 9'" 0.33±0.24 1. 7* 
(22) (21) 

Numerals in parentheses: Fetuses examined 
* p<0.01, ** p<0.05 compared to normal and I-treated 
" p<0.01, "A p<0.05 compared to maternal 
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deficient and the iodine treated groups, these values did not show any 
significant difference between each other. 

Morphology of the Thyroid Gland 

Thirteen of 30 iodine deficient fetuses showed marked enlargement of 
the thyroid gland, the weight of which was considerably above the upper 
limit (i±2 S.D.) of the weight of the normal control group. The thyroid 
gland weights of these goitrous fetuses as well as the fetuses of the 
iodine treated and the normal control groups are listed in Table 5. 

Histologic study shows that the histologic features of the thyroid 
gland of the iodine treated fetuses were comparable to normal control 
fetuses. In the 4th - 5th month fetuses, the thyroid gland showed distinct 
formation of follicles lined with small cuboidal epithelial cells and 
containing scanty colloid. In the 6th - 8th month fetuses, the thyroid 
tissue showed more mature differentiation. The follicle size and the 
amount and staining density of the colloid increased with the fetal age. 
The epithelial cells were also cuboidal in shape. In the 13 goitrous 
iodine deficient fetuses, the thyroid gland showed marked hyperplasia 
irrespective of the fetal age. There were papillary tufts formed. The 
follicular lumen contained no colloid. Hypertrophy of the epithelial cells 
which became high columnar with large and irregular nuclei was noted. 
Prominent hyperemia of the perifollicular capillaries was seen. Histologic 
examination of the 17 nongoitrous iodine deficient thyroid specimens showed 
that, in 10 of them, the thyroid histologic picture assumed no significant 
difference from the histologic picture of the normal control thyroids of 
the same age group, but in the remaining 7, the thyroid gland assumed 
hyperplasia similar to that seen in the goitrous fetuses but of milder 
severity. 

Electronmicroscopy of the thyroid tissue in the goitrous fetuses 
confirmed the observation made by light microscopy. The high columnar 
epithelial cells showed well developed mitochondria and rough-surfaced 
endoplasmic reticulum with dilated cisternae suggesting an increase in the 
function of protein synthesis. The microvilli were underdeveloped and 
colloid droplets were scarce, indicating poor functioning of colloid 
absorption and hormonal secretion. These changes were in accordance with 
the hypofunctional state of the thyroid gland. 

Age 
Group 
(month) 

4 
5 
6 
7 
8 

Table 5. Weight of the Thyroid Gland (mg) 

Normal Control 
N i ± S.D. 

5 187±38 
4 484±66 
4 597±80 
3 838±137 
4 1350±237 

I-deficient 
N i ± S.D. 

3 460±30* 
3 1090±332* 
2 1955±75* 
3 1967±982* 
2 5970±240 

I-treated 
N i ± S.D. 

6 164±36 
5 465±57 
7 583±67 
6 865±124 
8 1234±310 

13 of 30 iodine deficient fetuses showed enlargement of the 
thyroid gland 
* p<O.Ol compared to the normal controls of same age group 
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Table 6. Weight of the Brain (g) 

Age Normal Control I-treated I-deficient 
Group N i ± S.D. N i ± S.D. Case 1 Case 2 

6th-month 3 155±5 7 152±12 126 133 
8th-month 3 448±46 8 432±36 243 228 

Morphometry of the Brain 

The weights of the brains of the fetuses are listed in Table 6. As 
compared with the fetuses of the normal group, two of the 6th-month fetuses 
and two of the 8th-month fetuses in the iodine deficient group showed 
decreased brain weight. 

Cytoarchitectonic study. 6th-month fetuses: The cerebral cortices 
of various areas were not well differentiated or developed, only three 
layers being distinguishable. Cortex nerve cells consisted almost entirely 
of undifferentiated neuroblasts. No mitoses were found. With Golgi's 
silver impregnation, apical dendrite budding was seen, but not the basal 
dendrites. No myelination was revealed in the cortex with Weil's stain. 
Two of the iodine deficient fetuses showed a significant increase in cell 
population compared to the other two groups (above the upper limit of the 
normal range). The cell count is listed in Table 7. 

8th-month fetuses: The cerebral cortex of all areas examined was 
clearly differentiated into 6 layers. The cell elements were readily 
distinguished into neuroblasts, pyramidal cells, granular cells and 
astrocytes, etc. Heterotopic nerve cells were found in the cortical layers 
and underlying white matter. On Golgi preparations, the dendrites of 
pyramidal cells were developed. Weil's stain revealed no myelination in 
the cortex yet. In respect of the cell count, two of the iodine deficient 

Table 7. Cerebral Cortex Cell Count in the 6th-month 
Fetuses (Number per each 100X100X100 u3) 

Area Layer Normal I-treated I-deficient 
(3 cases) (7 cases) Case 1 Case 2 
x ± S. D. i ± S. D. 

Precentral I 1279±69 1330±72 1380 1395 
gyrus II 3170±1l5 3200±125 3430 3433 

III 2184±87 2200±68 1865 2565 
Frontal I 1779±45 1850±45 1865 1915 
pole II 3465±96 3428±78 3775 3675 

III 2349±88 2731±92 2606 2615 
Temporal I 1880±42 1784±57 2050 1935 
lobe II 3288±137 3375±126 3484 3565 
lob III 2858±72 2759±47 3085 2305 
Occipital I 1537±65 1724±72 1655 1665 
pole II 3397±104 3425±98 3670 3660 

III 2663±1l5 2554±104 2440 2485 
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Table S. Precentral Gyrus Cell Count in Sth-month Fetuses (Number 
per each 100XI00XI00 u3) 

Group Layer Nerve Cells Undif. Heterotopic 
x ± S. D. Neuroblast Nerve Cells 

% x ± S. D. 

Normal I 363±59 31 7S±lS 
Control II 2792±257 147±21 
(3 cases) III 503±107 30 162±S 

IV 953±36 212±S4 
V 417±lS 32 
White matter 173±3 

Iodine I 370±45 30 69±19 
treated II 2562±231 162±9 
(S cases) III 4S9±121 31 16S±5S 

IV 968±42 168±58 
V 403±25 32 
VI 545±27 38 
White matter 182±3 

Iodine deficient 
Case 1 I 465 25 95 

II 2785 141 
III 715 48 240 
IV 1135 375 
V 615 41 
VI 
White matter 195 

Case 2 I 455 245 95 
II 2814 90 
III 705 63 140 
IV 1055 480 
V 450 44 
VI 580 47 
White matter 225 

fetuses showed increased cell density in all layers of various areas 
compared to the normal control and the iodine treated groups, as shown in 
Table 8. 

DISCUSSION 

Urine iodine excretion is the best single index of organism iodine 
nutrition. Although we were unable to detect the urine iodine content of 
the fetuses, we could estimate their iodine nutrition status indirectly. 
The fetuses collected from the endemic area before iodine supplementation 
were born in an area where the inhabitants were severely deficient in 
iodine and the mothers were suffering with goiter and hormonal 
hypothyroidism (indicated by lower T4 and higher TSH). The fetuses 
collected from the same endemic region after 5 year iodized salt 
prophylaxis were considered in normal iodine nutrition status, because the 
iodine deficiency of the inhabitants including the mothers had been 
corrected by iodine treatment as shown by the values of the urine iodine 
and thyroid 131 1 uptake, as well as the serum T4 and TSH. These values 
were comparable to the non-endemic normal control fetuses. 
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Our study on the maternal and fetal serum hormones showed that in the 
iodine deficient group, the maternal, cord and fetal heart serum T4 levels 
were lowered and TSH raised. These values however, returned to normal 
after correction of iodine deficiency with iodized salt prophylaxis. In 
all the three groups, the maternal serum T4 and T3 levels were 
significantly different from the comparison with either the cord or the 
fetal serum levels, indicating that placental transfer of iodothyronines is 
severely limited in both the maternal to fetal and fetal to maternal 
direction. This is also in accordance with previous studies3 . Our data 
strongly support that the fetal pituitary-thyroid axis is independent of 
the mother's. These facts are against the concept that maternal 
hypothyroidism plays a role in the pathogenesis of endemic cretinism. The 
cord and fetal heart serum T3 levels were significantly lower than those of 
the mothers in all the three groups. A high maternal-fetal gradient was 
apparent and this may be due to the inability of T3 to cross the placental 
barrier. The possibility exists that a compensatory increase in fetal 
production of T3 in the iodine deficient fetuses might occur as Pretell has 
suggested4 . 

Our observations on the thyroid gland showed goiter was found in 
43.3% of the fetuses collected from the endemic region before iodine 
supplement. The pathologic changes were substantially the early changes in 
the hyperplastic stage seen in acquired endemic goiter. It is presumed 
that both conditions are the results of chronic overstimulation of the 
thyroid by TSH. 

It has been reported that the incidence of congenital goiter in 
neonates is high in severe endemic goiter regions4 ,5,6. Some authors 
considered the incidence an important index in deciding the severity of the 
prevalence of this disease. Our finding of high incidence of congenital 
goiter in the fetuses collected from the endemic region before iodine 
prophylaxis might serve to demonstrate the severity of this disease in that 
region. However, after 5 year iodized salt utilization, with correction of 
iodine deficiency in the inhabitants, the aborted fetuses showed no more 
goiter changes. 

The present investigation showed that a certain number of the iodine 
deficient fetuses had decreased brain weight as compared to the normal 
control fetuses of the same age. This was considered as one of the 
criteria for retardation of brain development. The morphometric study of 
the cerebral cortex in the iodine deficient fetuses also revealed certain 
features indicating retardation of brain development. In case of the 6th
month fetuses, the retardation was manifested by an increase in the cell 
population per unit of brain volume which, according to Rabinowich7, is one 
of the morphologic criteria for immaturity due to scarcity of cytoplasm and 
intercellular substances. In case of the 8th-month fetuses, the 
retardation of development was manifested by some additional features 
besides the increase of cell density. The percentage of undifferentiated 
neuroblasts was increased suggesting depression of their differentiation; 
the number of heterotopic neurons was increased indicating a slower 
migration rate of some neurons. 

Although the materials studied in the present paper and the above 
mentioned differences were relatively small, the morphometric changes in 
the brains of certain iodine deficient fetuses are definite. The results 
suggest that prenatal iodine deficiency exhibits certainly a depressive 
influence on the brain in some of the fetuses in the endemic goiter and 
cretinism areas retarding its development. This might account for the 
neurological deficit of cretinism or cretinoid syndrome. 
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NEUROPSYCHOLOGICAL STUDIES IN IODINE DEFICIENCY AREAS IN CHINA 

T. Ma, Y.Y. Wang, D. Wang, Z.P. Chen, and S.P. Chi 

Institute of Endocrinology 
Tianjin Medical College 
Tianjin, China 

There are two types of cretin in China. The major type is 
neurological and the minor type is myxedematous. Neuropsychological 
findings such as mental retardation, deaf-mutism and neuromuscular 
abnormalities are more prominent among the neurological cretins and mild 
among myxedematous cretins. The difference is both quantitative and 
qualitative. The neuropsychological difference between the two types has 
been compared not only in different endemias, but also in the two types of 
patients in the same endemia. 

Besides the typical clinical cretin, we have found a subclinical type 
of cretin in various endemias in China. The characteristics of the 
"subcretin" are summarized and the diagnostic criteria as well as the 
method of assessment discussed in detail. 

The presence of "subcretins" may be more significant than the 
presence of cretins in China in terms of the impact on society and 
productivity. 

Iodin~ deficiency disorders are still a significant problem in China. 
More than 1/3 of our one billion population lives in iodine deficient 
areas. However, 90% of them are under iodization programs at present, but 
there still remain 11 million goiter patients. We haven't found any 
apparent psychological defects in goiter patients. The neuropsychological 
defects are found only among the offspring of iodine deficient parents. 

There are two types of cretinism in China1 . The major type is 
neurological cretinism which is found in almost all the cretin endemias of 
China; the myxedematous cretin is the minor type which is found in the 
north-west part of China. The latter are always mixed with the 
neurological cretin; there is no clear cut demarcation between these two 
types of cretins. One could consider the different kinds of cretin 
arranged on a spectrum: the typical neurological cretin is on one 
extremity of the spectrum; the typical myxedematous is on the other 
extremity, and most cretins fall between. 

I. Characteristics of cretins in China 

Chengde is an endemia of neurological cretinism in China. Ma and 
Chen2 examined the cretins there. Only 2 cases had frank myxedema in 
addition to their neurological signs. Mental defects (idiot and imbecile) 
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Table 1. Comparison of Vestibular Function Between 
Neurological & Myxedematous Cretins 

Vestibular Function 
Normal Abnormal 

Neurological Cretin 5(4.9%) 97(95.1%) 
(102) 

Myxedematous Cretin 12(92.3%) 1(7.7%) 
(13) 

Control Children 193(100%) 0(0%) 
(193) 

were found in all of the cretins in Chengde. Hearing and speech defects 
were also quite significant. 95% of them had hearing defects in different 
degree and 97.5% had different degrees of speech defects. 

The defect in vestibular function is usually parallel to the defect 
in hearing in neurological cretins. wang3 found 95.1% of neurological 
cretins had abnormal vestibular response. 

Neuromuscular defects in neurological cretins in Chengde showed 
chiefly pyramidal signs such as increased tendon reflexes as well as the 
presence of pathological reflexes. Cranial motor nerve defects were not 
so common in Chengde but quite common in Guizhou4 . As a rule, most 
patients showed truncal rigidity with their forearms adducted over the 
trunk and fingers extended and immobile, similar to the posture of 
parkinsonism. Some patients showed rigidity more prominent on proximal 
than the distal part of extremities. Giving L-DOPA to 8 neurological 
cretins, four of them showed remarkable release of rigidity, and the 
neurological involvement of these four patients was moderate; no 
remarkable improvement was seen in either severely or mildly affected 
patients. These findings indicate the presence of extrapyramidal 
involvement. No definite evidence of muscular atrophy caused by a lower 
motor neuron lesion was seen. The neurological involvement of the mixed 
type cretins was quite similar to those of the neurological type except 
for the presence of some signs of hypothyroidism. Psychomotor tests, such 
as choice reaction time and tapping are all performed much more poorly by 
cretins as compared with the control children; the myxedematous type 
cretins do somewhat better than the neurological cretins. 

Table 2. Comparison of IQ of Different Types of Cretin 

N x S p 

Neurological 12 21.3 9.1 
(0.02 

Myxedematous 12 37.9 18.9 
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Table 3. Comparison of Tapping Ability of Different 
Types of Cretins 

N X S P 

Neurological 9 45.5 10.9 
<0.01 

Myxedematous 11 59.7 9.8 

School Children 52 67.5 8.5 
in IDD Endemia 

<0.01 
School Children in 64 78.0 12.4 

Non-endemia Area 

Table 4. Comparison of Steadiness of Different Types 
of Cretins 

N X S p 

Neurological 3 0.187 0.052 
<0.05 

Myxedematous 11 0.246 0.075 

Table 5. Comparison of Choice Reaction Time (m sec) of 
Different Types of Cretins and School Children 

N X S P 

Neurological Cretin 6 1794.2 461.1 
<0.05 

Myxedematous Cretin 11 1415.3 446.7 

School Children in 67 1091.2 608.7 
IDD Endemia 

School Children in 52 858.6 442.0 <0.05 
Non-endemia Area 

60 893.0 474.6 
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Table 6. Comparison of NeuropsychologicAl Changes Among 252 Cretins of 
Different Types in Dongsheng Endemia, Inner Mongolia, China 

Mental Defect 
Idiot 
Imbecile 
Moron 

Hearing Defect 
Completely Deaf 
Impaired Hearing 
Normal 

Speech Defect 
Completely Mute 
Impaired Speech 
Normal 

Neuromuscular Defects 
Abnormal Gait 
Exaggerated Knee Jerk 
Spastic Paralysis 
Deformity of Extremity 
Squint 

By Dr. Liu, W.M. 

Neurological 
(184) 

15.7%(184) 
36.1%(184 ) 
47.8%(184) 

95.1%(184) 

4.8%(184) 

} 96.2%(184) 

3.8%(184) 

62.5%(184) 
37%(123 ) 

2.7%(184) 
9.9%(11) 

14.6%(184) 

Mixed 
(48) 

9%(48) 
66%(48) 
11%(48 ) 

} 89.6%(48) 

10.4%(48) 

85.4%(48) 

14.6%(48) 

75%(48) 

0%(48) 

6%(48) 

Myxedematous 
(20) 

0%(20) 
15%(20) 
85%(20) 

0%(20) 
50%(20) 
50%(20) 

0%(20) 
30%(20) 
70%(20) 

30%(20) 
10%(20) 
0%(20) 
0%(20) 
0%(20) 

In some very typical myxedematous cretins in Hetan, the neurological 
signs are very mild, and difficult to detect by ordinary clinical 
measurements. 

Some myxedematous cretins could hear and understand well on ordinary 
vocal utterance and even whispering. Some myxedematous cretins could work 
for us as an interpreter between Mandarin and the minority nationality 
language. The vestibular function test showed that only 7.7% are 
abnormal. Pyramidal signs such as exagg,erated kne!! jerk are usual~y 
absent; if present, it is very mild. Patient,s had no definite spasm nor 
rigidity, no tendency to parkinsonian posture, and they could dance 
beautifully and harmonically following their folk music. They have very 
short 'stature, especially extremities. Both sexual glands and secondary 
sexual characteristics are underdeveloped. Frank myxedema and other signs 
of hypothyroidism are common. Clinically they show a picture very much 
similar to that of childhood or adolescent myxedema patients of non 
endemic areas. In those endemias where we found such typical myxedematous 
cretins, the mixed and neurological cretins are still in the majority. We 
have yet to give an answer as to why iodine deficiency may cause such 
different types of cretins in the same endemia. 

II. The Problem of Subclinical Cretins 

Cretins can be diagnosed by ordinary clinic.alobservations, so we 
could call them the clinical cretins. Besides these, there may be 
individuals who are harmed by iodine deficiency but hardly recognized with 
ordinary clinical observations. Twenty years ago, visiting a village 
primary school in an IDD endemia, I was very much impressed by the 
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complaint of the school master about the disabilities of his pupils: one 
fifth of his pupils could not pass the regular grades; some of them had 
repeated their first grade lessons for several years. These pupils were 
not naughty at all, on the contrary they were extraordinarily obedient; 
some of those pupils had difficulties in certain skills and they were 
sluggish in physical exercises and even unable to touch the ball in any 
basket ball games. At first I thought this might be an incidental 
occurrence, but in the following years, I heard similar complaints from 
other endemias. Besides the low intelligence and poor performance, some 
teachers also complained about the poor hearing of their pupils. 
Sometimes I noticed the children in the endemias.were somewhat shorter 
than the average height. I used to puzzle: is this really a general 
factual phenomenon and what is its nature: Then from the papers of 
certain scientists in Latin AmericaS as well as in Belgium6 , I learned 
that the populations in their endemic areas were also noticed to be not 
sharply divided between obvious cretins and completely normal individuals. 
There seemed to be some gradation between these two. By the definition of 
endemic cretin given by PAHO meeting in Lima 1983, a patient could only be 
diagnosed as a cretin if its clinical picture could fulfill the diagnostic 
criteria. But the individuals described above could not fulfill the 
criteria, yet they are certainly somewhat abnormal. These abnormalities 
are definitely caused by iodine deficiency and have the same 
characteristics as the endemic cretins but milder and couldn't be detected 
by ordinary clinical observations. Thus we could call it the subclinical 
cretin or to be brief the subcretin. 

Thus we couldn't neglect the presence of the "subcretin"; yet it is 
still not so easy to define the term definitely. Like the criteria of 
endemic cretinism, the subcretin should be associated with endemic goiter 
and severe iodine deficiency. The characteristics of the subcretin might 
include: 

(1) Subclinical mental retardation 
(2) Mild psychomotor defect 
(3) Subclinical hearing impairment 
(4) Mild physical underdevelopment 
(S) Chemical hypothyroidism 

It seems necessary to discuss the characteristics and the assessments 
of these abnormalities particularly to be included in"subcretin" as 
follows: 

1. Mild Intellectual and Psychomotor impairments 
We would like to introduce the term "mental retardation" to represent 

the condition of "mental deficiency"7. In the recent twenty years there 
have been striking advances in this field. From the psychiatric point of 
view the cretin as well as the subcretin are part of the problem of mental 
retardation. Therefore in the study of mental retardation caused by 
iodine deficiency, we can utilize up-to-date knowledge of mental 
retardation. 

It is much more important to utilize objective tests of intellectual 
and psychomotor functions for mental retardation in the subcretin than for 
severe mental retardation in the cretin. By using these measurements 
psychologists can identify and assess mild mental retardation as well as 
mild motor impairments of the subcretins. 

(1) The Intelligence Quotient Tests (IQ Tests) 

The Intelligence Quotient Tests for preschool children, school 
children and adults such as Stanford-Binet, Wechsler group tests, etc. 

263 



Table 7. Relations Between Classifications of Mental 
Retardation and IDD 

I.Q. 

0-19 

20-35 

35-49 

50-69 

70-89 

90-107 

Mental 
Retardation 

Profound 

Severe 

Moderate 

Mild 

Stanford-Binet 

Idiocy 

Imbecility 

Mental weakness 

Borderline 
defect or low 
average 

Average 

IDD 

Cretin 

Subcretin 

have a very lengthy history and an enormous amount of information has been 
collected on the performance on different subjects, using different tests. 
However, most of the standardizations of these tests have been carried out 
in developed countries among urban population and cannot simply be applied 
to remote areas of developing countries. Each test should be properly 
restandardized for a particular country, which however would be very 
expensive and time consuming. 

Recently a series of non-verbal tests has been developed. Dr. Collin 
measured the intelligence of some school children in an endemic area in 
China using the Hiskey-Nebraska Test to avoid the language interference. 
Dr. DeLong and Dr. Lu L. had measured the intelligence of some cretin 
patients using the Beery test of visuomotor integration which has been 
considered free of cultural interference. 

Because the outcome of the IQ tests for subcretins (IQ 50-69) is 
easily influenced by some factors, we should pay great attention to the 
following facts: 
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1) Any community has about 3% mildly mentally retarded individuals 
due to other causes. 

2) All the intelligence scales are standardized for urban 
populations. The lQ of rural populations is usually 10% lower 
than urban populations. 

3) Because the intellectual impairment of the subcretin is in the 
realm of mild mental retardation, social and environmental 
factors will be especially significant in influencing the results 
obtained. Hence beside the medical and psychological 
investigation, social history is very important. We have to keep 
in mind that most of the cretin families lack social stimulation. 

4) Test results might be more comparable for measuring the same 
group of individuals by the same psychologists at different times 
but much less comparable for different groups of individuals by 
different psychologists. 
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Hence true subcretinism in an endemia should be much less than the 
individuals with IQ 50-69. Therefore IQ is only a screening indication 
but not the final diagnostic standard of the subcretin. 

(2) The Psychomotor Tests 

For the cretin patients there are a lot of frank motor defects, yet 
for the subcretin individual frank neurological motor defects are almost 
undetectable. The subtle motor defects of the subcretin individual are 
involved and incorporated in each individual performance and those 
performances at the same time are organized and directed by the individual 
mind. Therefore it is almost impossible to separate the mind and the 
motor in the infantile period. Even in childhood or in the adult period, 
all performances are also carried out under such incorporation of mind and 
motion. So we call this kind of activity psychomotor activity and the 
assessment for measuring it is a psychomotor test for children and 
adults8. Relatively stringent tests of motor performance are used for 
school age children and adults of IDD endemias. 

(3) The Development Quotient Test (DQ) 

The Developmental Quotient measurement in the infant and/or young 
child is really a kind of psychomotor measurement. DQ may be influenced 
by delayed somatic growth, poor nutrition or disease, therefore in case of 
low DQ those organic conditions should be excluded. 

Psychomotor DQ development tests are used for 0-3 year old children 
in IDD endemias. It is most common to use the DDST to measure DQ in 
China: Dr. Collin has used the Griffiths test. 

(4) School Performance Surveys 

Because of the limitations of the intelligence tests most 
psychologists emphasize that both intellectual functioning and adaptive 
behavior must be impaired before a person can be considered to be mentally 
retarded. For the severe mental retardation cases, references from the 
parents or neighbors might be the best source to get information on 
adaptive behavior. Yet for the mild mental retardation case and the 
subcretin, the school performance should give the best information. Age 
of children entering school, history of dropouts, failure in grading, 
times repeating the same grade, performance in reading, writing, 
mathematics, and natural sciences as well as physical culture will all be 
useful data to estimate the school performance. And the general 
impression of the responsible teachers may be used as the most 
comprehensive judgement. 

(5) Routine Test Schedule Currently Used in China 

Designed by Dr. Wang D. g and Dr. Chen Z.P. of the Institute of 
Endocrinology, Tianjin, China. 

Infant & Preschool Children - DDST (Denver Developmental Screening 
Test) 

School Children 
(Readapted for Chinese 1982) 
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- Stanford-Binet Intelligence test 

- Psychomotor Performance Tests 
1) Simple and Choice Reactions 
2) Tapping Speed 
3) Hand Steadiness 

- School Performance 



2. Mild Hearing Impairment 

Dr. Wang Y.Y. examining the hearing activity by audiometer of 
"normal" school children in Guizhou, China revealed that average hearing 
levels were 17.4 and 16.1 dB while the normal control was 9.5 dB. He 
discovered lO that the hearing activity of the school children in the 
endemic areas had improved parallel to the amelioration of chemical 
hypothyroidism after iodization. 

Mean Hearing Level of School Children Before and After 
Iodized Salt Prophylaxis in Three Villages 

Before Iodine Prophylaxis 

After Iodine Prophylaxis 
1 Year 
2 Year 

Average Hearing Level dB (Right Ear) 
Heba Shilong Pingliong 

l7.4±7.l l6.1±6.77 

12.0±5.2 

3 Year 

l3.9±4.9", 
7.6±3.92 '" 
8.16±3.02 7.27±4.22'" 8.93±3.14'" 

Normal Controls 7.5±3.83 7.5±3.83 7.5±3.83 

.,. p<O.OOl 

3. Mild Physical Development Defect 

Yu Z.H. compared the body height and weight between children in an 
endemic area and control area and showed a significant difference. We 
observed the mean height of school children was extremely short in the 
severe endemic areas of Chifeng and Huangzhong. However, physical 
development can be influenced by many nutritional factors. 

4. A Proposed Criteria of Diagnosis of Subcretinism in China 
Epidemiology associated with endemic goiter and iodine deficiency 

Manifestation: All in the subclinical realm: 
1) Mild intelligence impairment IQ 50-69 
2) Mild psychomotor impairment-detectable only by psychomotor tests 
3) Mild hearing impairment; hearing activity less than 30 dB 
(4000-8000 HZ) 
4) Mild physical underdevelopment 
5) Mild hypothyroidism: detectable only by hormonal assays. 

These criteria were summed up from our experiences in the 
neurological cretin endemias. Because the clinical type of the 
myxedematous cretin is so different from the neurological cretin, we could 
presume that the subclinical type of the myxedematous cretin should be 
different to a similar degree. 

5. The Significance of the Subclinical Cretin Problem in China 

Because of the lack of definite diagnostic criteria and the fact that 
large scale epidemiological surveys are quite rare, data concerning the 
relative frequency of endemic cretinism and subcretinism are also varied. 
We have found in a relatively precise survey in a severe endemia the 
cretin incidence is 2.56% and that of subclinical individuals 14.8%. 
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WHO SEARO reported in 1985 that in Nepal the cretin incidence was 
4.5% and the other IDD incidence (including cretinoidism and measurably 
reduced mental/motor function) was 31.4%. In Bhutan the cretin incidence 
was 6.6% while the other IDD was 48.7%. 

The epidemiological data presented here confirm the existence of 
subclinical abnormal individuals in IDD endemias and show the number~ may 
be many times more than the cretins. Like an iceberg on the sea, the 
clinical cases seem to be the above-the-sea-level part but the iceberg 
under the water is much bigger. They are not so miserable for the family 
as is the cretin. Yet by their large numbers, they may give a very heavy 
burden to the community and hinder the socio-economic improvement of 
China. 
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INTRODUCTION 

Endemic goiter and endemic cretinism are an important national 
health problem in various countries. Although several ecological 
factors may contribute to the development of endemic goiter (1-3), 
iodine deficiency is assumed to be the major one (4). This assumption 
is supported by the positive effects of prophylactic measures
especially the administration of iodinated salt and iodized oil - on 
the mental and physical development of people from severely iodine
deficient areas. For its hormone production, the thyroid gland requires 
a certain amount of iodine, which is taken in the form of iodinated 
salts present in food and drinking water. Severe and prolonged iodine 
deficiency frequently leads to an enlargement of the thyroid gland 
(goiter), the volume of which may vary strongly. Such an enlargement is 
found more often in females than in males (5-9). Goiter is usually 
defined in the terms proposed by Perez et al. (10), a definition later 
adopted by the World Health Organization in a slightly different 
wording: "a thyroid gland whose lateral lobes have a volume greater 
than the terminal phalanges of the thumbs of the person being examined 
will be considered goitrous". The volume of the enlargement is usually 
defined according to a four-graded division, ranging from OB (detect
able only by palpation and not visible even when the neck is fully 
extended) to III (visible from a long distance). 

Excessive growth of the thyroid gland may eventually lead to a 
narrowing of the bronchial tubes and increase the chance of carcinoma 
of the thyroid gland. In addition, iodine deficiency affects the 

AUTHORS' NOTE: We would like to thank Peter Dekker for his 
assistance in analyzing the data. 
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chances of survival and the development of fetuses and babies. Iodine 
deficiency in a fetus is caused by the mother's iodine deficiency, the 
consequences of which may be an increased chance of still-born babies, 
abortions, congenital defects and probably retarded brain development 
(11-14). Research has shown that the development of the nervous system 
depends on an adequate intake of iodine (13-15). How serious the 
consequences of iodine deficiency are depends not only on the severity 
of the deficiency, but also on the time of its inception. A fetus'S 
thyroid gland first begins to function in the tenth week (16) and the 
nerve cells begin to multiply at some time between the tenth and 
eighteenth week (17, 18). It is then that iodine deficiency can 
seriously disturb these processes. Considering, for instance, the 
results of experimental research on rats (19), it seems likely that the 
mechanisms that bring about the clinical symptoms of endemic cretinism 
can be traced to an inadequate production of both maternal and fetal 
thyroid hormone as a result of iodine deficiency (20). Various studies 
indicate that there is a connection between the degree of the iodine 
deficiency and the presence of goiter and endemic cretinism. This is 
evidenced also by the fact that endemic cretinism, though irreversible, 
can be prevented by iodine prophylaxis. Endemic cretinism is found 
mostly in areas where the iodine intake is less than 20 Ilg per day, 
whereas endemic goiter already occurs when the iodine intake is less 
than 50 Ilg per day (21, 22). 

Endemic goiter and endemic cretinism occur particularly in the 
mountainous areas of a great many developing countries in Asia, South
America and Africa. However, in Europe too there still are some areas 
where endemic goiter and endemic cretinism occur (23). It is not known 
exactly how many people suffer from the symptoms mentioned, but it is 
certain that great numbers are involved. The estimations of Kelly and 
Snedden (24), dating from 1960, that 200 million people in all are 
suffering from goiter, are by now superseded. Ever more areas are 
discovered and mapped and it is estimated that in Asia alone 400 
million people suffer from disorders that are the result of iodine 
deficiency (12). A considerable number of them - in some areas even 
more than 10% (25) - must be counted among the cretins. 

IODINE DEFICIENCY IN SPAIN 

It has been known for many years that there are several areas in 
Spain affected by endemic goiter. An overall picture of the distribu
tion of goiter and cretinism may be found in a special issue of the 
Spanish journal Endocrinologia (26). An epidemiological survey was 
carried out in 1971, covering 226,915 inhabitants of 22 different 
provinces, of all ages. The overall incidence of goiter was reported to 
be 6.6% for males and 18.7% for females (13.4% for males and females 
together). From assessments of the iodine content of drinking water the 
authors concluded that iodine defiCiency was likely to be the most 
important goitrogenic factor. It should be pointed out that this survey 
did not include the areas traditionally known for severe endemic 
goiter, such as Las Hurdes, the mountainous regions of Asturias, 
Galicia, and CAdiz, or areas in the Pyrenees. 

Recent surveys show that endemic goiter is still a serious problem 
in many parts of Spain. Thus, a survey of 3,872 school children from 
several provinces of Galicia has shown a goiter frequency of 79%, with 
85% of the children excreting less than 25 Ilg I/liter urine. Another 
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study, involving 5,175 school children from seven of the eight provin
ces of Andalucia, reported a goiter frequency of 34%, with 40% of the 
subjects excreting less than 40 ~g IlL. Of 1,695 subjects older than 
two years, selected randomly from 255 rural municipalities in an area 
in Cataluna (comprising a population of 370,000), including some vil
lages in the Pyrenees, almost 36% had goiter; the mean urinary excre
tion was found to be 79.4 (S.D. = 44.3) ~g Ilg creatinine. Of 2,018 
randomly selected school children from rural areas in Asturias 49.2% 
was found to have goiter. Near Madrid, in the province of Guadalajara, 
58% of the 89 school children from one village had goiter, with 45.5% 
excreting less than 40 ~g IlL. As many as 86% of the 156 children at
tending school in three of the most affected villages in Las Hurdes 
were found to have goiter, urinary I concentration being below 20 ~g 

IlL in 71% of them. 

All these reports support earlier conclusions regarding the 
important role of iodine deficiency in endemic goiter in Spain. They 
also show that in at least two such areas the severity of the iodine 
deficiency is of Grade-III intensity and that in these areas the risk 
for babies to be born cretin is high. The presence of cretins and 
deafmutes in Las Hurdes was already reported early in this century by 
Goyanes and Maradon. In 1970, Sanchez-Franco, et al. examined 25 defec
tives, whose ages ranged from nine to 60. All suffered from severe 
mental retardation and most required institutionalization. Six of them 
were deafmutes and another seven had hearing defects to varying 
degrees. Twenty showed spasticity and the gait typical of neurological 
cretins. The total population of Las Hurdes is about 12,000, but most 
of these defectives came from an area where half of this population is 
living. 

Some researchers assume that the mental and (psycho)motor develop
ment of non-cretinous children living in areas with Grade-III iodine 
deficiency are affected too. However, the results of their research are 
not all that unequivocal and it is frequently pointed out that replica
tion and further thorough research are a necessity (27-31). 

A PILOT STUDY IN SPAIN 

In 1982, three psychologists, Isabel Garcia, Carmen Rubio and 
Elisa Alonso, did a small-scale survey on the effects of iodine defi
ciency on the mental and motor development of children in Spain (32). 
They examined a total of 147 children aged between six and 14, who came 
from three of the most affected iodine-deficient villages in Las 
Hurdes. The tests that were administered covered a broad range of both 
intellectual and motor skills: Cattell's Culture Fair Intelligence 
Test, scale 1 and scale 2, the Bender Gestalt Test for Young Children, 
the performal scale of the Wechsler Intelligence Scale for Children, 
the Oseretsky Motor Development Scale, and two other motor tests: 
Threading beads and Making dots. The results achieved on most of these 
tests indicated mental retardation in the iodine-deficient group as 
well as disorders of some of the specific motor skills. The results of 
this pilot study were one of the reasons for setting up a wider ranging 
survey in an iodine-deficient and a non-iodine deficient area in Spain. 
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DEFINITION OF THE PROBLEM 

The objective of this study is to gain better insight into the 
effects of severe, chronic iodine deficiency on various aspects of the 
mental and psychomotor development of that part of a population, that 
does not have the manifest symptoms of endemic cretinism. 

In the survey in question three crucial questions would have to be 
answered: 
1. What is the effect of iodine deficiency on the mental and psychomo

tor functions of the so-called non-cretinous group? 
2. Are the effects, if any, to be found in the whole non-cretinous 

group or only in part of it? 
3. Does the administration of iodine have positive effects on mental 

and/or psychomotor skills? 

SUBJECTS 

Selecting the areas for the survey was a task that required time 
and scrutinous attention. Of course, the iodine-deficient villages and 
the non-iodine deficient villages had to differ as much as possible 
with regard to the variable iodine, but as little as possible with 
regard to all other variables that might affect test performance. 
Aspects such as socio-economic level, degree of isolation, health care, 
and quality of education were taken into account. This resulted in the 
selection of seven villages in three different provinces. 

The whole iodine-deficient group (aged 0-12) is from the region of 
Las Hurdes, in the province of CAceres. Las Hurdes is close to the 
Spanish-Portuguese border, on the southern slopes of a mountain chain 
known as the Sierra de Francia. About half of the 12,000 inhabitants of 
Las Hurdes lives in villages and hamlets where the incidence of goiter 
has been and still is quite high. The iodine-deficient villages 
included in the survey are CAcares, Cabezo, and Aceitunilla, together 
comprising about 1,500 inhabitants. These villages were not the most 
severely affected. Immediately after the first survey, the children 
were given 2 ml Lipiodol orally. About thirty-two months later, a group 
of children (aged 6-12) thus treated and from the same villages were 
examined again. 

The children making up the control group are from two different 
provinces. The group of primary-school children (aged 6-12) is from two 
villages, Miranda del Castafiar and Cepeda, in the province of Salaman
ca. Both villages, with a total population of about 1,650, are located 
on the northern slopes of the Sierra de Francia, 40 km from Las Hurdes. 
Unlike the iodine-deficient villages, Miranda del Castafiar and Cepeda 
have no day nurseries and therefore the younger group (aged 0-6) was 
selected from two other control villages, San Lorenzo del Escorial and 
Mostoles, in the province of Madrid. These villages, though bigger than 
the other villages in the survey, have day nurseries whose facilities 
are similar to those of the day nurseries in Las Hurdes and that are 
run by the same institution. 

The composition of the three test groups is shown in Table 1. The 
groups have nearly the same average age. Similarity is also found in 
the level of education, since in Spain education is compulsory up to 
the age of 14. The control group has the smallest number of repeaters. 
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Table 1. Number tested. age (years and months). and educational level (grade) of 
the research groups 

2 - 30 months 
2lf - 5 years 
6 - 12 years 

Fase 1 

Control group 

age grade 

48 1.6 
63 4.3 
82 9.2 3.8 

Iodine-deficient 

N age grade 

26 1.4 
34 4.6 

102 9.2 3.3 

Fase 2 
t~m2~!h~_l~~ 

Treated group 

age grade 

103 9.2 3.6 

The first phase of the survey involved a total of 355 children 
whose ages varied between two months and 12 years: 162 from the iodine
deficient area and 193 from the non-iodine deficient area. One of the 
reasons for including babies and infants in the survey is that educa
tional differences do not occur in this age group. Thirty-two months 
later the second phase of the survey took place, involving a total of 
103 children aged between six and 12, who, immediately after the first 
phase, had been treated with Lipiodol. 

Figure 1 represents the results of the research into a number of 
physiological characteristics of the children from the control and 
iodine-deficient areas and of the children treated with Lipiodol. Here, 
only the group of 6-12-year old school children was examined to 
establish the incidence of goiter (using the classification of P~rez et 
al.) as well as the children's weight, height, concentration of iodine 
in urine samples, and serum T4. 

The statistical distributions of the weights of the children from 
the three research groups are slightly irregular, which is probably due 
to random sampling fluctuations. The average weights for the groups are 
almost equal, for example 28.1 kg for the iodine-deficient group and 
28.3 kg for the control group. 

Differences in average height between groups are also negligible: 
130 cm for the iodine-deficient group and 131 cm for the control group. 
Also children from these groups are not smaller than children in the 
population. 

Although the control area is not completely free of goiter, the 
difference with the iodine-deficient area is considerable. Of the 6-12-
year-olds only 23% in the control area show enlargement of the thyroid 
gland (only 14 % in the other control area). whereas this is 66% for 
the iodine-deficient villages. After treatment with Lipiodol the goiter 
rate decreased from 66 % to 39 %. This decrease is mostly due to grade 
OB goiter, as the grade I goiter was 36% before treatment and 29 % 
after treatment. Goiter of grade-lIar grade-III volume was not found 
in any of the test villages. It should be remembered though, that these 
data concern children of six to 12 years old and that undoubtedly 
bigger thyroid glands will be found in the older inhabitants. 
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Figure 1- Some physiological characteristics of the group of 6-12-year-
olds from control area 1 (Miranda del Castaflar, Cepeda) , and 
from the iodine-deficient area (Casares, Cabezo, Acei tunilla) 

Iodine excretion and serum T4 are markedly lower in the iodine
deficient group than in the control group. The effects of treatment 
with Lipiodol are disappointing; the mean urinary I before and after 
treatment is nearly the same and there is no difference in the 
frequency distributions. In each group more than half of the children 
are excreting less than 40 ~g/L. The plasma T4 did not change either, 
with 19 % of the treated children and 17 % of the iodine-deficient 
children having values lower than 6 ~g/d1. There is no difference 
between T4 mean values, or between frequency distributions. For a more 
detailed description of this study see Escobar del Rey et al. (33). 

RESEARCH DESIGN 

In order to determine the differences, if any, between the mental 
and psychomotor functions of children suffering from chronic iodine 
deficiency and those of children who do not and, further, whether the 
administration of Lipiodol to the iodine-deficient group has any 
positive effect, three groups are compared in this study: 
1. A group of children aged between two months and 12 years from areas, 

not (severely) iodine-deficient. 
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2. A group of children aged between two months and 12 years from an 
area that is severely iodine-deficient. 

3. A group of children aged between six and 12 years, who 32 months 
earlier had been treated with Lipiodol. This group is from the same 
area as that mentioned under 2. 

The results obtained by the three groups on the mental and psycho
motor tests will be compared and differences, if any, analysed. 

DESCRIPTION OF THE TESTS 

The psychological tests used in the present survey have been 
described in detail in an earlier article (34). We shall therefore only 
give a brief summary and then go on to the question whether a reduction 
or combination of the tests should be considered when the test would 
appear to have similar psychological meaning. 

Nearly all tests used for assessing the children's mental level 
had, at an earlier stage, been adapted to the Spanish population; that 
was the case with, for example, the Bayley Scales of Infant Develop
ment, the McCarthy Scales of Children's Abilities, and Cattell's 
Culture Fair Intelligence Test. Some of the psychomotor tests that were 
not adapted to Spain were included in the survey anyway because of 
their expected relevance. 
- 0 to 2.5-year-olds: Bailey Scales of Infant Development: mental and 

motor development scale. 
- 2.5 to 6-year-olds: McCarthy Scales of Children's Abilities: verbal, 

perceptual-performance, quantitative, memory and motor scale. 
- 6 to 12-year-olds: Cattell's Culture Fair Intelligence Test, fluency, 

vocabulary, visual memory, figure comparison, hidden figures, block 
design, exclusion, and mazes. 
Psychomotor development tests: Oseretsky Motor Development Scale, 
Bender Gestalt test, pinboard, tapping, threading beads, making dots, 
simple reaction time, choice reaction time, and muscular strength 
test. 

Information about the tests' significance may be derived from the 
analysis of the correlations between them. Factor analysis is one 
method to enhance the accessibility and interpretability of the 
enormous amount of information contained in the correlation matrix, 
without loosing too much information. A so-called principal component 
analysis was performed for both the iodine-deficient and the control 
group. As the factor structure is not easily gleaned from a matrix with 
unrotated factors, rotation to simple structure was applied according 
to Kaiser's varimax criterion (35). Factor analysis could be applied 
only to the test results of the group of 6-12-year-olds, since this 
group was administered a great number of different tests and is also 
sufficiently large to allow application of such a method of analysis. 

An important question is whether the test series used has similar 
psychological meaning for different groups, such as the iodine
deficient and the control group. To find out, separate factor analyses, 
with rotation to four factors, were applied for each group. Following a 
varimax rotation and a Procrustes rotation, respectively, using the 
factor matrix of the control group as the target matrix, the so-called 
Tucker's phi-coefficients were calculated for each factor (36). These 
coefficients are a good indication of the factorial invariance of 
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factor matrices. The lower limit for the equality of two factors is 
usually set at a value of about .85. The coefficients calculated for 
the four factors are .87, .88, .88, and .80, respectively. Although the 
phi-coefficient of the fourth factor is slightly lower, it may be 
concluded that for the most part the factor structures of the two 
groups run parallel and that, therefore, the test series used in the 
survey has a meaning for the iodine-deficient group that barely differs 
from the meaning it has for the control group. Therefore, the further 
analysis of the test series will rely on just one single factor matrix, 
based on the combined test group (Table 2), the advantage of which is 
that the basis is formed by a much larger number of children than would 
have been the case if separate matrices had been used. 

Rotation to four factors appears to offer the best solution for a 
number of reasons. Most variables have rather high loadings on one of 
the four factors and appreciably lower ones on the remaining factors. 
Loadings of more than .45 are underlined. The first factor explaining a 
large part of the total variance is best described as general intel
ligence. Both Cattell's general ability test and the more specific 
tests often included in more comprehensive batteries of intelligence 

Table 2. Varimax rotated factor matrix after rotation with Kaiser normalization. 
for the group of 6 - 12-year-olds (loadings> .45 are underlined) 

Test General Manual Speed of Coordination h2 

intelligence dexterity reaction of movements 

General i nte 11 i gence (Cattell) .!.§Q .05 .10 .17 .68 
Fluency .!.1§ .30 .04 -.12 .34 
Vocabulary .!.g .16 .09 .00 .30 
Block design .68 .00 .09 .19 .51 
Visual memory .42 -.10 .14 .32 .31 
Figure comparison .!.§.§ .20 .01 .10 .51 
Bender Gestalt test .42 .22 .07 .05 .23 
Hidden figures .!.~Q .41 .20 .04 .45 
Mazes .37 -.01 .20 .36 .31 
Pinboard .24 .62 .14 .10 .47 
Threading beads .22 .!.~1 - :02 .12 .48 
Mak i ng dots .09 .!.~~ .13 .10 .32 
Tapping .02 .68 .14 .05 .48 
Simple reaction time .12 .29 .86 .03 .B3 
Choice reaction time .21 .34 .!.Z~ .04 .72 
Visual manual coordination" .06 .26 .01 .39 .22 
Dynamic coordination') -.03 -.06 .04 .!.~Q .37 
Postural coordination ' ) .04 .26 .06 .39 .23 
Speed ' ) .11 .06 .03 .34 .13 
Simultaneous movements') .06 .07 -.03 ~ .32 
Handdynamometer .17 -.12 .25 .21 .15 

Explained variance 4.62 1. 58 1.17 0.99 8.36 

----------------------------------------------------------------------------------
1 ) Oseretsky Motor Development Scale 
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tests Fluency, Vocabulary, Block design, Figure comparison, and 
Hidden figures - have high loadings on this factor. Tests with high 
loadings on the second factor are Pinboard, Threading beads, Making 
dots, and Tapping. These tests all call upon the manual dexterity in 
particular. The third factor is almost exclusively determined by the 
two tests measuring speed of reaction. The expectation that the five 
subtests from Oseretsky' s motor test would have high loadings on the 
same factor was not fulfilled. Only two tests (Dynamic coordination and 
Simultaneous movements) have substantial loadings on this fourth 
factor, that is best described as coordination of movements. 

Considering the above analysis of the psychological meaning of the 
comprehensive test series used for the groups of 6-12-year-olds, it 
will be clear that reducing the number of variables will not cause any 
major loss of information. The general intelligence factor is adequa
tely represented by (the Spanish version of) Cattell's Culture Fair 
Intelligence Test, with a factor loading of .80. The scores on the 
tests with high loadings on the three psychomotor factors are combined 
per factor. As no Spanish age norms are available for these psychomotor 
tests, the test scores of all the groups studied were corrected for age 
on the basis of the correlation between age and test scores found in 
the control group. 

As mentioned above, age norms for the Spanish population have been 
developed for Cattell's test as well as for Bayley's (0-2\-year-olds) 
and McCarthy's (2\-6-year-olds) tests. Test performance on the two 
latter test series is represented by a Mental Development Score and a 
Psychomotor Development Score. 

RESULTS 

Mental Development 

The distributions of the test scores on the Mental Development 
Test are shown in Figures 2, 3, and 4. These score distributions of the 
three age groups present similar pictures. Throughout, the test results 
of children from iodine-deficient areas are lower than those of 
children from non-iodine deficient areas. This is confirmed again by 
the differences in average scores between the groups mentioned (Table 
3). The differences are significant at the 1% level for all age 
categories. 

The upper parts of the score distributions (Table 3) contain but 
few children from iodine-deficient areas. Test scores of over 130 do 
not occur in any group and scores of over 120 do so only sporadically. 
In the iodine-deficient group, however, low scores are relatively fre
quent, especially in the two older age categories. If compared with the 
population, the percentage of children belonging to the categories of 
borderline cases and the mentally retarded should not exceed 9%, but in 
the youngest test group it amounts to 11.6%, in the middle group to 
20.6%, and in the oldest grQup to 21.5% (untreated) and 17.5% (trea
ted) . 

It would seem that the curves of the two youngest age groups are 
more or less two-topped (Figures 2 and 3), which would mean that the 
scores of one group of children are extremely low compared to those of 
the other children. However, since the iodine-deficient groups in 
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Table 3. Distribution (%), mean and standard deviation of Mental Development scores for the 

norm group and the research groups (control ~ co.; iodine-deficient - i.d.; 

treated - tr.) 

Classification Score Norm o - 24 years 2~ - 6 years 6 - 12 years 

category group 

co. i. d. co. i. d. co. i.d. tr. 

Very superior • 130 2.2 8.4 0.0 0.0 0.0 1.2 0.0 0.0 

Superior 120-129 6.7 18.7 3.9 12.7 0.0 7.3 0.0 1.0 

High average 110-119 16.1 16.7 19.2 23.8 8.8 23.2 3.9 5.8 

Average 90-109 50.0 43.9 53.8 54.0 41.2 47.6 37.3 48.5 

Low average 80- 89 16.1 10.5 11. 6 7.9 29.4 15.9 37.3 27.2 

Borderline 70- 79 6.7 2.1 7.7 0.0 14.7 4.9 12.7 10.7 

Mentally retarded 69 2.2 0.0 3.9 1.6 5.9 0.0 8.8 6.8 

Mean 100.0 108.1 95.9 105.1 88.1 101. 6 88.0 90.2 

Standard deviation 15.0 16.0 16.3 11. 6 15.0 13.1 12.7 13.3 

Number 48 26 63 34 82 102 103 

-------------------------------------------------------------------------------------------

particular are rather small, random sampling-fluctuations may have 
caused all sorts of irregularities in the curves. In fact, only three 
children had extremely low scores (3 standard deviations below the 
average): 1 child from the youngest age group and two from the middle 
group. In the oldest age group with its considerably larger samples the 
score distributions of the iodine-deficient and treated groups approach 
the normal distribution. 

Performance on intelligence tests of 6-l2-year-olds treated with 
Lipiodol scarcely deviates from the test performance of untreated 
children; the means are 90.2 and 88.0, respectively. The score distri
butions (Figure 4) too are very much alike. 

Psychomotor development 

The distribution of the scores obtained on the psychomotor tests 
is shown in Figure 5 (0-2\-year-olds), Figure 6 (2\-6-year-olds), and 
Figures 7-9 (6-l2-year-olds). The picture these figures present for the 
various age categories is not an unequivocal one. 

The average test score of babies from the iodine-deficient area 
almost equals that of babies from the control area (Table 4). The 
course of the score distributions is slightly irregular, but this may 
be due to the rather small samples. Differences were found for the 
group of infants; the control group's average score of 103.7 differs 
signif icantly from the mean of 93.6 scored by the iodine-deficient 
group (E S .01). Very high scores were not found in the iodine-defi
cient group, but very low scores were; almost 15% scored below 80. 

In the oldest age group no differences were found for coordination 
of body movements. The average scores are almost equal and the score 
distributions more or less follow the normal distribution. But the 
other two psychomotor factors (manual dexterity and speed of reaction) 
yield significant differences (E S .01) between the control group on 
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the one hand and the iodine-deficient and" treated groups on the other. 
Children from the latter two groups have lower scores throughout, which 
means that a relatively large number of children must be counted among 
the groups of borderline cases and the psychomotorically retarded. 

Here too, the two-topped score distribution, notable especially in 
the youngest groups with small numbers of children, is the result of 
the scores of only four children. Three of these children also had the 
lowest scores on the mental development test. 

The performance of the group of 6-12-year-olds treated with 
Lipiodol hardly differs from that of the (untreated) iodine-deficient 
group. Not all psychomotor tests could be administered to the group of 
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treated children. Scores were obtained for manual dexterity and speed 
of reaction. 
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Table 4. Distribution (X), mean and standard deviation of Psychomotor Deve

lopment scores for the norm group, and the research groups of 0-2~

year-olds, and 2~-6-year-olds 

Score Norm 

category group 

• 130 2.2 

120-129 6.7 

110-119 16.1 

90-109 50.0 

80- 89 16.1 

70- 79 6.7 
69 2.2 

M 100.0 

S.D. 15.0 

N 

o - 2~-year-olds 

control 

8.4 

10.5 

16.7 

45.9 

16.7 

2.1 
0.0 

103.0 

15.7 

48 

iodine

defic.ient 

3.9 

23.0 

I!. 5 

42.3 

11.6 

0.0 
7.8 

104.4 

19.8 

26 

2~ - 6-year-olds 

control 

1.6 

5.6 

21.4 

61.9 

7.9 

0.0 
1.6 

103.7 

11.7 

63 

iodine

deficient 

0.0 

1.5 

10.3 

54.4 

19.1 

5.9 

8.8 

93.6 

15.2 

34 

Table 5. Distribution (%), mean and standard deviation of Psychomotor Development 

scores for the norm group, and the research groups of 6-12-year-olds 
(control· co.; iodine deficient - i.d.; treated - tr.) 

6 - 12-year-olds 

-----------------------------------------------------------

Score Norm Manual dexterity Speed of reaction Coordination 

category group ------------------- ------------------- 2t..!l2!!!!!.!lll 
co. Ld. tr. co. Ld. tr. co. Ld. 

---------------------------------------------------------------------------------
• 130 2.2 1.2 0.0 1.0 0.0 1.0 0.0 4.9 2.0 

120-129 6.7 8.5 1.0 2.9 9.8 3.9 2.9 4.0 12.7 

110-119 16.1 22.0 7.8 7.8 19.5 7.8 6.8 13 .4 13.7 

90-109 50.0 42.7 34.3 47.6 42.7 44.1 46.6 50.0 40.2 

80- 89 16.1 18.3 15.6 20.4 18.3 29.4 16.5 19.5 19.6 

70- 79 6.7 6.1 13.7 9.7 7.3 7.8 16.5 6.1 7.8 

69 2.2 1.2 9.8 10.7 2.4 5.9 10.7 1.2 3.9 

M 100.0 100.0 88.6 91.3 100.0 93.2 89.7 100.0 98.5 

S.D. 15.0 15.0 15.9 17. 0 15.0 15.2 15.6 15.0 16.0 

N 82 102 103 82 102 103 82 102 



CONCLUSIONS 

The selection of the three groups involved in this survey - the 
iodine-deficient group, the control group, and the treated group -
certainly appears to be sound. The three groups are very similar with 
regard not only to age and educational level, but also to height and 
weight. Moreover, the two latter somatic aspects correspond with the 
population values, which suggests that malnutrition is unlikely to be 
involved here. For some aspects, however, distinct differences were 
found that are associated with iodine intake, such as goiter, urinary 
iodine excretion, and serum T4. 

It was very fortunate indeed, that the survey could be carried out 
with the help of test instruments specifically developed for, or 
adapted to the Spanish po pula tion. Thus, the test performance of the 
survey's control group deviated only slightly from that of the Spanish 
norm group. The average scores of the children from the control 
villages even exceed the norm average of 100. These children probably 
belong to a privileged group, as are they all from day nurseries. This 
is also the case with the children from the iodine-deficient villages. 

Three questions were formulated in this survey. The first question 
- does iodine deficiency affect the mental and psychomotor functions of 
children belonging to the so-called non-cretinous group? - can, with 
respect to mental functions, be answered in the affirmative. Especially 
from the age of 2-3 onwards, the effects on the intellectual functions 
are evident, even if we exclude the three children from the younger age 
groups scoring extremely low. The average test score of children from 
the iodine-deficient area lies approximately one standard deviation 
below that of the control group. Surveys carried out in the past years 
almost all report comparable results. 

Many researchers also found a negative effect of iodine deficiency 
on psychomotor development. Some report significant differences between 
the average test scores of children from iodine-deficient areas and 
those of children from non-iodine deficient areas (a.o. 31), whereas 
others did not find significant differences for all age groups studied 
or they did find differences, but not significant ones (28, 30, 37). 
Connolly (27) reports significant differences for some psychomotor 
tests, such as Pinboard, Threading beads, and the Lincoln-Oseretsky 
test, but not for others, such as Tapping, Dotting, and Screw nuts on 
bolts. The survey carried out in Spain did not yield unequivocal 
results for all psychomotor tests used nor for all age groups studied. 
Only from the age of about three years is it possible to perceive any 
negative effect of iodine deficiency on psychomotor skills, albeit not 
on all skills. It is especially on the psychomotor factors 'manual 
dexteri ty' (Pinboard, Threading beads, Making dots, and Tapping) and 
'speed of reaction' (Simple reaction time, Choice reaction time) that, 
on the average, iodine-deficient children score significantly lower. 
The differences in the middle age group remain significant when the 
three lowest scoring children (scores of approximately 60 or less) are 
excluded. What these six tests determining the two factors have in 
common is that they are all concerned with the speed and accuracy of 
finger-, hand- and arm-movements under visual control. As for the 
overall coordination of body movements, no retardation was found. 

It can be established, on the basis of an analysis of the score 
distributions, that in the age groups where mental and psychomotor 
retardation occurs as a consequence of iodine deficiency, usually the 
whole group is involved and not just part of it (question 2). Especial
ly in the groups with larger numbers of children, where random 
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sampling-fluctuations are less important, there appears to be a 
tendency towards lower scores. Thus, a relatively large number of 
children fall into the 'borderline' category (scores of 70-80) or the 
'mentally retarded' category (scores < 70). Children from these 
categories will often have problems keeping up with the regular primary 
school program, with those of the latter group (32), as they grow 
older, requiring "supervision and guidance when under mild social or 
economic stress" (38). 

Although we tried to include only non-cretinous children, it's 
possible that (some of) the children belong to the cretin group. It is 
especially difficult to identify cretins at a very young age. It would 
be worthwhile, then, to have the children who scored extremely low in 
our survey undergo another thorough examination. Unfortunately, the 
group of cretins was not included in the survey, so that it is not 
clear whether there is a gradual transition in the scores obtained by 
cretins and non-cretins or whether all cretins have scores of approxi
mately 55 or less. If the latter would be the case, the curve would be 
two-topped. 

The last question posed in the survey concerns the effect of 
iodine prophylaxis on mental and psychomotor development. Earlier 
research (a.o. 39, 40, 41) did not yield unequivocal results. In the 
Spain-survey, the group of treated children was treated with Lipiodol 
between the age of four and ten, 32 months before the (second) admini
stration of the tests. Test performance was found not to have improved 
as a result of the iodine treatment. The average scores of the iodine
deficient and the treated groups as well as their score distributions 
are nearly identical. Apparently, even certain effects of habituation 
or learning, which might have occurred in the second administration of 
the tests, did not play any role whatever. It would, at this point, be 
premature to assume that a treatment with Lipiodol has no positive 
effects whatsoever on the mental and psychomotor development of 
children from iodine-deficient areas or that the deficiencies involved 
are irreversible. Further research is certainly called for. There is 
still a possibility that the effects may have waned because of the long 
time interval of 32 months between the administration of the Lipiodol 
and the psychological tests. 
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IWlLY CORUCTIOII or IODIIIIE DErICIDCY AIm LATE EPrECTS 011 PSYCHOMOTOR 

CAPABILITIES AIID MICRATIOII* 

Rodrigo Fierro-Benitez, Ramiro Cazar, Hernan Sandoval, 
Francisco Fierro-Renoy, Gonzalo Sevilla, Gustavo Fierro
Carri6n, Jaime Andrade, Francisco Guerra, Hey Yanez, Omar 
Chamorro, Edwin Rodriguez, Victor M. Pacheco, and John B. 
Stanbury 

Hational Polytechnic School and Central University, Quito, 
Ecuador 

This is a study of the long-term effects of administration of iodized 
oil in two Andean rural communities: Tocachi and La Esperanza. This pro
gram of prophylaxis was started in March 1966 (1). At that time these two 
neighboring villages were similar in terms of isolation, ethnic composi
tion, degree of iodine deficiency, and socioeconomic conditions (protein
calorie malnutrition, annual income per capita, cultural deprivation, 
etc.) They presented similar prevalences of iodine deficiency disorders. 
In March 1966 the total population of Tocachi was treated; La Esperanza was 
used as a control. Women of childbearing age and children born in Tocachi 
were re-injected or injected in 1970, 1974, 1978, 1982 and 1986. All chil
dren born after the program was started were examined at the time of birth 
and at key stages of development: both physical growth and neuromotor 
maturation were observed until they were 5 years old (2-4). This part of 
the program was finished in 1973. In that year the intellectual capacity 
of those 3 to 7 years of age was studied (5, 6). In 1980 a subprogram of 
screening of neonatal hypothyroidism was started (7). In 1981 in those 
children born from 1966 to 1973 (8 to 15 years old) the effects of iodized 
oil on neural and psychological development, as measured by a battery of 
tests and by school performance, were studied (8). 

Periodically, from 1966 to 1988, the urinary excretion of iodine was 
evaluated both in the treated and in the untreated communities. Since 
1969, Ecuadorean law has required that salt for human consumption be 
iodized. However until 1978 the urinary excretion of iodine in the un
treated community remained below 50 ug per gram of creatinine. Until 1981 
more than half of this population presented iodine deficiency. Only in the 
last four years have most been using salt with sufficient levels of iodiza
tion. 

*This work was supported in part by the Public Health Ministry of Ecuador, 
the Pan American Health Organization, the U.S.A. National Institutes of 
Health, and the Ecuadorean National Council of Universities and Polytechnic 
Schools. 
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BACKGROUND TO THE PRESENT STUDY 

First Part: To understand the results obtained until 1973, i.e., 
children up to 7 years of age, the following classification is used: a) 
"Early treated children": refers to those whose mothers were treated with 
iodized oil prior to the second trimester of pregnancy; b) "Late-treated 
children": refers to those whose mothers were treated during the second or 
third trimester of pregnancy; and c) "Untreated children": refers to those 
born in the control village, also from 1966 on. 

The results can be summarized as follows: In early and late-treated 
children: 1) goiter and deaf-mutism were prevented; 2) there was an im
provement in gross motor function and maturation of reflex activity, which 
was significantly different from that in untreated children; 3) both in 
early-treated, late treated and untreated children neuro-motor development 
as a whole was retarded in relation to the standards employed (9, 10); 4) 
no case of what we called "major development retardation" (3) was found in 
early and late-treated children. Two percent of untreated children had 
major retardation in all four major areas of neuro-motor development (per
sonal-social, reflex maturation, linguistic, and motor areas). Six out of 
ten died during the first two years of age. Mental capacity of the four 
surviving children was severely retarded (IQ less than 40), and they were 
diagnosed as endemic cretins (one of the four children diagnosed as having 
endemic cretinism was hypothyroid. His mother and his maternal grandfather 
and grandmother were also hypothyroid (11); 5) physical growth was similar 
for the three groups of children; and 6) both in early-treated, late
treated and untreated children general performance in terms of intellectual 
capacity was poor as judged by scores in the adapted Stanford-Binet Scale 
(11, 12). In early-treated children: 1) when the distribution of IQ 
scores was charted the curve showed a clear tendency toward normality; and 
2) no cases of children with profound mental deficiency (IQ less than 50) 
were found. In late-treated children: 1) the curve of IQ scores tended to 
be skewed in the direction of mental deficiency; 2) eight percent of them 
presented IQ's of less than 50 (profound mental deficiency) thus, there 
were cases with obvious mental retardation but without deaf-mutism; and 3) 
the spectrum of intellectual capacity was wide, covering all mental cate
gories, as in the untreated children. 

Second Part: In October 1981, the situation of the children born 
under the program from October 1966 to October 1973 (when they were 8 to 15 
years old) appears in Table 1. Here the term "treated children" refers to 
those whose mothers were treated before conception or during the first 
three months of pregnancy, and "untreated children" refers to those born in 
the control village in the same period. The school performance of 128 non
migrating treated children and 283 non-migrating untreated children was 
studied, i.e., children who had stayed in school at least a whole year and 
had started a new year, even if they had not completed the second year. 
Also the following neuro-psychological tests were applied to those subjects 
whose school performance was studied: the Terman-Merrill (12) and the 
Wechsler (13) intelligence tests, modified by Navas (14, 15) for Ecuadorean 
children; the Goodenough intelligence test (16); the Goddard test (17), 
which assesses psychomotor development, manual ability, visual motor coor
dination, and ability to recognize shapes and meanings; the visual-motor 
test of Bender (18), and the progressive matrices test of Raven (19, 20). 
Results can be summarized as follows: the percentage of untreated children 
who were taken out of school for mental incapacity was more than twice that 
of untreated children (13.3% versus 5.4%). Scholastic achievement was 
better in treated children when measured in terms of school years reached 
for age, school dropout rate, failure rate, years repeated, and school 
marks. There was no difference between the treated and untreated children 
in the Terman-Merrill test, the Wechsler scale, or the Goodenough test 
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results. The untreated children did not do as well on the Bender test, 
which evaluates integration of functions on the basis of visual-motor 
items, and on the Goddard test, which basically measures psychomotor de
velopment. Both groups performed poorly on the Raven test, but the treated 
children did slightly less well. Treated and untreated children seemed 
impaired in school performance, especially in reading, writing, and mathe
matics, but more notably the untreated ones. The problems found in these 
areas were not attributable to dyslexia or dysgraphia, but to a global 
retardation accompanied by a low level of comprehension of what they read 
or wrote, low levels of abstraction and generalization, deficient vocabu
lary, motor instability, and the most impressive limitation: a weak 
memory. 

Table 1. Situation of the treated and untreated children born 
from October 1966 to October 1973, in October 1981. 

Treated Children Untreated Children 
N % N % 

Died 20 8.4 53 12.9 

Migrating 74 30.9 33 8.0 

Non-migrating 145 60.7 325 79.1 
-------
Non-migrating 
entered school 

who 138 95.2 286 88.0 

Non-migrating who 7 4.8 39 12.0 
did not enter school 

Third Part: Regarding the screening of neonatal hypothyroidism, no 
cases of hypothyroidism were identified in the treated community. The 
prevalence of neonatal hypothyroidism was 1.68% in the untreated popula
tion. Further, 3.5% of the untreated pregnant women were diagnosed as 
having hypothyroidism. Two out of eight children diagnosed as hypothyroid 
were born from hypothyroid mothers. 

STUDY DESIGN 

The present study, begun in October 1981, addressed the following 
question: what happened to the children who had entered school up to 1981 
(see Table 1)1 

We knew school performance of most of them and had an evaluation of 
their psychomotor capability. These were "early-treated children" whose 
mothers were treated before conception or during the first trimester of 
pregnancy, in respect to Tocachi village. Almost all of those who were 
born in the untreated village, at least until 1978, lived under iodine 
deficiency from conception. In 1981 we had found evident improvement in 
the treated children, in comparison with the untreated children, in school 
performance and psychomotor capability. 

Of the early-treated children 30.9% had emigrated as compared to only 
3.0% of the untreated children (see Table 1). This caught our attention, 
especially after noticing how the treated village had deteriorated: houses 

291 



were in disrepair or abandoned, and there was a predominance of older 
people and children. 

With these antecedents we tried, starting in October 1987, to locate 
and obtain detailed information on the 138 treated children who had entered 
school up to 1981. FOr purposes of comparison we also tried to locate and 
obtain reliable information on a similar number of untreated children, also 
born between October 1966 to October 1973, who had not emigrated by 1981 
and who had entered school. With great effort we could find and obtain 
reliable information on 134 of the 138 treated subjects, and--until 
February 1988--120 of the untreated subjects (Table 2). 

Table 2. Number, mean age and range of the treated and untreated 
subjects who were studied in October 1987. Subjects 
born from October 1966 to October 1973. 

Mean Age 
(years) 

Range 

Treated Subjects 
N: 134 

Male Female 
N:75 N:59 

17.68 17.59 

14-21 15-21 

Untreated Subjects 
N:120 

Male Female 
N:62 N:58 

17.59 17.53 

15-21 14-21 

FINDINGS 

Education: Tables 3 and 4 show the educational level attained by the 
treated and untreated subjects. It seems apparent that the socioeconomic 
reasons and migration were the main reasons for the treated subjects leav
ing school. In relation to the larger percentage of untreated subjects 
that entered Seamstress School (Table 4) it must be pointed out that the 12 
subjects (24.5%) are female and that there is a Seamstress School only in 
the untreated village. A higher percentage of treated subjects entered a 
vocational high school. Among the treated population there was more in
terest for entering high school and college (the Ecuadorean system includes 
six years of elementary school and six years of high school before entering 
directly the university to follow professional studies: medicine, engi
neering, etc.). 

Migration: Table 5 shows the percentage of migrating and non
migrating subjects among the treated and untreated populations. Non
migrating subjects were defined as those who ate and slept in their origi
nal village. Migrating subjects are subdivided into temporary migrants 
(those who returned to their village at least once a year) and permanent 
migrants, those who never returned. While it is true that among untreated 
subjects there is a high ratio of migrants, migration among treated sub
jects is unquestionably higher, with the aggravating circumstance that 
almost a fourth (22.4%) of them never return (Table 5). 

As to the places where they migrate to, there was little difference 
between treated and untreated subjects (Table 6). However, two treated 
subjects went to the coast, two to the Amazonian jungle, and one woman went 
to Cuba in order to study. These five cases are interesting because it 
demands great effort for a person born in the Andean highlands to move to 
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the coast, the jungle, or abroad. Most of the treated and untreated sub
jects migrated to Quito, capital of the country. 

Table 3. Status in terms of education of the 134 treated and 120 un
treated subjects at beginning of the study (October 1987). 

Left school because of 
incapacity (very low 
performance) 

Left school for socio-
economic reasons and 
migration 

Completed elementary 
school but did not 
continue studies 

Completed elementary 
school and continued 
studies 

Treated Subjects 
% 

0.74 

14.9 

46.2 

38.0 

Untreated Subjects 
% 

1.6 

8.3 

49.2 

40.8 

Table 4. Studies realized by 51 treated and 49 untreated subjects, 
who completed elementary school and continued studies 
(October 1987). 

Treated Subjects Untreated Subjects 
Studies % % 

Seamstress School 7.8 24.5 

Vocational High School 5.9 2.0 

High School 76.4 67.3 

University 9.8 6.1 

Table 5. Migration in the treated and untreated subjects 
(October 1987). 

Migration 

Non-migrating 

Migrating Temporary 

Permanent 

Total 

Treated Subjects 
N:134 

% 

20.9 

56.7 

22.4 

79.1 
(N: 106) 

Untreated Subjects 
N:120 

% 

50.8 

44.2 

5.0 

49.2 
(N:59) 
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Table 6. Sites of migration of treated migrating and untreated 
migrating subjects (October 1987). 

Migrated to: 

Another site of same county 

Another county of the same 
province 

The capital of the same 
province: Quito (which is 
also the capital of the 
country) 

Other Andean provinces 
(both rural and urban sites) 

Other regions of Ecuador 
(coast and Amazonian jungle) 

Another country (Cuba) 

Treated Subjects 
N: 106 

% 

5.7 

16.0 

66.6 

7.5 

3.8 

0.9 

Untreated Subjects 
N:59 

% 

6.8 

8.5 

71.2 

l3.6 

Migration and psychomotor ca~abilities: As mentioned under 
"Background to the Present Study, we studied by means of a battery of 
tests the mental capacity and psychomotor function of a high percentage of 
those whose school performance was evaluated in 1981. We compared the 
scores of those tests in the four groups of subjects: a) treated non
migrating; b) treated migrating; c) untreated non-migrating; and d) un
treated migrating. There were no differences in the scores of the 
Goodenough and Raven tests. There were differences between treated and 
untreated migrating subjects in the scores of the Terman-Merrill and 
Wechsler tests (Table 7, Figure 1). 

Table 7. Number, mean IQ scores, SD and "z" test value of p, of the 
treated migrating and untreated migrating subjects, tested 
with Terman-Merrill and Wechsler tests modified by Navas. 

Group Number 

Treated migrating 
subjects 

78 

Untreated migrating 57 
subjects 

IQ Mean Value 
(range) 

93.50 
(64-126) 

- - - - -

88.16 
(63-111) 

"z" Test Value 
SD of p 

11.92 

- - - - p<O.OI 

11.42 

Comparing the scores on the Goddard Test, used mainly to evaluate 
psychomotor development, there were differences between the non-migrating 
and migrating treated subjects (p <0.05), and between treated and untreated 
migrating subjects (Table 8, Figure 2). 
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Figure 1. Distribution of IQ scores for treated migrating and 
untreated migrating persons with the Terman-Merrill 
and Wechsler Test, as a whole. 

Table 8. Number, mean IQ score and range, SD and "z" t"est value 
of p, of the treated migrating and untreated migrating 
subjects, tested with the Goddard Test. 

IQ Mean Value "z" Test 
Number (range) SD of 

Treated migrating 78 93.38 11.20 
subjects (60-113 ) 

Value 
p 

- - - - - - - - - - - - - - - - - - - - - - p<O.Ol 

Untreated migrating 57 84.65 15.15 
subjects (50-112) 

With the Bender Gestalt Test, which evaluates integration of functions 
on the basis of visual-motor items, 43.8% of the untreated and 26.9% of the 
treated migrating subjects showed lack of maturity (51) or were abnormal 
(A) (Table 9). In addition, the configuration of the frequency distribu
tion between the two groups was quite different (Figure 3). Similar dif
ferences were found between treated and untreated non-migrating subjects. 

These results suggest that the treated migrating subjects were more 
able in regard to mental ability and psychomotor function. 

Migration, occupation and salary: Table 10 shows the occupation of 
treated non-migrating subjects and untreated non-migrating subjects. There 
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is a higher percentage of artisans among treated non-migrating subjects. 
The presence of 16.3% of students among untreated non-migrating subjects 
presents a false picture of reality; the explanation is that only in the 
untreated village, there is a Seamstress School, where young women can 
attend after elementary school. As to migrants (Table 11), most of the 
treated subjects (38.7%) are either servants or underemployed. In an un
derdeveloped country like Ecuador this means that they do not have any 
special skills. An underemployed person works part-time, and changes his 
occupation from time to time. 

>. 
u 

40 

30 

c: 20 
QI 
:I 
CI' 
QI 

~ 15 

10 

0---0 Treated migrating 
persons 

.......... Untreated migrating 
persons 

,..; ,. 
,./ 

I 
,Ir-----~ 

I 
I 

I 

I 
I 

I 
I 

50-80 61-70 71-10 

,R 
I \ 

I \ 
I \ 

I \ 
I \ 

I \ 
I \ 

I \ 
I \ 

I \ 
I \ 

/ \ 
~ 
" 

81-90 91-100 101-110 

Distribution of PSYChomotor Quotient 

, , 
" " " 'E> 

111-120 

Figure 2. Distribution of IQ scores for treated migrating and untreated 
migrating persons with the Goddard Test. 

Table 9. Results obtained with the Bender Gestalt Test in 78 treated 
migrating and 57 untreated migrating subjects. 

Treated Migrating Untreated Migrating 
Subjects Subjects 

Bender Classification % % 

Normal (N) 43.6 33.4 

Normal inferior (NI) 29.5 22.8 

Signs of Immaturity (SI) 23.1 29.8 

Abnormal (A) 3.8 14.0 

Among treated migrants there is the highest ratio of students, both at 
high school and university. Three of the treated migrating subjects have 
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their own businesses, one a grocery, another a bakery and a third is a 
farmer which is exceptional for a 21-year-old person. Among untreated 
migrants, one has his own tractor for business, which is also exceptional. 
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Figure 3. Frequency distribution of the findings observed in untreated 
migrating and treated migrating persons through use of the 
Bender Gestalt Test: A-abnormal; IS-immaturity signs; 
NI-normal inferior; and N-normal. 

Table 10. Occupation of 28 treated non-migrating and 61 untreated 
non-migrating subjects (October 1987). 

Occupation 

Farm laborers and shepherds 

Other agricultural tasks 
(floriculture, etc.) 

Artisans 

Domestic chores 

Students 

Treated 
Non-migrating 

Subjects 
% 

42.8 

14.2 

32.0 

10.7 

Untreated 
Non-migrating 

Subjects 
% 

16.3 

14.7 

19.6 

18.0 

16.3* 

*A1l are women who are studying at the Professional Seamstress School of 
the untreated village. 
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Table 11. Occupation of 106 treated migrating and 59 untreated 
migrating subjects (October 1987). 

Treated Untreated 
Non-migrating Non-migrating 

Subjects Subjects 
Occupation % % 

Farm laborers and shepherds 8.5 3.4 

Other agricultural tasks 0.9 6.8 
(floriculture, etc.) 

Artisans 28.3 40.7 

Servants 17 .9 13.6 

Underemployed 20.8 11.9 

Private business 2.8 1.7 

Army 3.8 5.1 

Students 17.0 11.9 

Table 12 shows the range of salaries per month in the treated and 
untreated subjects. Because of limitations it was not possible to deter
mine the per capita income and the average income for each of the studied 
groups. 

Table 12. Range of the salaries per month in treated and 
untreated subjects. 

Salary per month 
(U.S. Dollars)* 

Treated Subjects 
Non-migrating Migrating 

26.9-32.3 47.3-52.7 

Untreated Subjects 
Non-migrating Migrating 

35.5-40.1 58.0-61.6 

*At the rate of 270 "sucres" per dollar prevailing when the data were 
obtained. 

An example will show how the range of salaries per month was deter
mined: masons in this area receive from 10,000 to 24,000 sucres a month. 
These amounts were multiplied by the number of individuals that work in 
this occupation in each group. We followed the same procedure with the 
other activities. Then we added minimum and maximum salaries and the re
sults were divided by the number of workers in each group. This was the 
only way to obtain an estimate that could be used for comparison. We had 
these facts in front of us: 1) A considerable number of subjects were not 
engaged in the same activity the whole year. Some months they work, some 
months they do not; some weeks they work; some weeks they do not. There 
are even workers who work some days and other days they do not. This de
fines underemployment, which is especially noticeable in cities. This 
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underemployment has created in Ecuador and other Latin American countries 
the so-called "under-proletariat." 2) On the other hand, there is also a 
small number of workers who are covered by Social Security and receive 
bonuses during the year. For estimating the range of salaries per month we 
did not include self-employed subjects, given the impossibility of deter
mining their income. 

With limitations, the findings of Table 12 can serve as a basis for 
comparison: treated subjects received lower salaries than the untreated 
subjects. Migrants received salaries which were 50% higher than those of 
non-migrating subjects. 

The puzzle presented by the lower salaries received by treated sub
jects may be explained as follows: non-migrants receive a lower salary 
because the treated village is poorer (1). Migrant treated subjects re
ceive lower salaries because there is a high percentage of subjects that 
emigrated before they were 12 years old (Table 13). This percentage is 
four times higher than in the case of untreated migrants (33% versus 
8.4%). Furthermore 85.7% of them emigrated by themselves without their 
families. Emigration to Quito, the capital of the country, the most fre
quent goal, under these circumstances implies accepting the first job that 
is offered, at a very low pay, and with no hope of advancement. It can 
only produce a stagnation of the immigrating child. 

Minimum monthly salary is at present U.S. $57.4. Migrants do not even 
receive this much. 

Table 13. Age at which the migration occurred. Percentage in 106 
treated and 59 untreated subjects. 

Subjects Before 12 Years of Age After 12 Years of Age 

Treated 33.0% 66.9% 

Untreated 8.4 91.5 

Prevalence of goiter: The thyroid size was evaluated in 129 treated 
and in 118 untreated subjects. Thus, five treated and two untreated sub
jects were not evaluated because we did not find them. In the treated 
subjects (Table 14) the prevalence of goiter was 5.4%, and in the untreated 
subjects, 17.7%. Thus, the treated persons are free of endemic goiter. We 
used the classification of Perez, et ale (21), adopted with modifications 
by the PARO (22). 

COMMENTS AND CONCLUSIONS 

When we wrote the "Comments and Conclusions" section of our previous 
paper "Long-term effects of correction of iodine deficiency on psychomotor 
and intellectual development" (8), we presented the results obtained by the 
use of iodized oil, and pointed out that while iodine deficiency had been 
corrected, children continued to suffer the consequences of severe malnu
trition and an environment which is a culturally limited, non-stimulating 
milieu: a complex of social ills. 

Now we will address the socio-economic consequences of iodine defi
ciency correction, 21 years after its beginning. We worked under the 
assumption that when the correction is early, i.e., before conception or 
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during the first three months of pregnancy, the following are prevented: 
endemic goiter, endemic cretinism and endemic neonatal hypothyroidism, and 
that, in general, subjects present better intellectual and psychomotor 
capabilities than the untreated subjects. We also took into account that 
the economic conditions of the country not only had not improved but had 
actually worsened in this decade (23). 

Table 14. Prevalence of "visible goiter" in 129 treated and 188 
untreated subjects. 

Thyroid Size Treated Untreated 
Grade % % 

Oa 65.1 56.7 

Ob 29.4 25.4 

I 5.4 14.4 

II 3.3 

Goiter 5.4 17.7 

It is true that more treated children have entered school and fewer 
have left it because of incapacity. Among the better subjects, among those 
who entered school and showed greater mental capacity and better psycho
motor capabilities, there has been much greater migration than among un
treated subjects. Less gifted subjects remain in the countryside. 

Migration from the countryside to the city is an increasing phenomenon 
in Latin American countries with their deteriorating economies (23). In 
the last twenty years, capital cities of these countries have grown in an 
anarchic way due to an uncontrollable immigration by peasants (24, 25, 
26). All these cities are surrounded by slums that threaten to strangle 
them. In these cities live peasants who prefer to migrate to the city 
because conditions in the countryside are too hard for them. 

In the cities these peasants without professional skills become the 
"under-proletariat" characterized by underemployment (27). The inhabitants 
of the slums are peasants who by migrati~g have worsened their condition 
from poverty to destitution. An increasing percentage never return to the 
countryside (28). 

Socio-economic consequences of peasant migration contribute to the 
underdevelopment of the Third World countries, most of which depend on 
agricultural production. It is a vicious cycle which is very difficult to 
break in societies without a planned economy. 

What has happed to the treated population is an example of something 
that is now well known: public health is the most sensitive indicator of 
the socio-economic conditions of a country. Public health policies and 
actions must be part of the context of the general policies of the 
country. Otherwise results can be counter-productive. This does not deny, 
however, the high priority of health actions conducive to the prevention of 
iodine deficiency disorders. 
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SUMMARY 

Children of mothers from iodine-deficient communities in Andean 
Ecuador who were treated with intramuscular iodized oil prior to the second 
trimester of pregnancy were compared with children of those not so treated 
when they were 14 to 21 years of age. Children of treated mothers had 
advanced farther in education, had migrated more often to urban centers, 
and performed better on tests of neuromotor function, but had a lower level 
of income. The complex social dynamics of the program are discussed. 
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FIELD AND EXPERIMENTAL STUDIES OF IODINE DEFICIENCY IN SPAIN 

BRIEF HISTORY 

Francisco Escobar del Rey, Marfa Jesus Obreg6n and 
Gabriella Morreale de Escobar 

Unidad de Endocrinolog[a Experimental, Instituto 
de Investigaciones Biomedicas, C.S.I.C., Facultad de 
Medicina, Arzobispo Morcillo 4, 28029 Madrid (Spain) 

Complete bibliographic references may be found elsewhere 1. References to 
only a few studies are given here. 

Goiter is widespread in many areas of Spain. According to Isidor 
Greenwald 2, references to endemic goiter may be found as early as 1497 in 
the writings of a Toledan Jew, Isaac Caro, who described it in an area near 
Madrid (Buitrago). Clearer references regarding different regions of Spain 
appear in 1885, and between that year and 1921, 14 papers were published, 
including a few from Maran6n. In 1922 ~ Maran6n described the very poor 
sanitary and socio-economic situation he found in the region of Las Hurdes, 
near the Spanish-Portuguese border, pointing out the high incidence of 
goiter and cretinism. He collected also information from other gOiter areas 
and presented the results in 1928 at the 1st International Goiter Conference 
in Berne. His observations promoted the interest of the Spanish medical 
community, so that other authors described their findings in the Province of 
Salamanca, in Asturias, and Catalonia, a total of 21 papers being published 
up to 1934 1• Already by 1924 one of Maran6n's coworkers, Vidal Jordana~ had 
prepared some iodized salt and given it to the children of Las Hurdes with 
good results, and was trying to convince health authorities to implement 
iodine prophylaxis, at least in Las Hurdes. Whether the problem was 
understood by the health authorities, or not, little was done as regards a 
real iodization program, and any budding efforts stopped with the 1936-1939 
Civil War which ravaged the country. 

After this period there are hardly any publications by Maran6n on the 
problem; it is likely that he lost hope of being able to convince health 
authorities about the severity of the problem, and the possibility of 
solving it by an adequate iodization program. But it is also possible that 
he was not totally convinced that as simple a measure as iodine 
supplementation could correct the appalling situation he found, and he 
directed his main efforts towards the building of roads which would open up 
the very isolated region, and the introduction of other measures which might 
improve the socio-economic situation. It is, however, quite striking in 1988 
to realize that from his own observations in different goiter endemias in 
Spain, and probably from reading those described by DeQuervain and Wegelin 
in Switzerland, and by McCarrison in the Himalayas, but without the benefit 
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of iodine determinations or other laboratory data, MaraMn in 19285 divided 
endemias into three grades of severity: 

"Endemic deafmutism represents the third degree of cretinous degeneration, 
which is characterized by this symptom, found together with imbecility, but 
not always associated with endocrine characteristics of cretinism (such as 
infantilism, myxedema). These cases leave the impression that in them the 
most severe alteration is the lesion to the nervous system (including 
defects of development of cortical centers). With the reservations inherent 
to any schematic proposal in Medicine, we could therefore summarize as 
follows: 
Goitrous endemia ••. First degree, goiter: the lesion is mainly thyroidal 

Second degree, cretinism: the lesion is preferably 
pluriglandular 

Third degree, deafmutism: the lesion is mainly nervous." 

To understand Maran6n's meaning properly, it should be noted that he used 
the word cretinism as he was used to observe it, in sporadic congenital 
hypothyroidism, and that his reference to a pluriglandular lesion included 
short stature and dwarfism. It appears that it was conceptually difficult 
for him to accept that a nutritional deficiency could underly such complex 
and apparently unrelated manifestations, and he concluded that 
intermarriage, poverty, etc., were the most important etiological factors. 
This was most unfortunate, as Maran6n was greatly respected, but his 
efforts in favour of iodine prophylaxis lacked complete conviction. 

By 1945 new publications appear on goiter in Spain, most of them from 
Ortiz de Land~zuri and his coworkers, reviewed in 1955 6. They described the 
endemic goiter area in the high Sierra Nevada mountains near Granada, La 
Alpujarra. Maran6n was aware of these studies and gave his support to the 
efforts of Ortiz de Land~zuri, who was able to show the beneficial effects' 
of iodine prophylaxis, carried out with support of the local health 
authorities by his coworkers, including ourselves. Endemic goiter regions 
were studied by other groups, in other parts of Andalusia (Sevilla, Cadiz, 
M~laga), Castel16n, Avila (near Madrid), Arag6n, Asturias, Galicia, 
Navarra (Pyrenees) and the Canary Islands. The approximately 150 papers 
published between 1945 and 1987 include an increasing proportion of studies 
using international criteria for the definition of gOiter size, and more 
modern analytical procedures. Determinations of plasma PBI were already 
applied by us to the La Alpujarra endemia in 1954 7. Experimental work in 
laboratory animals was initiated by Ortiz de Land~zuri and his group, 
including transfer of rats to La Alpujarra: those fed local food developed 
gOiter 8• 

In 1971 Vivanco et al. 9 carried out an epidemiological study, measuring 
gOiter size in 226 915 persons of all age groups from 21 provinces of Spain, 
and determined the iodine content of the drinking waters. This study 
excluded on purpose those provinces with well-known severe goiter endemias. 
Overall goiter prevalence was 13.4 % (6.6 % in men; 18.7 % in women), and 
the gOiter rate in different areas was inversell correlated with the water 
iodine content. Later studies by other authors included the determination 
of urinary iodine concentrations. These studies showed clearly that iodine 
deficiency is the major cause of endemic gOiter in Spain. 

Several studies which have been completed during the last decade have 
been collected in a special issue of the Spanish Journal Endocrinologia 1~ 
They have mostly been carried out in schoolchildren. As a whole, it may be 
stated that in Spain the proportion of schoolchildren with gOiter in a given 
area is inversely correlated with the urinary iodine excretion. The 
proportion of schoolchildren with serum T4 (blood spot test) below 6 pg /dl, 
and with elevated TSH, was increased as compared to schoolChildren from 
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regions without iodine deficiency. The most severe endemias are those of Las 
Hurdes, which our group has been studying since 1968, and that of Los 
Ancares and other areas of Galicia, studied since 1975 by Tojo et al. 11 The 
endemias in Las Hurdes and Galicia should be considered as of Grade III 
severity: urinary iodine excretion is very low, and there are cretins in 
both regions. 

STUDIES IN LAS HURDES 

We shall now summarize some of the main findings, which we believe might 
be pertinent to the problem of mental and psychomotor development of the 
inhabitants, and later describe experimental findings in rats, which might 
serve as pointers for future field studies. 

Together with different coworkers, one of us (F.E.R.) has been carr~ing 
out surveys in Las Hurdes for a twenty year period. Initial studies 1 ,1} 
showed a very high goiter rate (90 %) in the schoolchildren from some of the 
villages, a very low urinary iodine excretion (13.3 ± 10.8t9 / L for boys 
and 15.0 ± 10.5 for girls), and high 24 and 48 hr thyroida 1311 uptake (80 
% of dose). It was concluded that iodine deficiency was severe enough to 
account for the goiter rate. Somatic development was very poor, as 35 % of 
the schoolchildren were below the 10th percentile for weight and height. 
Skeletal age (X-ray of the hand), was delayed, in some cases of several 
years 1~ The urinary concentration of creatinine was much lower than 
expected from the decreased weight. This suggested inadequate protein 
intake, confirmed by the low urinary concentration of total nitrogen 1~ 

Three villages where gOiter frequency was highest (Fragosa-Martilandran, 
El Gasco) were surveyed more extensively. In 1968 the total population was 
878, 331 inhabitants being 15 yrs old, or older. Among these adults, 44 
defectives (called "inocentes" by the local population) were identified. 
They were obviously mentally retarded, and presented one of the following 
abnormalities (criteria of the PAHO conference, 1963): irreversible 
neuromuscular disorders; abnormalities of hearing and/or speech; d~layed 
somatic development; hypothyroidism. Two younger defectives were alSO found. 
Permission was obtained to study 25 of the 44 adult defectives with somewhat 
more detail 1~ Although audiometric testing was not performed, most of them 
(73 %) had problems of hearing and/ or speech. Hyperreflexia was found in 
80%, and spastic gait in 76 %. In the subgroup of defectives which had grown 
to less than 140 cm the plasma PBI was lower, and TSH higher, than in 
non-cretin adults living in the same area. In the subgroup taller than 140 
cm plasma PBI and TSH were the same as in non-cretin adults. Plasma TSH of 
the adult population of Las Hurdes (n=65) was elevated as compared to 
Madrid. Although the plasma PBI of non-cretin adults from Las Hurdes was not 
significantly different, the range of values was greatly spread, with many 
below 3.5 f g lldl, a value seldom found in the adult controls of Madrid. 

Thus, the dramatic situation observed by Maranon in 1922 was still 
present almost 50 years later, despite efforts to improve the socioeconomic 
situation of the area. Our data showed that iodine deficiency was the most 
likely cause of the goiter rate, of the low plasma PBI and high plasma TSH, 
and of the high incidence of cretins, in agreement with data from many other 
endemias. 

Our later surveys involved children attending school in the whole of Las 
Hurdes, and in nearby villages outside Las Hurdes. However, only three 
villages had been included in all of the surveys. Results obtained over the 
years are compared in Table 1. As may be seen, the goiter rate hardly 
improved during the following 10 year period (1968-1978), despite positive 
changes in the socioeconomic conditions. This could be accounted for by the 
iodine intake, which was still very low. As health authorities persisted in 

305 



Table 1.Schoolchildren (Fragosa-Martilandran, Ladrillar, La Huetre) 
---------------------------------------------------------------------
Survey Year n goi ter ~g IlL 9 creat/L f g T4/ dL 

( OB+ I + 11) (± SO) (± SO) (± SO) 
---------------------------------------------------------------------

1968 76 74 % 14 + 11 .34 .± .21 
1970 118 86 % 30 ±. 15 .41 i .19 
1978 156 86 % 16 + 15 .30 + .16 7.1 + 3.3 

Lipiodol 1981 158 78 % 27 +" 20 .63 +" .34 7.9:; 2.8 
Iodiz. s~1984 93 61 % 39 .; 40 .67 .; .34 7.4 ± 2.8 

-1986 115 41 % 96 ±: 82 1 .09 ±: .55 
---------------------------------------------------------------------
Madrid 1978 354 1% 112 + 72 .71 + .27 9.5 + 2.7 
Miranda 1981 77 23 % 77 .; 46 .63 .; .34 11.1+3.5 
Madrid 1984 180 18 % 102 ±: 67 .94 ±: .53 11.0±:4.9 

the attitude that the problem would solve itself with improvements in 
communication, schooling, etc., even without iodine prophylaxis, we carried 
out a new survey at the end of 1981 17: Again, there was practically no 
change in goiter rate or urinary iodide. The only improvement was an 
increase in the urinary creatinine, although it was still quite low compared 
to control children. Between 1968 and 1981-82 there was also some 
improvement in weight and height, but development was still quite poor. In 
the 1981 survey we were able to obtain blood spot T4 and TSH data from 
numerous schoolchildren, using methods developed for neonatal. screening. The 
low T4, and high TSH (which we had earlier found in the non-cretin adult 
population) are already a frequent finding in young children. The frequency 
distribution for T4 was clearly shifted towards lower values than in the 
reference population: 46 % of the children from the iodine-deficient 
villages had T4 levels below 6?g /dl, as compared to 7 % of the controls. 
In 40 % of the children TSH was above the detection limit for the blood spot 
assay (7.5~ U/ml), in contrast to only 4 % of the controls. These findings 
could be attributed to the persistent iodine deficiency: 71 % excreted less 
than 20 f g I / L, as compared to 0.3 % of the controls. The urinary 
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Figure 1. Frequency distributions of urinary iodine and creatinine, plasma 
T4 and TSH, height and weight percentiles of 156 schoolchildren from 
Las Hurdes (villages of Table 1), and of 354 from Madrid. 86 % of the 
children from Las Hurdes had gOiter, vs. 1 % for the reference popula
tion. All curves for children from Las Hurdes are shifted significant
ly (***) towards lower values. Drawn from data by Escobar del Rey et 
aJ. 17. 
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creatinine excretion of these children was still very low, and their somatic 
development poor, with 13 % of them below the 3rd percentile, more than 35 % 
below the 10th percentile, for both height and weight. 

It was clear from such data that unless iodine deficiency were corrected, 
little rapid change was to be expected from the other socioeconomic 
measures. In view of the persistent severity of the situation, the children 
were given 2 ml Lipiodol orally, as a protective measure until iodized salt 
would become available. Because of administrative changes in the area, we 
were not allowed to perform a follow-up study until 3 years later1~ The 
effects on goiter frequency, urinary iodine, plasma T4 and somatic 
development were disappointing in the three villages of Table 1, although 
the overall goiter frequency in a more widespread area had decreased from 72 
to 48 %. In 1984 iodized salt finally became available, and a small sample 
of shcoolchildren surveyed in 1986 clearly indicates that iodine intake was 
improving, although there were still many very low values. The increase in 
mean creatinine concentration might be merely apparent, as the 1986 survey 
included a larger proportion of older children than previous ones, and we 
have observed that urinary creatinine increases with age 18 . 

Summarizing these findings it becomes clear that, until consumption of 
iodized salt started, the schoolchildren were markedly iodine deficient. 
Despite "compensatory" enlargement of the thyroid in most schoolchildren, 
many of them had low serum T4, high serum TSH, poor somatic development 
(height, weight, skeletal maturation). Poor mental and psychomotor 
development was suggested by an initial study performed by Garcia et al. 19 
in 147 schoolchildren (6 to 14-yrs old) from three severely affected 
villages (Fragosa-MartilandrAn, Huetre-Casarrubia, Ladrillar). This study 
presented the same problem as others, namely that the results were compared 
to standards given for the general Spanish population, not to results of the 
same tests given to children from a truly control population, similar in all 
respects except for the iodine intake. To overcome these problems, Prof. A. 
Querido suggested we request the invaluable guidance and collaboration of 
Prof. N. Bleichrodt. The controlled study then performed2~21clearly showed 
that iodine deficiency was indeed associated with poor mental and 
psychomotor development. in the children from Las Hurdes, their test scores 
being compared to those from children in a nearby village (Miranda del 
Castanar), where iodine deficiency was less severe. Data presented by Prof. 
Bleichrodt at this Meeting show that the poor performance of the population 
tested in Las Hurdes is not due merely to a few isolated cases, which lower 
the mean values for the test scores. The frequency distribution curves for 
intelligence tests and some psychomotor tests are shifted towards lower 
values than those of the control schoolchildren. 

QUESTIONS ARISING FROM THESE STUDIES 

For years investigators interested in iodine deficiency have been faced 
with the same problems, some of which we should like to discuss here. 

1) Does iodine deficiency per se result in poor mental and psychomotor 
development of the non-cretin population in goiter endemias similar ,to Las 
Hurdes? 

2) If so, does poor development result only from congenital (and potentially 
irreversible) lesions, or does cerebral T3 deficiency, prolonged throughout 
infancy and into adulthood, contribute to it? 

3) How severe does the iodine deficiency have to be to affect mental and 
psychomotor development? 
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1) Iodine deficiency per se: 
It has been convincingly shown in several endemias 22 that adequate 

iodization programs eradicate the birth of cretins. Administration of 
iodized oil to women of childbearing age prevents further birth of 
neurological cretins provided treatment is instituted before, or very early 
in pregnancy23. Treatment even later in pregnancy prevents the birth of the 
hypothyroid type of cretins typical of the Zaire endemia2~. Thus, correction 
of the iodine deficiency is sufficient to prevent the most serious central 
nervous system damage. 

However, we do not yet have similar evidence that the poor mental and 
psychomotor performance of the non-cretin population will be normalized by 
adequate iodization programs. In the region of Las Hurdes we were concerned 
about the possible role of general malnutrition as assessed from low 
creatinine and nitrogen excretions. Low creatinine concentrations in the 
urine are frequently rep-orted in severe goiter endemias, and this point has 
been discussed recently25. In the Ecuadorean Andes, Fierro-Benitez et al. 26 
compared school performance and mental and psychomotor development of 
schoolchildren from Tocachi, born from mothers who had been adequately 
treated with Ethiodol before and during pregnancy and who were treated every 
four years after birth, with those of schoolchildren from La Esperanza, left 
untreated. The study confirmed the clear effect of iodine supplementation on 
the prevention of cretinism and the more severe forms of mental incapacity. 
School performance, as measured by grades repeated, psychomotor development 
(Goddard's test), and maturation (Bender Gestalt test) also improved. But 
the treated and untreated schoolchildren had similar 1.0. scores, both 
populations being significantly retarded as compared to standards for 
Ecuadorean schoolchildren. The authors suggest a possible role of choline, 
and other nutritional and / or social, deficiencies, which would not be 
corrected by iodine supplementation. 

When the preliminary study was performed by Garcia et aI.19 in Las 
Hurdes we could not exclude that factors other than iodine deficiency had 
caused the low scores, as the tests were performed on schoolchildren whose 
data were comparable to those of Fig 1. Although their poor somatic 
development might have been a consequence of the persistently low plasma T4 
levels and, therefore, of the iodine deficiency, it might also have been 
related to general malnutrition17 • The same might be true for their mental 
and psychomotor development 19. However, the later controlled study performed 
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Figure 2, Frequency distributions for urinary iodine and creatinine, plas
ma T4, weight and height percentiles, corresponding to 6-12 yrs.-old 
children from Las Hurdes (Casares, Cabezo, Aceitunillo) and from Miranda 
del Castanar+ Cepeda, tested by Bleichrodt et al. 20 ,21. Goiter rates 
were 66 % and 23 %, respectively. *** indicates P<.001; n.s., P>.05. 
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by Bleichrodt et al. 20,21 did not suffer from this drawback. Fig. 2 shows 
the results obtained in the 6 to 12- year old schoolchildren on which the 
tests were actually performed. Those from Las Hurdes lived in villages which 
were not as severely affected by iodine deficiency as those of the study of 
Garcia et al. 19. As may be seen, they differed from the control 
schoolchildren of Miranda del Castanar in goiter frequency, urinary iodine 
excretion and plasma T4, but not in urinary creatinine or somatic 
development. Thus, we believe this study shows that iodine deficiency alone 
is enough to affect mental and psychomotor development. This fully agrees 
with the results obtained by Bleichrodt et al. 27 in Java, where protein 
nutrition of the iodine-deficient and control villages were the same, as 
based on 24 hr urinary nitrogen excretion. It is, moreover, quite suggestive 
that the results from the study in Las Hurdes and in Java are superimposable 
21. The fact that in some endemias iodine deficiency alone is sufficient to 
result in poor mental and psychomotor development does not exclude that in 
other endemias the effects of iodine deficiency might be aggravated by some 
other nutritional deficiency or social deprivation. 

The important implication is that correction of the iodine deficiency 
should ameliorate the mental and psychomotor development of these 
populations. But will it only benefit the inhabitants born after iodine 
deficiency has been corrected, or will it also improve the children who were 
already born under iodine-deficient conditions? 

2) Congenital versus post-natal timing of the lesions 
The damage to the CNS resulting in the neurological manifestations of the 

endemic cretin is believed to have started relatively early in pregnancy, at 
the beginning of the second trimester28. It is considered irreversible, even 
if prompt treatment with thyroxine were initiated soon after birth. But 
there is little information regarding the timing of the damage which results 
in poor mental and psychomotor development of the non-cretin part of the 
population, or about the potential reversibility of the processes leading to 
it. Poor motor coordination has been correlated with the degree of maternal 
hypothyroxinemia 29. This would suggest that the damage was congenital. But 
it is also possible that the women with the lowest T4 levels were those with 
the lowest iodine intake, and that their children would also be exposed to 
the most severe iodine deficiency not only in utero, but during infancy as 
well. Thus, the poor mental and psychomotor development of children living 
under conditions of severe iodine deficiency might not be the result of 
damage occurring only in utero, as appears to be the case for the more 
severe CNS damage of the cretin, but also of continuing damage caused by 
cerebral hypothyroidism prolonged into adulthood. Results obtained in a rat 
experimental model might be pertinent. 

ANIMAL EXPERIMENTS 

Fetuses from rats on a low iodine diet (LID) h~ve low concentrations of 
both T4 and T3 in all tissues studied, up to the end of gestation, as compared 
to fetuses from mothers on iodine-supplemented LID (LID + 1)30. Cerebral T4 
is very low. Despite a marked increase in the activity of typ II 5' Iodotily
ronine deiodinase (5' D-II) (Obregdn et a1., unpublished), cerehral T3 is 
also quite low, as there is simply not enough of the substrate, T4, to maintain 
normal brain T3 levels. Thus, in utero, the rat fetal brain is severely defi
cient in T3. Body and brain weights of LID pups near term are smaller. 

Once the pups are born 31 several mechanisms appear to protect the brain 
from T3 deficiency during an important period of maturation, which is 
post-natal in rats. The number of pups is reduced in LID (8.8 + 0.6) versus 
LID + I litters (11.2 ± 0.6). Although the maternal intake of Iodine is 
about 4 % of that of the LID + I mothers, the milk iodine content is only 
reduced to 22 %, that is, there is a five-fold increase as regards the 
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the stock diet. Statistically significant differences between the LID 
and age-paired LID + I groups are identified by an asterisk. Drawn 
from unpublished data by Obreg6n et al., and from Escobar del Reyet 
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iodine content which would be expected from the intake. This, combined with 
the reduction in the number of lactating pups, results in a relative 
increase of iodine availability during the suckling period, as compared to 
availability in utero. There is a relative increase in the plasma T4 of the 
suckling LID pups, though levels are still reduced as compared to those of 
LID + I pups. This relative post-natal increase, coupled with a marked 
increase in cerebral 5' 0-11, results in normal brain T3 concentrations du
ring most of the suckling period (Fig. 3). This is especially evident at 11 
days of age, when brain T3 was normal despite a markedly decreased plasma 
T3. 

However, once the pups are feeding on the LID themselves, and no longer 
protected by the relative increase in iodine intake through maternal milk, 
they are unable to maintain this relative increase in plasma T4, and 
circulating T4 levels decrease markedly. Thus, despite persistently elevated 
cerebral 5' 0-11 activity, after the suckling period T3 is lower in the 
brain of LID rats (110 days of age Fig. 3). 

It is known that the gluten-based LID diet that we used is nutritionally 
inadequate, even if supplemented with KI31, probably in more than one 
essential aminoacid: The rats born and bred on LID + I grow poorly as 
compared to C animals (Table 2). However, the iodine-deficient LID pups grew 
even worse. This was already apparent by 16 days of age and becomes 
increasingly evident up to 2.5-3 months of age. There was moreover a 
striking individual variability of body weights, especially in males. The 
coefficient of variation around the mean value was as high as 30 %. This 
could not be attributed to differences between litters, as within a litter 
body weights could vary from 92 to 260 g. This large coefficient of 
variation was not observed either in LID + I or C rats (7.6 and 7.3 %, 

Table 2. Body weights (+50) and pituitary GH contents (±SEM) of male 
rats born and bred on LID, LID + I, or stock diet (C) 

--A;~------------B~d~-~~i;ht-(;)-----------------GH-(;;-§i;l~~d)------

(days) LID LID + I C LID LID + I C 

70 
110 

148~45-#~$---163:12-$--332~25-
263+30 #,$ 289:20 $ 413:28 5.2+0.4 #,$ 11.6+0.5 $ 9.1±0.5 

§ Given in weight equivalents of the NIAMDDK r-GH reference preparation 
# Indicates a statistically significant difference between LID and LID 

+ 1. 
$ Indicates a significant difference between LID, or LID + I, and C. 
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respectively). As the same animals grew older variability decreased and by 
3.5-4 months of age the coefficient of variation had decreased to 12 %. A 
persistent difference in pituitary GH content was also found between LID and 
LID+ I rats by 28 days of age. Again, this difference was due to the iodine 
deficiency, as the other nutritional deficiencies resulting in poor growth 
of the LID + I rats did not affect their pituitary GH content (Table 2). 

The T4 and T3 concentrations were measured in several tissues from 
adult males32 (Fig. 4). Plasma T4 was markedly decreased in LID rats, plasma 
T3 being the same. Though not shown, plasma TSH was very high. Not only T4, 
but also T3 concentrations were lower in all tissue samples from LID rats as 
compared to both LID + I and C controls, the brain included. Cerebral 5' 
D-II was higher in LID (64 + 9.2 fmoles 1- / hr / mg P) than in LID + I 
(13.4 ± 1.7) or C (18.6 ± 4.T rats. These changes could be entirely 
attributed to the low iodine content of the LID, and were not caused by 
other nutritional deficiencies of the diet. 

Thus, it appears that rats born and fed on LID all their life suffered 
from a deficiency of both T4 and T3 in all tissues studied, despite normal 
plasma T3 levels. Their anterior pituitary reacted to this situation as that 
of a hypothyroid rat, as far as may be assessed from the increased plasma 
TSH and decreased pituitary GH. Their growth was affected to a greater 
extent than might be attributed to nutritional deficiencies other than 
iodine deficiency. 

As far as may be assessed from the increase in 5' D-II activity, the 
brain also reacted as in hypothyroidism. Although biological end-points of 
thyroid hormone action were not measured, the other T3-deficient tissues 
might also be hypothyroid. Therefore, we believe that animals on LID are 
suffering from a generalized cellular thyroid hormone deficiency (and 
hypothyroidism?) during most of their development and throughout life. This 
is entirely caused by the iodine deficiency, and not by other nutritional 
deficiencies, as the T4 and T3 concentrations in tissues from LID + I rats 
were not lower than those of C animals. Juvenile- and adult-onset cerebral 
T4 and T3 deficiency affects pyramidal neurons of .the cerebral cortex, as shown 
in rats thyroidectomized as adults by Ruiz-Marcos etal. 33 ,34. It is possible 
that cerebral hypothyroidism, prolonged throughtout life, damages brain dev
elopment and function, whether or not some damage already occurred in utero. 

Other experimental data further support this possibility. Years ago 
we started adult rats on LID35,36. After 10-11 weeks on the LID diet, their 
data were quite comparable to those just discussed for the adult rats which 
were born and bred on LID: The plasma T4 was very low, plasma TSH increased, 
plasma T3 was the same as that of LID + I rats. Pituitary GH content 
decreased, also suggesting that the anterior pituitary was hypothyroid. The 
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Figure 4. T4 and T3 concentrations in plasma and several tissues from male 
rats on LID or LID + I. Data are means + SEM, expressed as % of the 
mean values for age-paired C rats on stock diet (horizontal line). All 
differences between LID and LID + I rats were statistically significant, 
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total and nuclear liver T3 decreased, and so did an hepatic thyroid 
hormone-dependent response, namely the activity of intramitochondrial 
~glycerophosphate dehydrogenase. This result suggested that the liver was 
not only thyroid hormone-deficient, but hypothyroid as well 35 • Total and 
nuclear T4 and T3 in the brain also decreased in the LID rats started on the 
diet as adults 36 • Moreover, the biological response which was measured, 
namely the number and distribution of spines along the apical shaft of 
pyramids from the cortex 33,34, indicated a certain degree of cerebral 
hypothyroidism. Some of these points are illustrated in Fig. 5 36. The LID 
diet itself, if supplemented with KI, did not decrease the number of spines 
as compared to C rats (not shown), whereas the iodine-deficient LID 
decreased this number as markedly as thyroidectomy. It appears likely that 
iodine deficiency throughout life would have at least a similar, if not more 
severe, adverse effect on this cerebral parameter. Again, it is important to 
notice that the adverse effect was entirely due to iodine deficiency; other 
possible nutritional deficiencies of the iodine-supplemented LID did not 
affect spine number36. 

If any of the changes caused by iodine deficiency in rats (LID vs. LID + 
I groups) are pertinent to inhabitants of areas with iodine deficiency, it 
would appear that: 

i) The fetal brain is likely to be suffering from T4 and T3 deficiency 
throughout pregnancy. 

ii) During the suckling period, the brain might be protected by a relative 
increase in iodine intake through maternal milk. It is not known whether 
this occurs in human babies. However, even if it did, the timing of this 
protective effect would be different for both species, starting in man after 
a greater part of brain development has been completed, as compared to rats. 

iii) Once the child is exposed to the same iodine deficiency as the rest of 
the population, it would continue to suffer from cellular thyroid hormone 
deficiency, brain included. This generalized tissue T3 deficiency could 
explain poor somatic development, including skeletal maturation, and might 
also playa role in poor mental and psychomotor performance. 

These points are not merely academic, but might be important from the 
point of view of the benefits which might be expected from adequate 
implementation of iodine prophylaxis. If the damage resulting in poor mental 
and psychomotor development is not entirely congenital, but has been 
aggravated by hypothyroidism during infancy, it is possible that adequate 
iodization programs may still benefit children who are already born 37, and 
not only future generations. The disappointing results from schoolchildren 
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Figure 5. Distribution of spines along the apical shaft of pyramidal neurons 
from the cerebral cortex of rats started on LID or LID + I as adults. 
and concentrations of T3 and T4 in cerebral nuclei. Statistical signifi
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of Las Hurdes given Lipiod01, presented at this Meeting by Bleichrodt 
et al. should be viewed with caution, as the treatment had not corrected the 
iodine deficiency throughout the study period. 

3) Degree of iodine deficiency 
At present we can only speculate regarding the degree of iodine 

deficiency required to affect mental and psychomotor performance of the 
population. If a situation of low circulating T4, despite normal plasma T3, 
prolonged throughout development and into adulthood were harmful for somatic 
and mental development, it is possible that children might be affected even 
in areas where iodine deficiency is not severe enough to result in the birth 
of cretins. Thus, in another goiter area of Spain38, which we classified as 
of Grade II intensity on the basis of urinary iodine excretion and the 
absence of reported cases of cretinism, 37 % of the schoolchildren had 
plasma T4 (blood spot test) levels below 6 ~g/ dl, a frequency comparable to 
that shown in Fig. 2 for the schoolchildrerl tested by Bleichrodt et al. 20 ,2J 
As assessed 27 months after the administration of Lipiodol, the goiter rate 
had decreased from 56 % to 22 %, the plasma T4 had improved, only a few 
children having values lower than 6 ~g /dl. There was a statistically 
significant increase of their weight percentiles. This type of endemias are 
quite frequent, and we believe it would be of great interest to carry out a 
controlled study to test whether the mental and psychomotor development of 
such children is affected, and wtlether their performance would improve with 
permanent correction of their low plasma T4. 

IN SUMMARY 
A brief overview of historical aspects of the problem of endemic goiter 

in Spain indicate that there has been no lack of interest on behalf of the 
medical and scientific communities. On the other hand, the fact that 
publications still appear shows that the problem has not been solved, 
because health authorities so far have shown very little interest in the 
eradication of iodine deficiency, the major cause of endemic goiter in 
Spain. 

Studies carried out in the region of Las Hurdes, where iodine intake has 
been very low and cretins were numerous, show that the poor mental and 
psychomotor development of the general population can be attributed to 
iodine deficiency. 

Experimental studies show that rats on a low iodine intake suffer from 
generalized tissue T3 deficiency, caused by their iodine deficiency, and not 
by other nutritional deficiencies of the diet. There are many direct and 
indirect data which show that these animals suffer from cellular 
hypothyroidism, the brain included. To observe adverse effects of iodine 
deficiency on the brain, it is not necessary that the rats were born from 
mothers on LID. It is sufficient to feed LID chronically, even to adult 
animals. 

If experimental data are pertinent to man, it is possible that the poor 
mental and psychomotor performance of children from areas with iodine 
deficiency is not due entirely to damage occurring in utero. If so, children 
born under conditions of iodine deficiency might still benefit from later 
institution of adequate iodization programs. 
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Endemic cretinism is a complex syndrome involving a triad of severe sensory, motor and 
cognitive defects. The condition is related to iodine deficiency 1 and it can be prevented by 
iodine prophylaxis of the mother before or very early in pregnancy 2, 3. The frequency of 
goitre in populations at risk for endemic cretinism is also extremely high. The Pan 
American Health Organisation 4 defined endemic cretinism in terms of the following 
clinical manifestations; mental deficiency together with either (a) a predominant 
neurological syndrome consisting of defects of hearing and speech and with characteristic 
disorders of stance and gait of varying degrees, or (b) predominant hypothYfoidism and 
stunted growth. Follow-up studies of the controlled trial of iodinated oil revealed a 
relationship between maternal iodin~ status during pregnancy and the performance of 
children on a number of motor tasks . This observation is supported by the results of a 
comparison of children from a severely iodine deficient village with children from a control 
village in Central Java 6. The children from the iodine deficient village were generally 
poorer on a number of measures of motor competence. Similar differences have also been 
found between children from iodine deficient and non-deficient villages in Spain 7. In 
Ecuador a significant difference was found on Stanford-Binet scores between two fOups 
of children one group having been born to mothers given an iodine supplement . The 
children whose mothers received a supplement did better. 

Further follow-up and analysis of some of the children whose mothers were part of the 
controlled trial in Papua New Guinea uncovered a relationship between maternal thyroxine 
levels during pregnancy and the motor performance of the children 10 years later9. 
Evidence has also been obtained suggesting a similar relationship between maternal 
thyroxine levels in pregnancy and aspects of the child's cognitive capacity 10. Whatever 
the physiological mechanism linking iodine deficiency to functional consequences 
neurologically and psychologically, the range of effect is great; from a high proportion of 
still births 11 and a strikinflifference in the 15 year cumulative survival rate between 
treated and control groups ,through an extremely high incidence of gross neurological 
damage of the kind found in endemic cretinism2 to a variety of sub-clinical deficits in 
performanceS. 

There is evidence of sub-clinical defects associated with iodine deficiency' on all three of 
the princi¥w dimensions of cretinism; hearing loss 13, motor competence5 and cognitive 
function . That iodine deficiency diseases present a spectrum of developmental 
consequences which vary from the gross to those detected only by careful and precise 
quantitative measures is of considerable significance biologically and socially. The less 
severe manifestations may in fact be of greater social significance because many more 
individuals are affected and put at developmental risk. 
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Assessing the intellectual capacity and performance of people in preliterate societies is to 
say the least difficult. The predominant approach to the measurement of intelligence has 
been that provided by the psychometric tradition. Here the performance of an individual 
on such tests as vocabulary, analogies, the manipulation of numbers, the mental rotation of 
geometric objects and abstract shapes, block design etc. is compared with the performance 
of an appropriate standardisation sample. This procedure enables individuals to be ranked 
in relation to each other. However, sub-tests such as those listed above would be 
inappropriate for preliterate or deprived populations because such groups are likely to have 
little, or in respect of certain skills, no acquaintance with mental culture of this kind. No 
tests have been developed specifically for use with the Highland people of Papua New 
Guinea and few attempts have been made to adapt performance scales (non-verbal tests) 
for PNG Highlanders. Having regard to the various constraints ~~guage barriers and 
fundamentally different social and material cultures) Pharoah et al. in a follow-up study 
which linked maternal thyroxine levels during pregnancy with the abilities of the progeny 
in middle childhood used the Pacific Design Construction Test (PDCf). This test was 
developed by Ord 14 and used in Papua New Guinea to select army recruits and young 
people for technical training. The test is based on the Kohs Block Design Test 15 and jr 
been shown to have some validity as a measure of intelligence in preliterate peoples . 
While useful for certain selection purposes the test is of limited value diagnostically 
because it does not relate to any specific cognitive process. 

It is now a generally accepted view that an individual's mental ability or intelligence reflects 
both his knowledge of the world and other basic general information processing skills 
which do not themselves depend on the content of the information being processed. The 
form and extent of a person's education and of course the nature of his culture will be 
reflected in his performance on the familiar Western psychometric tests, such as the 
Stanford-Binet and Wechsler scales. None of these are culture free and as measures of 
early biological insult they are probably insensitive. A more recent approach to the study 
of human intelligence is provided by information processing theories of cognitive 
function 17 . As the name implies the focus of attention is on the processes involved in 
cognitive activity and the efficiency with which these processes are carried out. The basic 
unit of analysis in cognitive theories is the information processing component. A 
component is an elementary information process which operates on mental representations 
of objects or symbols. The essential difference between the psychometric and the 
infonnation-processing approaches is that the fonner sets out to identify the structure by 
which a set of components is interrelated (the factor structure) whereas the latter seeks to 
identify the processes involved in the behavioural implementation of the component 
factors. 

The efficiency with which an individual can perform different cognitive processes, which 
is usually measured by the time taken, has a positive relationship with scores on 
intelligence tests suc~ls the Wechsler Adult Intelligence Scale and Raven's Advanced 
Progressive Matrices . The stimuli employed in the reaction time tasks used by Vernon 
18 do not require subjects to draw on the kind of information or reasoning skills which are 
tapped by standard intelligence tests. Although measures of speed of processing have little 
surface content in common with psychometric measures of intelligence they may be linked 
by the efficiency with which basic cognitive operations are performed. There have been 
suggestions that the relationship between reaction time measures of processing speed and 
intelligence as measured by standard psychometric tests is due W;~\Y to the fact that many 
psychometric tests of ability are timed 19,20. Vernon et aI. have examined the 
relationship between a battery of reaction time tests and a group intelligence test which 
gave timed and untimed scores. They found speed of infonnation processing an equally 
good predictor of performance on timed and untimed intelligence tests. Although timed 
and untimed intelligence tests impose different information processing demands the speed 
with which an individual can cope with these demands is equally important in both 
conditions22. 

Mental opemtions such as encoding infonnation, scanning information held in short-term 
memory, retrieval from long-term memory, and speed of decision making are components 
of many forms of cognitive activity. Although not the only components they are among 
the most basic. Individual differences in intelligence are likely in part to be a consequence 
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of differences in the efficiency or speed with which individuals are able to perform the 
basic components of information processing. If we are able to measure the time course of 
information processing in the nervous system then it is likely that we shall have a sensitive 
measure of its functional efficiency and one which will reflect sub-optimal conditions of 
development. The assumption gains support from the observation that individuals with 
low IQs require more time to perform basic mental operations23. The Shorter Oxford 
English Dictionary defmes intelligence as 'quickness of understanding' and 'quickness of 
mental apprehension'; and in English to speak of a person as being 'slow' has for long 
been a euphemism for low intelligence. 

The measure of cognitive function employed in the investigation reported here was 
decision time; the time elapsing between the subject being presented with a stimulus and 
deciding to which class of stimuli it belonged. The difficulty of the decision entailed is 
related to the number of stimUlus-response classes. Put simply, as the number of stimulus 
alternatives increases the difficulty entailed in deciding on the appropriate response 
increases and this is reflected in the time to make the decision. A theoretical basis for this 
was provided by Hick 24 who showed that the reaction time was a function of the number 
of stimUlus-response alternatives; and it is given by the equation RT = a + b 10gN, where 
N is the number of stimulus-response alternatives. The slope of the regression line, b, 
reflects the time penalty per unit of uncertainty measured in bits 25. 

The fmdings reported here arise from a further follow-up of a group of individuals born to 
mothers for whom information is available on maternal thyroxine levels during pregnancy. 
In addition to measuring decision time in a variable sorting task (an analogue of a choice 
reaction time task) measures were also made on skilled arm-hand movements Iilld dextrous 
manipulations in order to check whether previously observed effects 9, 10 on motor 
performance were still present. 

MATERIALS AND METHODS 

Subjects 

During 1970 and 1971, in the course of a controlled trial of the effects of iodine 
supplementation, blood samples were taken from women of childbearing age in several 
villages of the middle Jimi valley in the Western Highlands Province of Papua New Guinea. 
During the 1960s and 1970s the prevalence of endemic cretinism was extremely high in this 
area. Of this set 66 women were pregnant when the blood specimens were taken, these 
constitute the original sample. All the pregnancies resulted in singleton births. By 1985, 19 
of the 66 children had died giving a 15 year cumulative mortality of 288 per 100012. Of the 
47 surviving children 44 were traced and tested in 1985. The remaining 3 were known to be 
alive at that time but because of temporary or permanent migration to another area outside the 
valley they could not be contacted. When examined the children were aged between 14 and 
16. 

Biochemical measures 

Details of the analytical techniques used to estimate serum total thyroxine (TT4)' total 
triiodothyronine (TT 3) and thyroid stimulating hormone (TSH), and the means employed to 

check the effects of climatic conditions on sera have been reported previouslyll. 

Measures of physical status 

Height was measured using a portable Harpenden anthropometer. Mid-triceps skinfold 
thickness was measured on right and left arms with Harpenden skinfold calipers. The mean 
of these was used in the analyses. 

Measures of motor performance 

Two tasks used on previous occasions, the pegboard and bead threading, were used 
again along with a new measure, the Minnesota Rate of Manipulation Test. 
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Pegboard. In this task the subject was required to insert as quickly as possible 10 
small mushroom shaped plastic pegs into a row of equally spaced holes in a 10 x 10 
pegboard, the caps of these pegs had an external diameter of I em. The pegboard was placed 
on the table in front of the child in the midline position and a box of pegs was positioned 
10-15 cm from the pegboard on the side of the subject's dominant hand. The dominant hand 
was identified by asking the subject to perform a number of simple dextrous tasks and noting 
which hand was used. The time between the subject grasping the first peg and inserting the 
tenth into the pegboard was measured using a stopwatch. The task was demonstrated to the 
subject and the importance of speed stressed by brief instructions in Melanesian Pidgin. 
Two practice attempts were given, the subject then carried out 5 successive trials with an 
interval of approximately one minute between trials. 

Bead Threading. This task requires the combined use of both hands in threading small 
(approximately 8 mm diameter) plastic beads onto a lace one end of which was wrapped to 
give a stiff section approximately 3 cm long, the other end of which was knotted. A box of 
beads was placed on a table in front of the subject in the midline. The child was asked to 
thread as many of the beads as possible onto the lace in a period of 30 secs. The task was 
demonstrated to each subject and then two practice attempts were given. The subject was 
given the instruction 'go' and the test period was timed from when the frrst bead was picked 
up. After 30 secs the instruction 'stop' was given. The start and stop instructions were 
given in Pidgin. The subject's score was the number of beads threaded in 30 secs. A bead 
threaded onto the lace but not yet released was included in the score, a bead lifted from the 
box but not yet threaded was not included in the score. Five trials were given to each 
subject. 

Minnesota Rate of Manipulation Tests (MRM) This test provides a measure of 
arm-and-hand dexterity and can be used in several ways. In this investigation two of the 
sub-tests, the placin..e; test and the turning test were employed (details are given in the 
examiner's manual 26). The placing test requires the subject to transfer a series of cylindrical 
blocks (3.5 cm diameter x 2 cm deep) from a row of holes in a board to a row in a similar 
board placed in front of it. The distance between the corresponding rows, the travel 
distance, was 25 cm. The time taken to transfer 15 blocks was measured with a stopwatch. 
The task was repeated 8 times. The turning test requires the subject to lift each block from its 
hole, turn it upside down and replace it in its original hole. Each trial consisted of turning 15 
blocks and was repeated 8 times, the time to perform a series of 15 responses was again 
measured by stopwatch. Since each block was made from two discs fixed together, one 
orange and one yellow, the task was readily understood by the subjects; the orange row 
should be turned to make it yellow and vice versa. 

Measurement of cognitive performance 

A card sorting task was used to measure information processing rate27. Once again 
this was a task which could be explained fairly easily by demonstration and which did not 
rely on complex verbal instructions. The level of difficulty of the task, the information load, 
could be systematically varied by changing the number of stimulus-response sets presented 
to the subject. In essence the task measures choice reaction time. 

Stimulus cards were made by sticking 4 cm squares of thin coloured washable plastic 
material onto blank playing cards. Standard packs of 24 cards were made up for the four 
experimental conditions employed; A, B, C and D. In condition A a pack of cards was made 
up of cards of two colours, 12 of each. In condition B a pack was made up of four colours, 
6 cards of each; in C six colours, 4 cards each; and in D there were eight colours with 3 cards 
for each. A pack of blank cards was used to obtain movement times in each of the four 
conditions. Thus for pack A the choice was between 2 stimuli, and for B, C and D 
respectively 4, 6 or 8 stimuli. 

Each pack of 24 cards was thoroughly shuffled each time before sorting. The subject 
held the pack face down and turned each card up one at a time. The pack then had to be 
sorted into its constituent colours by placing cards of specific colours into the appropriate 
tray identified by a cue card marked with that colour and fixed to the back of each tray. As 
each card was turned a decision concerning the tray to which it must be assigned was 
required. Subjects were instructed by demonstration and by brief instructions in Pidgin to 
sort the pack as quickly as possible. The trays into which the cards were to be sorted (2, 4 6 
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Figure 1. Child performing the card sorting task 

or 8 dependent on the condition) were arranged on a table in a semi-circular array in front of 
the subject (see Figure 1). Only the appropriate trays for the given condition were arranged 
on the table. 

In order to perform the task a person must be able to distinguish the various colours 
used and correctly match them. The ability to distinguish and match was therefore tested 
before the trials began. All the trays were arranged on the table and the examiner 
demonstrated the match between stimulus cards and the appropriate cue card attached to a 
tray. The subject was then given a pack of stimulus cards containing 4 of each colour used 
and asked to assign them to the corresponding tray. There was no time pressure on this 
initial matching task. The criterion for correct matching was an error free run through the 
pack. All the subjects were able to make the necessary discriminations and matches. 

The task was explained to each subject by demonstration and the importance of speed 
emphasised by mime and verbally in Pidgin. Several practice trials were given to ensure that 
they understood what was required of them. The 16 packs (4 at each level of difficulty, A, 
B, C, D) were presented to the subjects in a Latin square design to avoid order effects. The 
time required to sort each pack into its constituent colours, from the first card being turned to 
the last being assigned to a tray, was measured using a stopwatch. In the case of errors the 
subjects were told to ignore these and press on with all speed. This served to emphasise the 
need to perform the task as quickly as possible. If more than 4 errors occurred in sorting a 
pack the trial was stopped and begun again the subject being reminded of the need to match 
stimulus and cue card. The balance between speed and accuracy, in these terms, was fairly 
readily achieved by the subjects. 

The time required to sort a pack of cards is made up of two components; decision 
time, the time required to identify the appropriate colour and determine where it should be 
placed, and movement time, the time required to make the necessary turning and delivery 
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Table 1. Data on maternal thyroid function in pregnancy and measures of the 
measured in the card sorting task. The table is arranged in terms of ascending 

Serial Maternal Thyroid Measures Child's Physical Status School 
Number Height 

Sklnfold Level 
TT4 TT3 TSH Thickness 

0396 14 412 50 1.39 3.60 
0245 16 1199 27 1.27 4.0 3 
0430 21 862 130 1.25 4.80 2 
1058 24 1050 7 1.33 5.60 3 
03'98 25 1250 1.40 4.80 1 
0489 26 1.24 4.20 2 
0054 26 1500 6 1.16 5.40 
0262 31 1430 1.34 5.20 
0086 32 7 
0149 33 1550 7 1.27 4.60 3 
0435 39 2579 10 1.31 6.6 
0089 43 1300 8 1.28 5.2 
0243 43 1.24 6.8 
0745 49 1.40 5.8 3 
0362 59 1419 37 1.31 3.8 
0010 60 975 6 1.24 7.4 
0129 66 2519 5 1.43 8.2 1 
0001 68 2019 4 1.16 6.2 3 
0428 77 1450 7 1.44 6.4 1 
0761 82 1635 9 1.42 6.0 2 
0918 84 1029 2 1.43 9.0 3 
0816 94 750 5 2 
0980 95 1743 1.25 4.0 2 
0026 96 1200 
0901 99 1.40 6.2 2 
0170 101 1.27 4.6 
0997 101 1.45 5.6 1 
0140 104 1.33 4.2 3 
0944 106 1350 1.39 4.6 3 
0939 107 1453 2 1.36 5.2 2 
0113 108 1.46 6.4 1 
0765 108 1050 7 1.33 6.0 3 
0975 112 1559 1 1.36 5.0 2 
0813 114 1575 2 1.50 6.6 2 
0810 119 1575 4 1.28 4.8 2 
0237 124 1.40 4.2 1 
0408 128 1485 5 1.23 6.0 2 
0890 128 1350 3 1.35 6.2 3 
0034 137 1.30 5.0 1 
0368 137 1050 2 1.28 5.8 2 
0965 138 1.26 5.0 2 
0214 155 1.37 4.2 
0949 ISS 2018 1.25 7.0 1 
1046 163 1400 1.36 5.2 3 
1009 165 1475 3 1.27 6.4 1 
0136 167 1.36 4.2 3 
0377 22S 1059 3 1.35 5.6 
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children's physical status, motor performance and information processing rate 

maternal thyroxine level. 1T4 ng/ml, 1T3 pg/ml. TSH JlU/ml. See text for details. 

Motor Performance Card Sorting Serial 
Beads Pegs MRM trans MRMturn Number 

8.2 23.0 23.85 23.55 12.99 0396 

9.8 19.12 17.17 20.17 9.43 0245 

8.4 27.88 25.92 28.25 10.59 0430 

9.4 20.48 19.22 23.00 11.79 1058 
7.4 24.28 23.55 22.12 18.10 0398 

7.6 23.52 20.02 24.70 8.76 0489 
9.4 24.08 21.25 20.12 18.23 0054 
7.4 26.68 24.57 29.10 28.83 0262 

0086 

11.4 21.08 18.90 19.95 10.28 0149 
9.2 20.60 19.97 21.45 9.81 0435 
11.0 21.68 17.27 19.97 9.55 0089 
9.6 23.92 24.37 26.42 20.32 0243 
11.0 18.60 16.67 15.62 6.24 0745 
9.2 25.8 28.82 28.47 12.36 0362 
9.4 21.84 18.27 20.87 13.94 0010 
9.8 22.72 19.10 20.05 9.39 0129 
10.4 21.0 17.62 21.57 9.32 0001 
11.6 20.08 17.67 17.37 6.37 0428 
14.6 16.60 15.07 16.82 7.16 0761 
12.6 18.56 16.05 18.57 5.32 0918 

0816 
14.0 16.60 16.27 16.95 10.85 0980 

0026 
13.8 19.44 15.07 16.27 7.03 0901 
9.2 23.2 18.95 20.30 11.36 0170 
11.8 22.68 16.82 16.95 9.27 0997 

11.36 0140 
12.2 17.76 14.55 15.07 7.59 0944 
13.0 20.48 16.35 17.50 7.66 0939 
12.0 18.24 17.45 18.l5 9.61 0113 
10.4 22.72 15.75 17.77 4.48 0765 
11.4 17.56 16.10 18.47 5.12 0975 
12.6 16.0 15.32 16.87 9.03 0813 
12.0 16.68 16.32 18.40 8.60 0810 
11.0 19.88 17.50 17.6S 11.21 0237 
11.8 14.92 14.00 13.30 6.80 0408 
14.2 IS.76 IS.00 15.32 4.63 0890 
11.0 19.20 14.97 18.62 9.72 0034 
10.6 21.68 IS.92 22.22 11.26 0368 
11.4 19.40 IS.42 17.40 6.87 0965 
11.2 23.12 18.77 20.77 10.74 0214 
11.8 19.76 20.67 21.97 11.01 0948 
9.8 21.48 16.47 21.27 6.72 1046 
11.0 21.88 17.87 19.77 9.76 1009 
12.6 17.40 15.15 15.42 7.62 0136 
9.8 26.68 18.37 23.27 12.15 0377 
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movements of the card. Movement time for 2, 4, 6 and 8 alternatives was estimated by 
having the subjects systematically distribute a pack of 24 blank cards between 2, 4, 6 and 8 
unmarked trays respectively. Four replicates of each condition were made. 

RESULTS 

In the Jimi valley only six years of primary schooling is available and this at schools in 
only a few of the villages. Children may therefore have to spend a considerable time each 
day in walking to and from school. More often however it is necessary for the child to stay 
in the village where the school is located and return home to his or her family at the weekend. 
School is not compulsory and fees have to be paid which results in fewer girls than boys 
being sent to school. Within the population we studied there was considerable variation in 
school experience but no satisfactory measure of educational achievement was available. In 
an attempt to make some measure of educational attainment three levels of schooling were 
distinguished; no school, attendance within grades 1-3 and attendance within grades 4-6. 
Passage into a higher grade requires satisfactory completion of the lower grade. These three 
levels, designated 1,2 and 3 respectively, were included in the model used to analyse the 
data. No difference was found between the lower and higher school grades and so only two 
levels (no schooVschool) were finally included in the model. 

The data collected on the 44 children are summarised in Table 1. Scores on the 
pegboard, bead threading and Minnesota Rate of Manipulation transfer and tum tests are the 
means of 5,5,8 and 8 trials respectively. Mean decision times were obtained from the card 
sorting data by subtracting movement time from sorting time for the 2, 4, 6 and 8 choice 
conditions respectively. A linear regression was then calculated between the number of 
choices and the corresponding decision time for each subject. This provided the data on the 
efficiency of cognitive function which was related to maternal thyroid hormone status. These 
data and the corresponding data for the motor performance tasks were examined in relation to 
maternal thyroid status by multiple regression analysis with level of school as a dependent 
variable. 

One child (serial number 0140) had a cataract in his left eye and a marked strabismus. 
Because the consequent lack of binocular vision would probably impair dextrous 
manipulation his data on the manipulative tests were excluded in order to avoid bias. The 
data on this child's card sorting performance and measures of physical status were included 
in the analysis. The data on another child were excluded because the mother's TT4 (serial 
number 0377) was an outlier being well above the upper limit of normal. A repeat analysis 
of the maternal blood sample confIrmed the outlying value in the face of normal TT3 and 
thytoid stimulating hormone (TSH) levels. A third child (serial number 0362) was excluded 
because of a high maternal TSH level despite normal TT4 and TT3leveis (see Pharoah and 
Connolly, this volume). When serum analyses were carried out priority was always given 
to TT 4, TT 3 and TSH were then estimated if suffIcient serum was available. In 12 cases 
there was insufflcient serum to assay TT3' These factors account for the variation in the N 
for each analysis. 

A multiple regression analysis in whic~ TT4 and TT3 were treated as independent 
variables, and measures of the children's physical status and cognitive and motor 
performance as dependent variables, was carried out. Allowance was made for an effect due 
to attendance at school on the cognitive and motor tests and for a sex effect on measures of 
physical status. The results of the multiple regression analysis of the various performance 
measures on maternal TT4 are given in Table 2. In the analysis of the measures of physical 
status a sex difference was observed only for skinfold thickness, this was allowed for in the 
model. For each of the motor task scores and the information processing score the 
correlation with TT4 is highly signifIcant (p < .(05). Neither height nor skinfold thickness 
showed any correlation with maternal TT4' 

The comparable analysis for TT3 is shown in Table 3. Of all the independent 
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variables only one, the score on the pegboard test, correlated significantly with IT 3 and, 

even in this instance the proportion of variance explained by IT 3 was less than in the 

corresponding analysis with IT 4' 

Table 2. Correlation of maternal 1'1'4 levels with children's scores on 
various motor and cognitive tasks, and with measures of 
physical status 

Dependent Other effect Regression N R2 due to 
variable included coefficient 

in the model (95% confidence IT 4 Full model 
interval) 

0.0204 
Bead threading School 2 levels 0.011 - 0.2099 41 28.4 43.7 

P < .0005 

-0.0252 
Pegboard School 2 levels -0.041 - -0.0093 41 16.9 37.7 

P < .0005 

-0.0365 
MRM transfer School 2 levels -0.0503 - -0.0227 41 32.9 56.3 

P < .005 

-0.0355 
MRMturn School 2 levels -0.552 - -0.0158 41 23.4 33.0 

P < .001 

-0.0279 
Decision time School 2 levels -0.0462 - -0.0095 41 14.1 43.4 

P < .005 

0.2625 
Height -0.2852 - 0.8103 42 2.3 2.3 

p = .339 

0.001 
Skinfold Sex -0.0063 - 0.0082 42 0.2 18.7 
thickness p = .785 
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Table 3. Correlation of maternal TT31evels with children's scores on 
various motor and cognitive tasks, and with measures of 
physical status. 

Dependent Other effect Regression N R2 due to 
variable included coefficient 

in the model (95% confidence TT 3 Full model 
interval) 

0.0011 
Bead threading School 2 levels -0.0003 - 0.0024 32 5.9 35.0 

P = .116 

-0.0024 
Pegboard School 2 levels -0.0046 - -0.0002 32 9.9 40.6 

P = .036 

-0.0015 
MRM transfer School 2 levels -0.0040 - 0.0010 32 3.4 37.2 

P = .219 

-0.0019 
MRMtum School 2 levels -0.0098 - 0.0009 32 5.0 25.0 

P = .175 

-0.0014 
Decision time School 2 levels -0.0038 - 0.0010 31 3.3 35.8 

P = .238 

0.0164 
Height -0.0857 - 0.0522 32 0.8 0.8 

P = .629 

0.0006 
Skinfold Sex -0.0004 - 0.0076 32 4.4 23.1 
thickness p =2.07 
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DISCUSSION 

The relationship between the level of maternal thyroxine during pregnancy and the 
child's performance on a number of skilled motor tasks was first demonstrated on data 
collected when the children were aged between 7 and 9 9. The finding was replicated on 20 
of the set when they were aged between 11 and 13 ·10 and is still clearly evident in the results 
reported here when the children were aged between 13 and 15. Three replications within the 
same set of children over a period of 7 years suggest, to say the least, that the effect is 
robust. The failure to find any relationship between behavioural performance and height 
supports, thoqgh not conclusively, the view that the effect is not due to hypothyroidism in 
the children 2~ Hypothyroidism on the part of the children would be expected to show itself 
in stunted growth. Similarly the absence of any relationship with skinfold thickness 
suggests that the effect is not due to general malnutrition. Any evidence of gross 
malnutrition specifically in those children with relatively poor motor and cognitive 
performance would be expected to show itself in the measures of skinfold thickness. 

The correlation between decision time in the card sorting task and maternal IT 4 but 
not IT 3 level is an important extension of our earlier findings. Decision time in the card 
sorting tasks which were used is an analogue of 2, 4, 6 and 8 choice reaction time. The 
greater the number of choices the more difficult is the decision which must be made 24 and 
this is reflected in the time taken to make it. This measure of mental efficiency provides finn 
evidence of a significant sub-clinical relationship between the child's cognitive functions and 
maternal thyroxine status in pregnancy of a kind parallel to the previously reported effects for 
motor performance. 

The use of a sorting task of this kind asa measure of cognitive performance has a 
number of advantages. The requirements of the task are quite simple and easily understood. 
The task itself presupposes little specific knowledge beyond that required to match colours, 
comply with instructions and perform as quickly as possible. Relatively few cognitive 
processes seem to be involved; the procedure makes no demand on short-term or long-tenn 
memory and very little learning is entailed in the performance. The use of sorting time, 
movement time, and decision time in relation to complexity all give measures on an absolute 
scale. Finally, although the age spread in our sample was relatively small the procedure 
avoided having to vary the task content with age as most psychometric tests of intelligence 
for juveniles require. A further source of variability is thus eliminated. The correlations 
which have been r~llorted between choice reaction times and IQ as measured by standard 
psychometric tests '1», 30, 31 imply that there are basic processes in common to both. 

At the cellular level three principal stages in brain development, which follow each other 
more or less consecutively, can be distinguished. The first is concerned with the origin of 
the nerve cells; their proliferaiton, specification and migration. The second stage is 
characterised by the establishment of connections; by axonal and dendritic growth and 
synapse formation. In the third stage connections are modified, the initial inputs are 
reorganised and selective neuronal death takes place. As the functional and structural. 
connectivity changes the properties of the neuron and its target are themselves modified 32. 
The proliferation of glial cells and the process of myelination are also important. How many 
of these processes are regulated by thyroid hormones has been the subject of debate. 
Essentially two models have been proposed. One interpretation is that thyroid honnones 
regulate only one or two of the cellular processes occurring during brain maturation. For 
example, either an excess or a deficit of thyroid honnone may affect the rate of neurite 
~~tgrowth and so desynchronise the pattern of development. This has been called by Nunez 

the catastrophe model. The alternative position, the pleiotypic model implies that thyroid 
hQnnones exert multiple and distinct effects on many of the parameters of brain maturation 
33. The fetal thyroid begins to secrete honnone around the beginning of the fourth month 
but it is not fully active until about 20 weeks when in mid-gestation there is a sharp rise in 
serum T4 34. The most active period of neuroblast multiplication in the developing human 

brain is between 15-20 weeks 35, 36. This implies that, at least in the early phase, fetal 
thyroid function does not exert any great effect on neuroblast multiplication. This being so it 
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would seem that either thyroid honnones are not important for the initiation and control of 
this process or else they are provided by the maternal system and cross the placenta. 

A good deal of attention has been devoted to the question of whether thyroid honnones 
are transported across the pla~enta. The prevailing consensus has been that the transfer of 
both T 3 and T 4 is negligible 37, 38. However, much of the evidence bearing on the point 

relates to the period of fetal life following the functional development of the fetal thyroid 39. 
The possibility remains that prior to this thyroid honnone may cross from mother to fetus. 
Any honnone deficiency early in pregnancy, that is before the fetal thyroid is fully active, 
may therefore lead to pennanent effects on brain development which are not ameliorated or 
redressed when the fetal thyroid becomes fully functional. More recent investigations have 
indicated that in the rat there is substantial transport of maternal T4 to the fetus early in 

pregnancy 40, 41. Bernal and Pekonen42 report [mding T3 receptors in the brain of the 

human fetus at mid-gestation, the concentration was very low at 10 weeks but had increased 
by an order of magnitude by the 16th week. The argument is also made that for the fetus 
deiodination of maternal T4 may be a more important source of T3 than direct uptake from 
the maternal circulation. Another related factor may be the circulating thyroid binding 
proteins. It has been suggested that these may playa specific rQle in the redistribution of 
honnone delivery through the body in pregnancy. Ekins 40, 43 has pointed out that the 
characteristics of thyroxine binding globulin (TBG) fit it very well for transporting T4 rather 

than T3 to particular target tissues during pregnancy. The maintenance of an adequate supply 

of T 4 to the placenta and hence to the fetus is a function for which TBG is ideally suited. 

There is both direct experimental evidence from animal work and indirect circumstantial 
evidence from clinical investigations indicating that thyroid hormones probably playa vital 
i4art in several of the processes involved in the maturation of the brain at a number of stages 

, 45, 46. Mental retardation which is one of the grosser consequences of neonatal 
hypothyroidism can be substantially ameliorated if not largely prevented by prompt action. 
Illig et al.47 have investigated the consequences of neonatal screening programmes for 
congenital hypothyroidism and report that the earlier treatment which has been generally 
made possible by the screening has reduced the detrimental effects on psychological function 
as measured by intelligence tests. However, the effectiveness of replacement therapy in 
preventing certain psychological sequelae depends on the severity of thyroid deprivation and 
when it occu~d during pregnancy, as well as on prompt postnatal diagnosis and therapy. 
Wolter et al. report a retrospective investigation of congenitally severely hypothyroid 
infants in which treatment early in the postnatal period led to IQs in the normal range but 
where there were nevertheless indications of impainnents in cognitive and motor function. 

Although our knowledge of the part played by thyroid hormones in the development of 
the nervous system is limited there are nevertheless good grounds for believing that a 
pleiotypic model is the more appropriate. They do appear to exert effects at different times in 
developme'ij and therefore probably on different processes. We have previously 
suggested 1 that thyroxine of maternal origin is necessary for nonnal neurological 
maturation of the fetus before the fetal thyroid itself becomes fully functional. If this is 
correct then it seems plain that thyroxine is not merely a prohonnone for triiodothyronine, it 
has in addition a distinct physiological role specifically concerned with nonnal fetal 
development. Although we have no biochemical measures of the children's thyroid status 
they were all clinically euthyroid. However, there are grounds for believing that in some 
cases, those where matemal T 4 levels were extremely low early in pregnancy, the maturation 

of the brain has taken place under sub-optimal conditions. That not all cases of very low 
maternal T4levels early in pregnancy result in a grossly damaged infant suggests that there 
are modulating factors. Before we can fully appreciate the nature and significance of these 
we need to better understand not only what action T4 has at various stages in brain 
maturation, how the maternal and fetal systems synchronise with each other but also to have 
some better idea of the epigenetic patterns which are possible. The growth and development 
of the brain is to say the least a complex business and the effects of some early insults may 
be mitigated by other later occurrences or compounded by them. Alongside experimental 
work with animal preparations which seeks to link molecular events to the behavioural 
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integrity of the animal we also have further need of careful psychological investigations of 
children with deficits in iodine nutrition. An experimental rather than psychometric approach 
to this would seem to be the most promising. 
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Originally the classification of endemic cretinism into 

myxoedematous and nervous varieties was by McCarrison as a consequence 

of his work in the Chitral and Gilgit valleys in the Himalayas. 1 His 

description of the clinical features of the myxoedematous type was 

incomplete merely stating that, 'it corresponds to the form of the 

affliction met with in Europe and is described in any textbook of 

medicine'. His clinical description of nervous cretinism is more 

precise and is as accurate today as it was 80 years ago. The impairment 

is described as pertaining more especially to the central nervous 

system. He states that deaf-mutism is as a rule complete, mentality is 

much disordered and there is a congenital diplegia with increased knee

jerks and a spastic rigidity more severely affecting the lower limbs 

with a characteristic gait. A coarse nystagmus and internal strabismus 

were noted in some cases. 

The relative proportions of the two syndromes varies in different 

countries, the hypothyroid or myxoedematous form predominates in many 

African countries while the nervous type predominates in Papua New 

Guinea and South America. 2,3 Controversy exists as to whether the two 

conditions are distinct syndromes or whether they represent polar 

extremes of a continuous spectrum of abnormality.4 The current 

definition of endemic cretinism was formulated at a Pan American Health 

Organisation meeting in 1974 and encompasses the range of abnormalities 

that are found. The definition states that the clinical manifestations 

comprise mental deficiency together with either: (a) a predominant 

neurological syndrome conSisting of defects of hearing and speech and 
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with characteristic disorders of stance and gait of varying degrees, or 

(b) predominant hypothyroidism and stunted growth. S A general 

classification of cretinism is shown in Figure 1. 

The syndrome of endemic cretinism as it is found in Papua New Guinea 

consists almost exclusively of the nervous type. The predominant 

clinical features include mental retardation, abnormalities of hearing 

and speech including severe deaf-mutism, a spastic diplegia which gives 

rise to a characteristic sitting posture, stance, and gait and 

strabismus. Clinical hypothyroidism is notable by its absence. This 

cluster of clinical abnormalities is explicit in numerous descriptive 

reports of endemic cretinism from both West Irian (formerly Dutch New 

Guinea) and Papua New Guinea. 6- 10 

A little over two decades ago there was doubt concerning the role of 

iodine in the pathogenesis of the syndrome. Controversy arose from the 

fact that the prevalence of cretinism had declined prior to any measures 

of iodine prophylaxis. The decline had been noted in Europe ego 

Italy,11 Sardinia,12 England,13 in the United Provinces of India14 and 

in Argentina. IS However, Wespi had shown a correlation between the 

decline of deaf-mutism and the extent of salt iodination which was 

introduced independently in several Swiss cantons. 16. This correlation 

was only time related and other factors could equally have been 

responsible. Wespi's analysis was subsequently disputed on the ground 

that no cretins were born about the time the iodine prophylaxis was 

introduced, indeed, all the cretins were born at least 10 years 

previously. 17 

In order to resolve the controversy over the role of iodine in the 

pathogenesis of the nervous type of cretinism observed in Papua New 

Guinea, a double blind controlled trial was carried out using a single 

intramuscular injection of iodinated oil. This had previously been 

shown to be an effective prophylactic for endemic goitre. 18 

Furthermore, it had a long duration of action, four years after a single 

4.0ml dose, the treated group had significantly higher serum protein 

bound and urinary iodine excretion values and lower 24 hour radio-iodine 

uptake than an untreated control group.19,20,21 

The controlled trial to assess the effectiveness of iodinated oil in 

preventing endemic cretinism was carried out in the Jimi valley in the 
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TABLE 1 

BIRTH PREVALENCE OF ElfDEHIC CRETINISM IN TEST AIfD CONTROL GROUPS 

Inj ected before Inj ected after 
conception conception 

Oil Saline Oil Saline 

Number of births 592 487 95 90 

Number of cretins 26 5 5 

Birth-prevalence 
rate of cretinism 
per 1000 1.7 53.4 52.6 55.6 
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highlands of Papua New Guinea, an area with a high prevalence of 

cretinism (the 'nervous' variety) and goitre. On the occasion of a 

census in 1966, 16,500 people were enrolled in the trial and alternate 

families were injected with either iodinated oil or physiological 

saline. Each member of the family received 4m1 if aged 12 years or more 

and 2m1 if under 12 years of age. 

Subsequent follow up of the test and control cohorts of infants born 

into the trial and the criteria used for the diagnosis of cretinism have 

been previously described. 22 ,23 A summary of the results of the trial 

is shown in Table 1. Iodine supplementation appears to be clearly 

ineffective if given after conception; the birth prevalence rates in 

both the test and control groups injected post-conception are very 

similar. On the other hand there is a highly significant difference in 

test and control groups injected before conception. In addition to 

those children in the trial, there were a further 62 children born to 

mothers from the same villages who received neither iodinated oil nor 

placebo saline because they were unavailable at the time of the 

census. There were 3 cretins among the 62 children, a birth prevalence 

rate of 48.4 per 1000 which is very similar to the rate in the control 

group and in both test and control groups injected post-conception. 

The trial was terminated in 1972 when intramuscular iodinated oil 

was given to all women of child bearing age and adolescent girls. 

Subsequently the cohort of children born within the trial were 

followed up. Since 1972, for logistic reasons, the follow up has been 

limited to children in 5 out of the original 13 villages in the trial. 

The area covered is rugged mountainous country, there are no roads and 

the only means of reaching the villages is on foot. In order to spend 

more time in examining and assessing each child it was necessary to 

reduce the area covered. 

Visits were made to the 5 villages in 1974. 1976, 1978 and 1982, 

particular record being made of abnormalities of speech and hearing and 

signs of upper motor neurone lesions in those children who were 

developmentally delayed. A definite cretin was so designated if there 

were abnormalities of hearing and/or speech together with evidence of an 

upper motor neurone lesion. Possible cretins included those who had 

hearing and/or speech abnormalities but in whom there was no clear 
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clinical evidence of an upper motor neurone lesion, although in the 

majority of cases motor milestones were also delayed. On each patrol 

note was made of all the children who had died. In the majority of 

cases it was not possible to obtain the precise date of death and, for 

the purposes of constructing survival curves, the mid-point between the 

date when the child was last seen alive and the date when death was 

noted was taken to be the date of death. The people of the Jimi Valley 

do not have a written language and the passage of time does not have the 

importance attached as in our own culture. Measures of time are few and 

rudimentary, consequently there is no accurate record of when a death 

occurred. 

In 1978 and 1982 measures of motor and cognitive function were 

incorporated into the assessment schedule. These included bead

threading and pegboard tests as measures of bimanual and unimanual 

dexterity and the Pacific Design Construction Test (PDCT) developed by 

Ord and used in Papua New Guinea to select army recruits and young 

people for technical training. 24 The test procedures have been 

previously described. 25 , 26 

The results of the long term follow up of the two cohorts of 

children born into the controlled trial have been reported 

elsewhere. 27 Although on only a sub-set of the original trial group, it 

confirmed the previous observations ie. that iodinated oil was 

effective in preventing endemic cretinism provided it was given prior to 

conception. Not only was there a highly significant excess of definite 

and possible cretins in the control compared with the treated group, but 

there was also an excess of children in the control group who performed 

poorly on the cognitive and motor tasks. The designation as 'poor 

performers' was made on an arbitary criterion, namely a score in the 

lowest 10th centile. All the definite cretins and all but one of the 

possible cretins performed poorly as judged by this criterion. The 

results are summarised in Figure 2. 

In addition to iodine supplementation effectively preventing endemic 

cretinism, there was also a significant effect on mortality. The 

cummulative survival curves of children born into the iodinated (test) 

and saline (control) groups are shown in Figure 3. There is a highly 

significant difference in 15 year cumulative survival rates in favour of 

the test group (p = 0.002, Lee Desu statistic). Unfortunately, 
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TABLE 2 
KlUIlW. BOIMOI!IAL PIOPlLES 

Serial TT4 rr n Pr3 TSR Gestational Clinical 
IfwIber RoDlal Ro~ Ro~ Ror.al Rorul. age at ftDdings 

range range range range ~S s8llpling 
60-140 8So- 20-40 4-8 fU/rJl. 
og/rJl. 17 SO pg/rJl. pg/rJl. 

pg/al 

604 S 240 6.S 3.3 320 24 weeks Stillbirth 
[infant born 
born after 
1 year birth 
interval also a 
stillbirth] 

638 8 362 3 2.S SOO 36 weeks Stillbirth/ 
early neonatal 
death 

S16 10 7S0 6.S 8.5 60 4 weeks Early neonatal 
death 

S68 } 6 4 weeks t Stillbirth/ 
12 1500 3.S 8 61 32 weeks early neo-

natal death 

245 16 1199 3 9.5 27 38 weeks Jerky 
movement of 
hands, 
otherwise NAD 

430 21 862 2 3.8 130 32 weeks Partially 
deaf, slow 
speech, 
otherwise NAD 

1058 24 1050 6.S 9.9 7 o weeks Normal 

398 } 2S 1250 7.S 13.6 18 weeks } Mute, 
24 1250 3 7.1 47 38 weeks partially deaf 

Abnormal stance 
Plantars 
extensor. 
Cretin 

489 26 38 weeks Normal 

054 26 1500 13 8.6 6 4 weeks Slight delay 
in walking 
Otherwise NAD 

262 31 1430 9 11.0 36 weeks Normal 

396} 31 4 weeks } Normal 
14 412 SO 28 weeks 

086 32 IS.S 5.5 7 39 weeks Normal 

149 33 1550 8.S 9.1 7 16 weeks Normal 
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Serial TT4 TT3 FT4 FT3 TSH Gestational Clinical 
Nuaber HoI1l8l. Horul Horul Horasl Horasl age at findings 

range range range range ~5 saapling 
60-140 850- 20-40 4-8 t U/al 
ng/al 1750 pg/al pg/111 

pg/al 

435 39 2579 6 9.5 10 32 weeks Normal 

089 43 1300 18 9.5 8 39 weeks Normal 

243 43 38 weeks Normal 

541 47 1575 15 10.3 9 4 weeks Stillbirth 
(Iodine Supple-
ment at 32 
weeks) 

745 49 34 weeks Normal 

503 51 36 weeks Severe MD, bi-
lateral 
congenital 
cataracts. Died 
age 8 

1055 52 825 27 3.8 30+ weeks No clinical 
details. Infant 
death 

637 53 1644 9 30+ weeks No clinical 
details. Infant 
death 

362

1 

59 1419 13 14 37 33 weeks Mute but not 
deaf large 

Repeat TSH = 41, Repeat FT4 and FT using perforations 
new techniques: FT4 3.7 (range 7-11), FT3 5.2 both drums 
(range 3.5-6.5) No motor delay 

010 60 975 26 8.3 6 36 weeks Normal 

129 66 2519 14 14.4 5 28 weeks Normal 

001 68 2019 4 36 weeks Normal 

080 69 1600 26 8.8 5 28 weeks Normal, Died 
aged 4 

428 77 1450 24 9.4 7 18 weeks Normal 

576 77 30+ weeks Infant death 

519 78 875 41 7.1 4 12 weeks Infant death 

528 80 1100 36 6.9 5 36 weeks Stillbirth/ 
neonatal death 

761 82 1635 28 10.9 9 34 weeks Normal 
(continued) 
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TABLE 2 cont. 

Serial TT4 TT Fr Fr3 TSB Gestational Clinical 
Rlmber RoDlal RO~ Ro~ Ror.a1 RoDllll age at fiDdings 

rauge range range rauge ~5 S&llpl1ug 
60-140 850- 20-40 4-8 (D/a! 
ug/a! 1750 pg/a! pg/a! 

pg/a! 

535 83 30+ weeks Infant death 

918 84 1029 41 7.4 2 39 weeks Normal 

1056 89 1275 23 10.1 30+ weeks No clinical 
details, died 
in childhood 

816 94 750 38 7.9 5 Normal 

980 95 1743 24 9.3 1 28 weeks Normal 

026 96 1200 26 6.4 32 weeks Normal 

058 96 2225 76 15.3 3 28 weeks No clinical 
details. Died 
in childhood. 

901 99 32 weeks Normal 

170 101 38 weeks Normal 

997 101 32 weeks Normal 

140 104 36 weeks Congenital 
cataract 
severe 
strabismus. 
Hearing and 
motor devel-
opment normal 

944 106 1350 40 10 39 weeks Normal 

948 106 34 weeks Infant death 

939 107 1453 40 9.4 2 12 weeks Normal 

113 108 36 weeks Normal 

745 108 1050 31 7.3 7 12 weeks Normal 

935 112 1075 40 8.5 3 24 weeks No clinical 
data. Died 
in infancyl 
childhood 

975 ll2 1559 35 8.9 1 24 weeks Normal 

813 114 1575 34 8.9 2 39 weeks Normal 

810 119 1575 27 9.8 4 20 weeks Normal 
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erial n TT n "3 TSH Gestational CliDieal 
illllber No~ NO~ No~ Ror.aI Ronal age at £illlliags 

rauge rauge rauge raage ~5 saap11ag 
60-140 850- 20-40 4-8 t-U/ti 
ng/al. 1750 pg/ti pg/n! 

pg/ti 

855 120 1725 38 12.3 3 32 weeks No clinical 
data. Died 
in infancyl 
childhood 

237 124 30 weeks Normal 

890 128 1350 31 7.3 3 20 weeks Normal 

408 128 1485 27 10.4 5 38 weeks Normal 

034 137 34 weeks Deaf mute 70 Db 
loss both ears 
Otherwise 
normal 

368 137 1050 38 7.6 2 28 weeks Normal 

965 138 18 weeks Normal 
clinically 
Died aged 
15 years 

214 155 39 weeks Normal 

949 155 2018 250 32.1 12 weeks Normal 

631 159 J 1500 54 14.2 3 18 weeks } Infant death 
121 800 51 6.9 36 weeks 

1046 163 1400 37 9.2 22 weeks Normal 

1009 165 1475 37 10.4 3 22 weeks Normal 

136 167 38 weeks Normal 

377 225 1059 3 38 weeks Normal 

* Abnormal values in heavy type. 
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information on the cause of death in individual cases could not be 

obtained. 

While the controlled trial provided clear and significant evidence 

that supplementary iodine was effective in preventing endemic cretinism, 

other field studies in the Jimi valley provided additional information 

that dietary iodine deficiency was implicated in the pathogenesis of the 

syndrome. It appeared that endemic cretinism was of recent onset in the 

valley. Following first contact with Europeans in 1953 there was a 

sharp change in the prevalence of cretinism from approximately 0.1% pre-

1953 rising through the late 1950's and early 1960's and reaching a peak 

of 15% of the children born in 1965 - Figure 4. This increase in 

prevalence was found to represent a true increase in incidence which 

could be attributed to the substitution of a locally produced salt with 

a salt introduced by the Europeans. The salt produced by traditional 

means prior to European contact was obtained by evaporation and 

crystalisation from saline pools in a volcanic area. Analysis of a 

sample of the salt revealed a high iodine content of about 1 part iodine 

to 5000 parts of salt. This is at least twice the concentration of 

iodine found in commercially iodinated salt. 

The controlled trial indicated that iodine supplementation given 

after conception was not effective in preventing the endemic 

cretinism. The birth prevalence rates of cretinism among women who were 

already pregnant when entered into the trial were very similar. 

Previous reports had also indicated that the impairment arose during 

intra-uterine development. McCullagh termed the syndrome 'goitre 

associated congenital defect,.8 Eggenberger and Messerli state that the 

deaf-mutism has its origin in the 4th month of fetal life, although 

evidence supporting this statement is not offered. 29 Costa et al also 

comment that endemic cretinism seems to develop during intra-uterine 

life and to be related to the parental environment. ll 

Functionally iodine is important because of its role in the 

synthesis of the thyroid hormones and it has been postulated that 

hypothyroidism, either maternal or fetal,30,31 or even elemental iodine 

per se, prior to the development of functional competence of the fetal 

thyroid,23 is important in the pathogenesis of endemic cretinism. In 

order to examine the role of maternal thyroid hormones in fetal 

development, blood samples were taken, in 1970 and 1971, from 106 women 
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of whom 66 were pregnant. Subsequently, on a series of visits made in 

conjunction with the follow up of the controlled trial, record was made 

of the outcome of the pregnancies. Stillbirths were included with 

infant deaths as it was not always possible to distinguish between them 

from the available history. The surviving children were a subset of 

those in the controlled trial and they were subject to the same clinical 

examination and series of test procedures as the remainder of children 

in the controlled trial. 

The hormonal profiles of the blood samples were determined as 

follows: 

Serum thyroid stimulating hormone (TSH) was measured by a 

modification of the double antibody technique. 32 ,33 The normal 

range is 'Z 5 rU/ml. 

Serum total thyroxine (TT4) was measured by a saturation analysis 

technique34 with a normal range during pregnancy of 60-140 ng/ml. 

Serum total triiodothyronine (TT3) was measured by 

radioimmunoassay35 with a normal range during pregnancy of 850-

1750 pg/ml. 

Serum free thyroxine (FT4) and free triiodothyronine (FT3) were 

directly measured by radiommunoassay in serum dialysates36 with 

normal ranges of 20-40 pg/ml and 4-8 pg/ml respectively. 

The serum TT4 levels of those women who had received the 

supplementary intramuscular injection of iodinated oil in 1966 ranged 

from 94 to 225 ng/ml, ie. all except 4 were within the normal range. Of 

these 3 were mildly elevated with values of 163, 165 and 169 ng/ml. The 

fourth was more grossly elevated at 225 ng/ml which was confirmed on 

repeat assay but the TT3 was within the normal range. Among those women 

who had not received supplementary iodine the range of TT4 was 5-

124ng/mlj in 50% of these the serum TT4 was below the lower limit of 

normal ie <60ng/ml and in 9 instances it was 25ng/ml or less. 

The serum TT3 value was determined for 49 women, in 6 of them it was 

below the lower limit of normal «850ng/ml). None of the 6 had 

received supplementary iodine. 
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The hormonal profiles of the 66 women during pregnancy are shown in 

Table 2. It is apparent that the main effect of iodine deficiency on 

hormonal levels is a reduction in the serum TT4 and a concommitant 

increase in TSH. The TT3 levels are maintained in the face of a 

considerably lowered TT4 and it is only when the latter is grossly 

reduced that the TT3 also falls below the normal range. 

Table 2 also shows the clinical outcome of each pregnancy. The data 

have been arranged in ascending order of maternal TT4• The gestational 

age at which the blood sample was taken was estimated by subtracting 

from 40 the number of weeks that elapsed from the sample being taken and 

birth of the child. This estimation is based on the assumption that 

every pregnancy proceeded to term at 40 weeks. A further source of 

imprecision lay in the recording of the date of child's date of birth, 

the error of which could be up to 4 weeks. The majority of blood 

samples were withdrawn from women in whom the pregnancy was clinically 

obvious on inspection ie at a gestational age of about 32 weeks or 

more. In an endeavour to obtain samples at an earlier gestational age, 

advantage was taken of the observation that the local tendency was to 

have a birth interval of 3-4 years. Women in the child bearing age 

range who had not delivered a child in the previous 3-4 years were 

sampled in the expectation that some would be at an early stage of 

pregnancy. 

The first 3 cases (serial nos 604, 638, 515) in the table had 

hormonal profiles entirely consistent with severe hypothyroidism 

although these women did not exhibit the clinical features of 

hypothyroidism. In all three cases the pregnancy outcome was a 

stillbirth/early neonatal death. In the succeeding 3 cases (serial nos 

568, 245, 430) the maternal total and free thyroxine values were low but 

triiodothyronine values were within the normal range. In one of these 

the outcome was a stillbirth/early neonatal death and one child has a 

hearing/speech defect but no other abnormality and, by our definition, 

cannot be labelled as an endemic cretin. 

Another case (serial no 398) is of particular interest in that the 

child exhibits the clinical features of cretinism. The maternal 

thyroxine and TSH values were abnormal and consistent with 

hypothyroidism but the triiodothyronine values were within the normal 
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range. The maternal hormonal profile is of further interest because 

measurements were made at two gestational ages, namely 18 and )8 

weeks. On both occasions both TT4 and FT4 were reduced but TT) and FT) 

were within the normal range. 

One child (serial no )62) who was mute but not deaf had large 

perforations of both eardrums and on one occasion pus was observed in 

the external auditory meatus. Initial analysis of the maternal serum 

relating to this child revealed a reduced FT4 and considerably elevated 

TSH although the TT4 was almost within the normal range. Repeat 

analysis of the serum confirmed a reduced FT4 , elevated TSH and normal 

FT) and TT). Unfortunately there was insufficient serum remaining to 

validate the TT4 value. 

The data presented in Table 2 suggest that biochemical 

hypothyroidism as evidenced by a reduction in both T4 and T) and an 

elevation in TSH is relatively uncommon but may be manifest with very 

severe iodine deficiency. Under these circumstances, survival of the 

infant is severely prejudiced. In lesser degrees of iodine deficiency 

TT4 and FT4 are reduced, TSH elevated but TT) and FT) are maintained 

within the normal range. In such circumstances the development of the 

fetal nervous system is threatened and the infant is predisposed to 

present with the neurological features of cretinism. 

Drawing conclusions from this data set is problematical primarily 

because the assessment of the maternal hormonal profile was made at a 

single point (or in a minority of cases at two points) in pregnancy. 

Usually this was rather late in gestation and therefore may not be 

representative of hormonal function at an earlier time when the fetus 

appears to be particularly at risk of neurological damage, perhaps 

during the phase of neuroblast proliferation. However,it could be 

argued that if the serum thyroid hormone levels were low late in 

pregnancy, they must also have been low at an earlier stage, but the 

converse is not necessarily so. The data presented here support the 

thesis that maternal thyroid hormones have an essential role in the 

maturation of the fetal nervous system, moreover, the view that hormones 

are not transported across the placenta from mother to fetus needs to be 

reexamined. 
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One further facet that is of interest is whether the neurological 

endemic cretin is hypothyroid and whether its thyroid is capable of 

normal functioning. To this end blood samples were taken from cretins 

and clinically normal female adults. Serum TT4 was measured by 

competitive protein binding analysis37 giving a normal range of 

2.5-7.0 rg/100 mI. (These analyses were carried out in a different 

laboratory using a different technique than reported earlier in this 

section hence the difference in the normal range and the units given). 

The results are illustrated in figure 5. In those cretins not given 

supplementary iodine there is evidence of a reduction in TT4 with 50% 

below the lower limit of normal. However, clinically normal adults from 

the same region show a similar proportion with reduced TT4• Moreover, 

in both clinically normal adults and cretins, the administration of 

supplementary iodine leads to correction of the TT4 so that it comes to 

lie within the normal range. It is clear that any reduction of TT4 is a 

feature of iodine deficiency whether it is in neurologically impaired 

cretins or the normal population and that the thyroid in the cretin can 

respond to iodine repletion by a normal synthesis of thyroxine. 

SUMMARY 

1. In a double blind controlled trial using intramuscular iodinated 

oil in an iodine deficient population, the infant and childhood 

cummulative mortality over the first 15 years of life was 

significantly greater in the control than in the test group. 

2. The neurological variety of cretinism can be prevented if the 

iodine deficiency is alleviated prior to conception. The 

impairment of fetal neurogenesis associated with iodine deficiency 

appears to take place in the first half of pregnancy. 

3. Using quantitative measures of motor and cognitive function, 

subclinical differences in performance are demonstrable between 

children born into the test and control groups and these show the 

test group to be significantly superior. 

4. Iodine deficiency results predominantly in a reduction of serum 

thyroxine but serum triiodothyronine remains within the normal 

range. Only when iodine deficiency is extremely severe are the 

serum triiodothyronine levels compromised. 
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5. There is a spectrum of impairment ranging from death through 

clinical endemic cretinism and subclinical deficits of motor and 

cognitive performance, to normality. This spectrum of effects 

appears to be associated with maternal thyroxine during pregnancy. 

No association with maternal triiodothyronine was found. 

6. In all endemic cretins correction of the hormonal deficiency 

requires only the administration of iodine. This indicates that 

the cretin's thyroid is functionally competent. 
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IMMUNOCYTOCHEMICAL MAPPING OF NUCLEAR T3 RECEPTORS USING A MONOCLONAL 

ANTIBODY IN THE DEVELOPING AND ADULT RAT BRAIN 

Min Luo and Jean H. Dussault 

Unite d'Ontogenese et Genetique Moleculaires 
CHUL, Ste-Foy, P.Q. 
Canada 

By using a monoclonal antibody raised against rat nuclear T3 receptors 
(NTR) , the immunocytochemical localization of NTR has been achieved in the 
developing and adult rat brain. In 16-day-old embryo, only weakly NTR
immunostaining neurons were detected in the globus pallidus (GP), amygdala 
(AA) and hypothalamus areas. In the IS-day-old embryo, the NTR
immunostaining neurons were increased in both density and intensity. The 
NTR-staining neurons were mainly distributed in the striatum, GP, AA, 
thalamus (TH) and hypothalamus areas. Thereafter, the number of NTR
staining neurons was progressively increased in cerebral cortex and in the 
regions previously described. After birth, the highest density of NTR
staining cells was found in the 6-day-old rat. The high density of the 
medium to strongly NTR-staining neurons was seen in cerebral cortex (lamina 
II and III, particularly in cingulate and interhemispheris cortex), nucleus 
habenula medialis (Hbm) , amygdal area and some nuclei of the hypothalamus 
(nucleus (N) paraventricularis, N. dorsomedialis, N. ventromedialis, N. 
supraopticus and N. preopticus). Moderate density was found in the 
hippocampus dentate gyrus, most parts of the thalamus, some parts of 
cerebral cortex (piriform and suprarhinal cortex) while only a few of the 
weakly to median staining cells were observed in the cerebellum (only in 
the Purkinje's cells) and the brain stem. In 14-day-olds, the density and 
intensity of NTR-immunoreactivity were slightly decreased except in the 
hippocampus and cerebellar cortex. In the adult brain, the distribution 
was similar to that in the 14-day-old, but the number of NTR-staining cells 
in the cerebellar cortex (particularly in granular layer) was evidently 
increased. These studies provide a map of the NTR in the developing, adult 
brain and indicate that the NTR is selectively concentrated in certain 
regions in both developing and adult brains. 
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INFLUENCE OF TRIIODOTHYRONINE (L-T3) ON THE DEVELOPMENT OF FETAL BRAIN 

CHOLINERGIC NEURONS CULTURED IN A CHEMICALLY DEFINED MEDIUM. 

Puyrimat, J., Garza, R. and Dussault, J.H. 

Ontogenese et Genetique Moleculaires 
Centre Hospitalier de l'Universite Laval 
Ste-Foy, Quebec, Canada 

In cerebral hemisphere cultures initiated from 15 day old rat embryos, the 
number of acetylcholinesterase (AChE) positive cells increased from 6.8 +/-

1.6 on day 3 to 112 +/- 16 on day 15. With time in culture, AChE-cells 
increased in size and in neurite length. The addition of L-T3 (3.10-' M) 
had no effect on the number of AChE-neurons. Morphometric analysis were 
performed in 8 day old cultures. L-T3 significantly increased the size of 
AChE7neurons since the number of AChE-neurons with a surface less than 150 
microns' decreased from 46% to 20% whereas the number of large AChE
neurons increased from 8% to 31% in T3 treated cultures. The number of 
AChE-neurons which have at least one neurite with a length above 150 
microns increased from 17% in control cultures to 79% in T3-treated 
cultures (Chi-2 test p > 0.0001). These morphological effects of L-T3 are 
associated with several biochemical effects. T3 increased ChAT (choline 
acetyl transferase) and AChE activities in both a dose and time dependent 
manner. Treatment of cultures with L-T3 at different times in culture 
demonstrated the presence of a critical period which occurs between day 15 
and day 20 since the stimulatory effect of L-T3 on ChAT activity is lost 
after 15 days in vitro. Studies of the time necessary for L-T3 to increase 
both ChAT and AChE activities demonstrated that at least 2 days and 15 days 
were required for L-T3 to significantly stimulate both enzyme activities 
respectively. 

To rule out the possibility that some neuronal effects of T3 are indirectly 
mediated through glial cells, we studied the effect of conditioned medium 
prepared from glial cell cultures of different ages initiated from newborn 
rats and grown in the presence or in the absence of L-T3 on ChAT and AChE 
activities. No significant effect was found with either CM on ChAT or AChE 
activities despite an increase of AChE-neurite lengths which were observed 
with both conditioned mediums. Thus L-T3 appears to have a direct effect 
on cholinergic neurons first by affecting the morphology of the cells and 
subsequently by an action on neurotransmitter metabolizing enzymes. 
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THYROID HORMONE CONTENTS AND 5 & 5' MONODEIODINASE ACTIVITIES IN DEVELOPING 

HUMAN CEREBRAL CORTEX 

M. G. Karmarkar, D. Prabakaran, M. M. Godbole, and 
M. M. S. Ahuja 

Thyroid hormones play an important role during brain development and their 
deficiency leads to derangement in the brain. We have analysed twenty 
eight human cerebral cortices obtained during medico legal abortions 
between the 11th and 25th week of gestation from iodine sufficient areas. 
The cortices were analysed for T4, T3, and rT3 contents and 5 and 5' 
monodeiodinase activities. The thyroid hormones as well as enzyme 
activities were detectable at the 11th week of gestation. T4 and T3 
concurrently increased till the 18th week while rT3 increased till the 2nd 
week. After thi-s period the thyroid hormone contents decreased till the 
25th week. 5 and 5' monodeiodinase activities increased up to the 22nd 
week and then significantly decreased till the 25th week. 

Twenty two cerebral cortices from areas known to be iodine deficient were 
subjected to similar analysis. The results indicated that 5 and 5' 
monodeiodinase activities and T3 content show different pattern as compared 
to iodine sufficient area. It appears that in iodine deficient cortices T3 
levels are maintained at adequate levels for neural development during the 
14th to the 20th week of gestation. 
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ONTOGENESIS OF NUCLEAR T3 RECEPTOR IN HUMAN FETAL BRAIN 

H. L. Su, P. Ling, R. K. Yang and H. C. Chao 

Institute of Endocrinology 
Tianjin Medical College 
Tianjin, PRC 

T3 receptor, endogenous T3 and related parameters in 23 human fetal cerebra 
of 12-36th pregnant weeks and 12 cerebella of l8-36th pregnant weeks were 
analyzed after the methodological investigation has been performed 
successfully and the following results were obtained. 

(1) Average affinity constants of nuclear T3 receptor to T3 in cerebra as 
well as cerebella all ranged (2.S4 +/- 0.63) x 1010M-1 and didn't vary with 
different brain regions and developmental stages. 

(2) Maximum binding capacity (MBC) of nuclear T3 receptors in both cerebra 
and cerebella increased with the increase of pregnant age and a linear 
correlation was shown between them. 

for cerebra, MBC-177.06S+22.930xPA, r-0.9S3, p<O.OI 
for cerebella, MBC-1S.9934+S.63SSxPA, r-O.987, p<O.OS 

(PA: pregnant age in weeks) 
Cerebral MBC increased from 104.64 of 12th week to 648.87 fmol/mg DNA of 
36th week, or by 6.2 times, whereas in cerebella, it increased only by 2.4 
times from 18th to 36th weeks of pregnancy. 

(3) Endogenous T3 contents in fetal cerebra and cerebella all increased 
with development within 20th-36th weeks and showed a significant 
correlation with MBC of nuclear T3 receptor. This, therefore, corresponded 
closely to the dependence of fetal brain development on thyroid hormones in 
pregnancy. 

for cerebra, MBC-7.2611+1.6791xEnT3, r a O.90S, p<O.Ol 

(4) Based on that any two parameters among T3 receptor MBC, endogenous T3 
and pregnant age correlated significantly, the following multivirate 
regression equation was developed, 

MBC-179. 728+1S.S77xPA+0. 708xEnT3, r-0.976, p<O.Ol 

(S) The occupancy of T3 receptor in fetal brain was found to be 27.S1 +/-
2.4% (m +/- SE) and unchanged with development. 

In conclusion, we have obtained a whole set of data about the relation 
between the fetal brain development and T3 and its nuclear receptor. It 
has also been shown clearly that the dependence of tissue development on 
thyroid hormone was mediated chiefly through the regulation of nuclear T3 
and its receptor levels rather than altering its receptor occupancy. 
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QUANTITATIVE HISTOLOGY STUDY ON BRAIN NERVOUS CELLS OF NEUROLOGICAL ENDEMIC 

CRETINS 

Yan Yuqin, Guan Chunxiang, Leng Lili and Li Jianqun 

Chinese Research Center for Endemic Disease Control 
Harbin Medical College 
Harbin, China 

The quantitative histology study was made on pyramidal and stellate cells 
in cortical motor area and auditory area of 6 neurological endemic cretins 
(20--49 years old) and 4 normal adults using Rapid Golgi Silver-impregnated 
technique. The results showed: 1) the body size of pyramidal and stellate 
cells in these two cerebral cortex areas of cretins were smaller than that 
of the normal; 2) the number in branch of apical dendrite and primary 
dendrite of pyramidal cells, especially in peripheral dendrite of stellate 
cells was decreased markedly in comparison with the normal; 3) the result 
above was relative to the severity of the cretinism, i.e. the more severe 
cretinism is, the more obvious the changes above are, particularly in 
number of peripheral dendrite of stellate cells. We also found the branch 
of apical dendrite of purkinje cells in cerebellum of cretins was short and 
sparse. 

These findings indicated that there was severe retardation in growth and 
differentiation of brain nervous cells of cretins, therefore this paper 
will give the morphological evidence for explanation of clinical 
manifestations of neurological endemic cretinism. 
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ENDEMIC CRETINISM IN QINGHAI PROVINCE 

G.F. Maberlyl, S.C. Boyages l , J-P. Halpern 2 , J.G. Morris 2 , J.K. 
Collins·, C.J. Eastman l , D. Yu4 , C. You 4 , C. Jin' and Z-L. Wang' 

Endocrine l & Neurology 2 Units, Department of Medicine, Westmead 
Hospital, Australia. Department of Behavioural Sciences ., 
Macquarie University, Australia. Qinghai Provincial People's 
Hospital 4 and Institute of Endemic Diseases'. 

Endemic cretinism has traditionally been divided into neurological and 
myxoedematous types. Myxoedematous cretinism occurs less commonly and is 
best described from Zaire. The pathophysiological mechanisms that results 
in severe hypothyroidism are unresolved. We report here the findings from 
a predominately myxoedematous endemia (Qinghai Province, PRC), but where 
examples of neurological and "mixed" cretinism are evident. The aim was to 
define the salient characteristics of this endemia and to correlate these 
findings with current thyroid function. Clinical, psychometric, 
radiological and electrophysiological assessments were undertaken. 69 
endemic cretins were selected by local health care workers and classified 
according to PAHO criteria (15 neurological, 29 "mixed", & 25 
myxoedematous). Major results are tabulated below. 

There was considerable overlap between groups. Deafness and intellectual 
impairment (mean IQ 28.9 [16.7]) was evident in all clinical group. All' 

Table 1 

Variable Neurological Mixed 
(n-15) (n-29) 

Age (yrs) 22.3[9.9] 24. 4[ 11.1] 
TSH (mIU/l) 3.9[2.3] 28.1[76.5] 
TT4 (runol/1) 122.5[26.3] 105.8[32.7] 
FT4 (pmol/1) 20.4[4.2] 19.5[6.1] 
Height (cm) 145.9[8.5] 131.0[ 16.0] 
Sitting 
Height (cm) 79.5[5.7] 73.9[8.7] 
Bone 
Delay (yrs) 2.2[2.0] 4.0[6.3] 
Pubic 
Tanner 3.1[1.3] 2.3[1.4] 

Myxoedematous 
(n-25) 

31.6[12.0] 4.2 
123.8[112.2] 12.9 
53.9[34.7] 26.8 
8.4[6.4] 30.3 

131.4[ 18. 7] 4.9 

74.5[10.6] 2.0 

5.3[7.6] 1.2 

2.1[10.9] 3.5 

F p< 

.02 

.0001 

.0001 

.0001 

.01 

NS 

NS 

.05 

Results are shown as mean + [SD]. *F-value derived from one way analysis 
of variance (variable versus traditional label). 
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GRADATION OF NEUROLOGIC DEFICIT AND DEVELOPMENTAL DELAY IN AN IODINE 

DEFICIENT POPULATION 

E.M. Dulbert*, K. Widjaja**, R. Djokomoeljanto+, L. Belmont*, 
and B.S. Hetzel++ 

*Gertrude H. Sergievsky Center, Columbia University, 
New York City, U.S.A. 

**Department of Pediatric Neurology, Dr. Kariadi Hospital 
Semarang, Indonesia 

+oepartment of Medicine, diponegoro Univrsity, Semarang, Indonesia 
++ICCIDD, Department of Human Nutrition 

CSIRO, Adelaide, Australia 

This study was conducted in a historically severely iodine deficient 
village in central Java, Indonesia, five years after much of its population 
had received iodized oil injections. 898 children age 1-16 years living in 
five of eight hamlets (pop. 2496) of the village were included in the 
~tudy. Children were examined for neurologic endemic cretinism. Also, a 
survey determining the age the children began walking was carried out 
independently of the examination. 

This report pertains to: (1) an iodine deficient (ID) cohort of children 
(n-S19) who were born prior to the introduction of any iodine prophylaxis; 
(2) a cohort of children (n-124) of variable iodine status (IV) who were 
born of mothers who had not been injected with iodized oil but had possibly 
used iodated salt by the~me of the index child's conception, and (3) an 
iodine sufficient (IS) cohort of children (n-143) who were born of mothers 
who had been injected with iodized oil prior to the index child's 
conception. 

Evidence for gradation of neurologic defect and developmental delay was 
obtained as follows: 

(1) Examination of 40 neurologic endemic cretins born prior to the 
introduction of iodized oil (i.e. in the ID cohort) showed a gradation 
of severity in each of the three major types of impairments of 
neurologic endemic cretinism: mental retardation, characteristic 
hearing loss and/or speech defect, and neuromuscular defect. Analysis 
of these data also showed a wide range and uniform distribution of 
overall degree of severity of impairment as measured by a composite 
index of severity. 

(2) In cretins, increasing severity of impairment as measured by 
examination, was associated with increasing degree of retardation of 
motor development, as measured by age at walking. 

(3) In the non-cretinous portion of the population of the same treatment 
cohort (i,e. the ID cohort) a less severe degree of retardation of 
walking age was also observed. 
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cretins displayed degrees of neurological abnormality irrespective of 
current thyroid function or traditional classification. Severe 
hypothyroidism correlated with clinical findings of myxedema, sexual and 
skeletal immaturity and stunting of growth. However, all cretins were 
growth retarded and in those with fused epiphyses, growth arrest lines were 
seen, indicating past hypothyroidism. Thyroid atrophy in severely 
hypothyroid cretins was confirmed by thyroid ultrasound, the results of 
which will be presented. 

In conclusion, classical myxoedematous cretinism is found in the Qinghai 
endemia. Nevertheless, all cretins displayed degrees of neurological 
abnormality. In this endemia the traditional classification was not useful 
and the clinical syndrome of cretinism was modified by the severity and 
duration of ongoing hypothyroidism. The factors that influence postnatal 
thyroid function are unidentified, but the finding of thyroid atrophy 
implies an autoimmune process. 
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ELECTROPHYSIOLOGICAL STUDIES IN ENDEMIC CRETINISM IN QINGHAI PROVINCE, 

PEOPLE'S REPUBLIC OF CHINA 

Jean-Pierre Halpern, Steven C. Boyages, Con Yiannikas, John 
G.L. Morris, Lee C. Lim, Yan-You Wang~ and Jian-Li Luil 

Neurology & Endocrine Units, Department of Medicine, 
Westmead Hospital, Australia. ~Department of Otolaryngology, 
Tianjin Medical College, Tianjin, People's Republic of China 
and 'Institute of Endemic Diseases, Qinghai Province, 
People's Republic of China. 

There have been few attempts to perform systematic electrophysiological 
studies in endemic cretinism!. Somatosensory evoked potentials and 
brainstem auditory evoked responses (BAERs) have been reported in 
congenital hypothyroidism3 and acquired hypothyroidism"·. We report the 
results of electrophysiological studies on 46 cretins from a predominantly 
myxoedematous endemia in China, where nevertheless, all forms of cretinism 
are represented. 

Approximately 50% of the sample were currently hypothyroid. Studies of 
median and tibial somatosensory evoked potentials showed minimal 
disturbances. Peripheral conduction studies unexpectedly showed only minor 
abnormalities, despite the fact that some individuals have been severely 
myxoedematous for decades. 56% of those patients tested had evidence of 
hearing deficit. Analysis of BAERs pointed to a peripheral cause of 
deafness. 
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(4) In children whose mothers had received iodized oil prior to the index 
child's conception (i.e. the IS cohort), there was complete prevention 
of cretinism, and there was also a reduction in their age at walking as 
compared to children whose mothers were iodine deficient throughout the 
index child's gestation (i.e. the ID cohort). 
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PITUITARY TUMOURS IN ENDEMIC CRETINISM (CT AND DYNAMIC STUDIES OF PITUITARY 

FUNCTION) 

S.C. Boyages 1 , G.F. Maberlyl, J-P. Halpern', C.J. Eastman 1 , 

D. Yu 3 , C. You 3 , C. Jin 3 , Z-L. Wang 4 

Endocrine 1 & Neurology' Units, Department of Medicine, 
Westmead Hospital, Australia. Qinghai Provincial People's 
Hospita1 3 and the Institute of Endemic Diseases 4 • 

Enlargement of the sella turcica in primary hypothyroidism has been 
recognised since the last centuryl. Pituitary adenomas secondary to 
hypothyroidism are well described in animal studies but occur rarely in 
humans. The factors that determine this latter outcome have not been 
resolved. Furthermore, the effects of prolonged thyroid hormone deficiency 
on hypothalamic-pituitary secretion are poorly understood. This study was 
undertaken in Qinghai Province, China, a predominantly myxoedematous 
endemia, but where neurological and "mixed" cretinism is also found. 42 
endemic cretins were selected, 9 neurological, 14 "mixed" and 19 
myxoedematous according to McCarrison's criteria. Serum TSH, LH, FSH, 
prolactin and GH were measured. Radiology included lateral skull views and 
coronal CT views [n-42] of the pituitary fossa. 

Pituitary tumours, ranging in size from 8 to 11 mm, occurred more 
frequently in those with higher levels of circulating TSH and did not 
correlate with duration of disease i.e. age. Dynamic pituitary testing 
with TRH and LHRH in 4 patients with enlarged pituitaries (mean TSH: 
117mIU/l) gave a flat TSH response but significant responses to prolactin, 
GH, LH and FSH. A partial empty sella was detected in older hypothyroid 
cretins (mean age: 41.3 [7.4]). Basal ganglia calcification was an 
additional abnormality peculiar to myxoedematous cretins [n-6; p < .05]. 
In conclusion, severe chronic hypothyroidism may result in pituitary 

SXR: 
enlarged sella 
CT: tumour 
CT: empty sella 
TSH (mIU/l) 
TT4 (nmol/l) 
FT4 (pmol/l) 
PRL (mIUIl) 
AGE (yrs) 

Table 1 

Neurological 
(n-9) 

1 ( 11%) 
1 ( 11%) 
0 
4.7[2.5) 

112 [22] 
19.4[3.1] 

135 [41] 
23.3[11.2) 

Mean [SD] 
Mixed Myxoedematous 

(n-14) (n-19) 

1 (14%) 11 (58%) 
0 5 (26%) 
0 8 (42%) 

44 [93] 129 [lOS] 
103 [36) 47 [30] 

18 [5.5] 7.5 [6.0] 
288 [531] 578 [489] 
31.0[9.9) 33.2 [11.7) 
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HYPOPHYSEOTROPIC HORMONES ACTION AT PITUITARY LEVEL IN LONG-STANDING 

UNTREATED ENDEMIC CRETINS 

Meyer Knobel and Geraldo Medeiros-Neto 

Thyroid Laboratory 
Hospital das Clinicas 
05403 Sao Paulo, Brazil 

It is firmly established that the two types of endemic cretinism (EC) 
represent polar opposites of a wide spectral range of clinical abnormality. 
In endemic areas of Brazil the neurologic type of cretinism predominates 
but mixed forms or, more rarely, hypothyroid individuals may be seen. We 
have challenged the hypothalamic-pituitary function of 27 long-standing 
untreated EC with a combined test using TRH, GnRH, GHRH (1-40) and an 
alpha-adrenergic agonist (Clonidine) measuring TSH, PRL, alpha and beta 
subunits, LH and FSH, hGH and plasma Somatomedin-C levels. The mixed group 
of Ee comprised (I) 8 hypothyroid goitrous patients (II), 14 euthyroid 
subjects with mental deficiency, deaf-mutism and neurological signs, with 
short proportional stature and (III) 4 deaf-mute individuals with goiter, 
mental deficiency, euthyroidism and normal stature. Enlarged sella turcica 
was present in 7/8 hypothyroid patients. All patients in (I) had 
abnormally elevated basal serum TSH and PRL levels with an exaggerated 
response to TRH. Accordingly, beta-subunit levels (but not alpha subunit) 
were also significantly elevated. hGH response to GHRH (1-40) or oral 
clonidine was significantly lower than normal but restored to a normal 
response after a brief (3 days) treatment with L-T3. Gonadotrophins 
response to LH-RH was normal in all 3 groups. In (II) the mean basal serum 
TSH level (2.3 +/- 0.4 uU/ml) and peak response to TRH (20.0 +/- 4.7 uU/ml) 
was normal but 6/14 had an exaggerated TSH response to TRH (low thyroid 
reserve). In (III) 3/5 had also an abnormally elevated peak response to 
TRH. In both (II) and (III) alpha and beta subunits, PRL and the GH 
response to GHRH or oral clonidine were normal. In all patients (I) and 
(II) with short stature a low mean +/- SD plasma Somatomedin-C 
concentration was found. We conclude that the hypothalamic-pituitary 
relationship in EC is altered by hypothyroidism or low thyroid function 
reserve in affecting mainly TSH/PRL release to TRH and the hGH provocative 
tests. These changes are reversible by a brief treatment with L-T3. 
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adenoma formation. The severity of hypothyroidism appears to be the major 
determinant of this outcome. Perturbations of growth, puberty and sexual 
function seen in endemic cretins, are partly explained by the effects of 
hypothyroidism on other adenohypophyseal hormones. 

REFERENCES 

1. Niepce, B (1851) Enlarged sella due to cretinism. Trait du Goitre et 
du Cretinisme. pp25-45. Balliere, Paris. 

367 



THE EFFECTS OF IODIZED OIL AND IODIZED SALT PROPHYLAXIS ON 

COGNITIVE FUNCTIONING IN IODINE DEFICIENT ENDEMIAS IN CHINA 

J.K. Collinsl, S.C. Boyages 2, G.F. Maberly2, C.J. Eastman2, 
Liu Derun 3 , Qian Qidong 4 , Zhang Peiying 4 and Qu Chegyi 4 

Department of Behavioural Sciences l , Macquarie University, 
Australia. Endocrine Unit 2, Department of Medicine, Westmead 
Hospital, Australia. Shanxi Medical College 3 , Taiyuan, 
Shanxi Province, Anti-Endemic Institute 4 and First Teaching 
Hospital, Obstetrics and Paediatrics Hospital, China. 

Psychological testing was carried out on 499 children and adults (0-45 
years) from iodine deficient and replete villages in China, together with 
urban controls. The results showed a decrement in the cognitive 
functioning of persons living in the iodine deficient village beyond the 
expected rural suppression effect usually found in isolated communities. 

Urban controls (Taiyuan) tested at the higher end of the normal range. The 
intellectual deficits correlated with age showing the cumulative effects of 
isolation over long periods in both villages. Persons from the iodine 

Region 

Baiyuhao 
No prophylaxis (ns 50) 
Iodized salt (n-141) 
Iodized oil (n-65) 
No iodized oil (n-43) 

Huanglo 
Rural controls 

Taiyuan 
Urban controls (n-49) 

TAble 1 

COGNITIVE FUNCTION RESULTS 

Mean IQ stores [SD) 

0-7 
(yrs) 

85.1[18.5)& 
87.4[15.8)& 

9.39[19.6) 
(n-51) 

7-14 
(yrs) 

72.4[18.5)# 

84.4[16.9) 
(n-51) 

108.5[16.3) 

Baihuyao versus Huanglo: * - p<O.005j & - p>0.05. 
Baihuyao versus Huanglo and Taiyuan: # - p<O.001. 
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>25 
(yrs) 

65.1[19.6)* 

75.6[16.8) 
(n-49) 



deficient village (Baihuyao) tested lower than those from the iodine 
replete village (Huanglo) at all ages. The effects of an era of iodized 
salt prophylaxis and iodized oil injections were examined. Results 
question the effectiveness of these interventions as remedial measures for 
the phlegmatic cognitive functioning found in persons in iodine deficient 
endemias. 
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TRIAL APPLICATION OF COMPUTER EEG TOPOGRAPHY (EQUIPOTENTIAL DISTRIBUTION 

MAPS OF FREQUENCY BAND) OF ENDEMIC CRETINISM IN ZHENLIN COUNTY OF GUIZHOU 

PROVINCE, P.R.C. 

Lu Liang, et al. 

Neurology Department, Guizhou Geriatrics Institute 
Guiyang Medical College 
Guiyang, Guizhou, P.R.C. 

43 examinees in Zhenlin County of Guizhou Province were analyzed by 
computer EEG topography (CET). Among them, 33 examinees were cretins 
(group A) and 10 examinees were "normal control" from the same endemic area 
(group B). Abnormality rate of CET in group A was 81.9% (27 cases), that 
in group B was 60% (6 cases). In 12 examinees of group A, there were a 
localized high potential beta-2 frequency band and low potential alpha-2 
frequency band in the median central or median centro-parietal region. 
These abnormalities of CET were discussed in association with brain CT 
scan, Hiskey-Nebraska learning aptitude test, Beery and Buktenica visual 
motor integration development test. 
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STUDIES ON IODINE DEFICIENCY AND RELATED DISORDERS IN TUSCANY 

A. Pinchera, G.F. Fenzi, L.F. Guisti, F. Aghini-Lombardi, 
F. Santini, C. Marcocci, S. Bargagna*, G. Falciglia*, 
M. Monteleone*, and P. Pfanner* 
Cattedra di Endocrinologia and 

*Cattedra di Neuropsichiatria Infantile 
University of Pisa, Italy 

In this study are illustrated the findings of an epidemiological survey on 
iodine deficiency and related disorders in Tuscany. To this purpose we 
collected 3562 schoolchildren (age 6-14 years) and 2258 adults from 
different villages, statistically representative of the various montane 
d1stricts. The urinary iodine excretion (U.I.) ranged from 35 to 49 ug/g 
creatinine (average 40 ug/g creatinine) and the prevalence of goiter was 
81% in the adult population and 56% in the schoolchildren. The physical 
and sexual development of the schoolchildren from these areas was 
completely superimposable to that of the urban control areas, where U.I. 
excretion ranged from 64.4 to 91 ug/g creatinine and the prevalence of 
goiter was 7% In the adults and 5% in the children, resp£~tively. In a 
particular montane area of Central Apennines several cases of endemic 
cretinism and neurological defects were found, but only in subjects more 
than 45 years old. In order to evaluate whether in this moderate iodine 
deficient area (mean U.I. - 39 ug/g creatinine) also the schoolchildren 
population had an impairment of neuropsychological development, we have 
investigated 50 children of the 8 and 10 years age groups. The 
psychometric tests employed included PM47, Raven test collectively 
administered, Toulose-Pieron barrage test for 3 individuals, WISe R scales 
individually administered. All children studied showed no cognitive 
impairment; some individuals had significantly lower scores for verbal and 
coding memory with respect to the urban matched control population. 
However, these preliminary data need to be confirmed using as control an 
iodine sufficient population more similar in socio-economic status. 

In conclusion: i) the whole population of Tuscany, including the urban 
areas, is iodine deficient, ii) several montane areas with moderate iodine 
deficiency and high prevalence of goiter were found; iii) very preliminary 
data indicate that some impairment of neuropsychological development is 
present, although this finding needs to be more appropriately controlled. 
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THYROID HORMONE DELIVERY TO TARGET TISSUES: THE ROLE OF HORMONE BINDING 

PROTEINS IN SERUM 

Roger Ekins, Philip Edwards and Arun Sinha 

Department of Molecular Endocrinology 
Midlesex Hospital Medical School 
University of London 
London, England 

Considerable controversy currently centers on the free hormone hypothesis of 
thyroid and steroid hormone delivery. This postulates that hormonal effects 
are governed by free hormone concentrations as measured in vitro. Meanwhile 
the physiological role of the specific hormone binding proteins present in 
serum (such as thyroxine binding globulin [TBG]) remains unknown. 

TBG, like many other analogous steroid binding proteins, rises markedly in 
pregnancy, suggesting that its physiological function (if any) relates to 
mammalian reproduction. Binding proteins are commonly perceived as 
restricting hormone efflux from intracapillary blood; TBG in particular has 
been claimed to prevent thyroid hormone (TH) transport from mother to fetus, 
its pregnancy-induced rise being commonly viewed as fulfilling this purpose 
(1). Recently, however, Pardridge et al (2,3) have suggested that TH are 
specifically released from serum proteins in certain target tissues, causing 
an in vivo elevation in circulating free hormone levels, and implying that 
protein-bound TH are selectively directed to certain tissues (e.g., the 
liver) in pregnancy. 

It is readily demonstrable that the entire foundation of this new hypothesis 
is an oversimple theoretical analysis of the kinetics of TH transport in the 
body, leading to a miSinterpretation of experimental data relating to TH in 
target tissues (4). Nevertheless, a fuller analysis of such data supports 
the proposition that, under certain conditions, dissociation of bound hormone 
from serum proteins exerts rate-limiting effects on hormone delivery to 
certain target organs. Under such conditions, increase of serum binding 
protein levels enhances (and does not, as commonly believed, impede) target 
organ uptake. Furthermore, it can be readily demonstrated that, in these 
circumstances, TBG specifically increases T4 delivery relative to that of T3. 

These physicochemical concepts relating to the role of serum binding proteins 
from one of the cornerstones of our own working hypothesis, i.e. that the TH 
binding proteins serve to ensure adequacy of a T4 supply to the feto
placental unit throughout pregnancy, and that T4 itself is transported to, 
and is required by, the fetus prior to the development of the fetal thyroid 
gland (5). The existence of a mechanism to ensure the availability of high 
concentrations of maternal T4 to the feto-placental unit would be expected to 
confer particular advantage in conditions of iodine deficiency, thereby 
possible accounting for the relatively recent evolutionary appearance of TBG. 
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THE CORRELATION OF MATERNAL HYPOTHYROXINEMIA IN EARLY PREGNANCY IN 

RATS AND IRREVERSIBLE BIOCHEMICAL LESIONS IN THE BRAINS OF THE PROGENY 

A.K. Sinha, R.P. Ekins, M.J.F. Hubank, M. Ballabio, M. Pickard, 
z. Al Mazidi, D. Gullo~, M.C. Ruiz de Elvira, and M. Khaled 

Department of Molecular Endocrinology 
Middlesex Hospital Medical School 
University of London 
London, England 
~Department of Endocrinology 
University of Catania 
Catania, Italy. 

Maternal hypothyroxinemia in endemic iodine-deficient regions correlates with 
an increased incidence of irreversible neurological disorders in the 
offspring. Damage to the CNS is evidenced by subliminal deficit in 
psychomotor competence, diplegia, strabismus, deaf-mutism and severe mental 
handicap. However, the specific biochemical lesions underlying these 
disorders remain to be identified. Our studies have therefore centered on 
the long-term irreversible biochemical effects in the brains of the adult 
progeny of hypothyroxinemic euthyroid rat dams. 

Partially thyroidectomized rate dams were maintained on normal laboratory 
diet with food and water ad libitum in a 12 hour light/dark cycle at 37 AC 
constant temperature, mated with normal males and the progeny allowed to grow 
to 7 months of age. The progeny were then killed and brain regions separated 
on ice and stored frozen before use. Tissues were thawed, homogenized in 
0.32 M sucrose and various biochemical parameters assessed using conventional 
techniques. Results were compared with matched control animals. 

Protein content in all brain regions was reduced in experimental animals by 
between 20 - 22%, but such reduction was significant only in cortex and 
midbrain (P < 0.02). DNA concentrations were significantly reduced (P < 
0.05) in several regions (by an average of 30%) as was inorganic phosphate in 
cortex and cerebellum (P < 0.01 and 0.05 respectively) B-D galactosidase and 
acetyl choline esterase were also severely reduced in several regions in 
experimental animals (P < 0.05 and 0.005 respectively). No changes in SDH 
and Mg++ ATPase activities were observed, but marked reductions in NA+K+ 
ATPase, LDH and aryl sulphatase activities in several brain regions (P < 
0.05) were recorded. 

These results reveal significant irreversible biochemical and enzymatic 
disfunction in the brain of the progeny associated with early maternal 
hypothyroxinemia. 
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