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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 lTaboratory 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 have 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 neurclogists in the Western world., It is different from
sporadic cretinism, Its pathogenesis, neuropathology and neurophysiology
have been little studied and less understood.



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
jodine 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 ep1dem1ology 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 Timiting 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 Disoxders,
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 of 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
bilateral 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.



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 o0il 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.



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



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
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TABLE 1
TODOTHYRONINE 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 1X106M 1X10-9M 6X10-9 M (T3),
37 X 10-9 M (T4)

DEIODINATION SITE OUTER AND OUTER RING  INNER RING

INNER RING

KINETIC MECHANISM PING-PONG SEQUENTIAL  SEQUENTTAL

DITHIOTHREITOL (DTT) STIMULATES  STIMULATES  STIMULATES

APPARENT K1 FOR PTU 5X10-7M 4X103M ? (>10-3 )

(AT 5 MM DTT)

IOPANOIC ACID INHIBIT INHIBIT INHIBIT

HYPOTHYROIDISM DECREASE INCREASE DECREASE

HYPERTHYROIDISM 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 (rT3) as a substrate for 5'
deiodination, there were several difficulties with the concept that rT3



and T4 5' deiodination in the cengral 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 mM 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
iopanoic acid. T4 to T3 conversion was measured by the production of
125-I T3 from 5 nM 125-I T4 in the presence of 15 mM DTT and 1 pM T3
(panel A). Reverse T3 deiodination was measured by the release of 125-I-
from 2 nM 125-I rT3 in the presence of 15 mM DTT. PTU-insensitive
deiodination refers to reactions performed in the presence of 1 mM PTU
(panel B). Reprinted with permission from Silva, Leonard, Crantz and
Larsen, J. Clin. Invest. 69:1176-1184, 1982.



(10-6 M) causes complete inhibition of PTU sensitive rT3 5' deiodination
in the euthyroid cerebral cortex whereas 1000 fold higher concentrations
are required to inhibit 14 t5 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 sequeggial, 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
IIT 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
IIT 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 ESTIMATES
OF SPECIFIC HIGH AFFINITY NUCLEAR T3 BINDING SITES
IN RAT CEREBRAL CORTEX AND LIVER

In Vivo In vitro
Cerebral Cortex
MBC (ng T3/mg DNA) 0.27 0.97
Kp () 1.5 x 10-11# 5.6 x 10-10
Liver
MBC (ng T3/mg DNA) 0.76 0.77
Kp (M) 6.5 x 10-12* 4.6 x 10-10

*Assumes a free hormone fraction of 0.42%. Data are from Kolodny
et al, 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 brain 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
II1 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 plasma.

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'D-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 of 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 (32).
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 1I 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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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 5’ deiodination after thyroidectomy.
Assays were performed using 125-1 rT3 as substrate in the presence of 15
mM DIT. Panel B: Assays were performed using 125-I rT3 as substrate in
the presence of 1 mM DIT. 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 chromically
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<0.001. 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=*

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

0.2 0.6 1.6

Serun T4 (pg/ml) 8.8 35 58
Cerebrocortical Iodothyronines

T4 (ng/g) 0.27 1.1 3.9

rT3 (pg/g) 3.4 18 96
Estimated 5°D-II Suppression (%)

Total 50 70 90

From Cortical rT3 Alone (0] 20 50

+0bregon et al 1985 (39), Silva and Leonard 1985 (36).

cerebral cortex to a reduction in plasma thyroid hormone. It is also
possible to reduce the elevated 5'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 T4/100 g
BW, whereas that for T3 was 5 ug/100 g BW (36). In fact, T3 was even
less effective than rT3 which had an ED_, of 2 ug/100 g BW. This
suggested that regulation of 5'D-II activity 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'D-II activity. This suppression of 5'D-1I 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 EC50
for suppression of cortical 5'D-II activity was approximately 50 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 Kidney
Fractional removal Eu 0.26 0.98 0.97
rates (hr-1) Hypo 0.0 0.67 0.46
Equilibrium T/P Eu 1.5 5.1 5.8
(nl/g) Hypo 1.6 3.8 7.2
Uptake from plasma Eu 0.38 5.0 5.6
[(ml/g)xhr-1] Hypo 0.10 2.5 3.3

*Silva and Matthews 1984 (40).

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 ED., for T4 (0.2 ug/100 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 per 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 5'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 5
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#

Euthyroid Hypothyroid Hy/Eu

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

Fractional T3 disposal rate 0.26 0.07 0.26
(hr-1)

Fractional conversion rate 0.39 2.40 6.13
(br-1)

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

*Silva and Matthews 1984 (40).

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
ITT 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 per 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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THYROID HORMONE RECEPTOR RELATFD mRNAs
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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: Op 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 thyroid hormone. Effect of
thyroid hormone on oxygen consumption<; and malic enzyme mRNA
1evels3; compared to nuclear T3-binding capacity®. 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 15pg T3/100 g b.w. The binding capacity was measured
in normal rats.

TISSUE 0, CONSUMPTION BINDING CAPACITY ME mRNA
Eu/Tx ng T2/mg DNA T2/Eu
Liver 1.29 .61 = 12
Heart 1.62 .40 4
Kidney 1.16 .53 3
Brain 1.08 .27 1
Spleen 1.01 .018 1
Testis 0.97 .0023 1
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0, 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 Ty, 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 07 consumption was altered by thyroid hormone and those containing a
high T4 binding 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 gene™. 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, T5 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'd and Vennstrom's® laboratories demonstrated that the
"in wvitro" translation products of an erb-A proto-oncogene have binding
characteristics of the Tq receptor. T3 receptor cDNAs have been isolated
from chicken embryo®, human placenta’, and rat brain libraries’. 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 5x10° phage recombinants. No positive signal was
obtained, although rat 1liver 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_1abeled fragment used
to screen the rat liver libraries. From » 4x10” recombinants, 12 positive
clones were obtained and were further characterized by restriction endonu-
clease mapping”. 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 Tq receptor recently
cloned by Thompson et al.’). A representative from each set was sequenced
by the dideoxy-chain termination method!® 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 454 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,
tTRa cTRa, hTRB and the two variant forms we have isolated (Mitsuhashi et
al.li) 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 Ty binding domain
(997). Extensive amino acid sequence similarities were found with cTRa,
hTRB 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 332-454), no sequence similarity was found with any amino acid
sequence available in the protein databank, except a stretch of 5 amino
acids which is conserved, with an additional 4 amino acids, in all protein
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Fig. 1. Twelve clones isolated from a rat brain cDNA
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
|
FTRK v 1 (1] 'S 83 fe] 51 22 B
. o

Ty —f o T

100 % 99 % :
c TR _[5' g 187 368 I 408 ]

97 % 93 % :
hTR B —Joe 170f——2a8 419 : 6]

90 % 84 % :
v-eb-A 37 105 173 354;

94 % 92 %

Comparison of Amino Acid Sequences of erb-A Proteins

Fig. 2. Alignment of the amino acid sequences of v-erb-A,
human placenta (hTRB), 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

1 39 151 370 410
1 —r Jm - — o —» rTR..

NNNNNNNS g Y

L NNNNNN . ||

"NANNNNN e

Schematic Structures of the Coding Region of rTR4 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 does not represent an authentic 5' end. The
aminc 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 consensus 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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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 NaDodSO,-PAGE (Fig. 5, lane 2). The translation effi-
ciency was comparable to that of hTRB c¢DNA (lane 1). The products of '"in
vitre" translation of vI and vI' were then analysed for binding to thyroid
hormones. Five pl of the "in vitro" translation wmixture 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 Ty in the absence or presence of
1uM unlabeled Tq3. As can be seen, definite specific binding was detected
only for rTRa (open boxes).

Neither T4, L-thyroxine, 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.” 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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Fig. 5. NaDodSO4-PAGE of in vitro translation
products of hTRR (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.

Fig. 6. Five pl 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 uM unlabeled
T w;s added to determine nonspecific binding (filled
bars).



Fig. 7. Schematic representation of the structure of rTRa
vl 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'“ and then
chromatographed on oligo (dT)-cellulose?.

Fig. 8. Schematic representation of the structure of rTRa
vl 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)t RNAs = 2.6,
5.4, and 6.8 kb in size, the 2.6 kb message being most abundant. These
messages are also present in kidney, spleen and liver. Hybridization 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 T4 teceptor message levels.

Lastly, we used cDNA probes B, common to the receptor and its vari-
ants, and C, wunique 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 5pg of poly(A)+
RNA are necessary in order to detect the receptor sequences. Thus, these
results show that only 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 Tq recegtor is present in a low amount in brain
as determined by Scatchard analysis 3 and those recently reported by Thomp-
son et al.’ using an rTRa cDNA probe.

Fig. 9. See the legend to Fig. 7. The probes C and D are
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 B and C were labeled to specific
activities » 7-10x108 cpm/ug. The oli§onuc1eotide probes E
and D (42-mers) were labeled to > 1x10 cpm/ug.

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
with 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 T 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 Ty 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 Ty 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 Tq 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 GH; cells, growth hormone
synthesis was shown to be increased in a synergistic fashion by both
glucocorticoids and thyroid hormones occuring primarily at the
transcriptional 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
play a 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-Erb-A Gene Encodes a Thyroid Hormone Receptor

Biochemical characterization of thyroid hormone-binding species from
various tissue sources 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 1251-T, (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). N and 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



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 [125]] 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-T; 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 Dj 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 355-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

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 T3 Receptors

The unexpected finding that two T3Rs 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 T1) of
the neural T3R 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 T1 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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THYROID HORMONE TRANSPORT FROM BLOOD INTO BRAIN CELLS

Jacob Robbins, Edison Goncalves, Mark Lakshmanan,
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Bethesda, Maryland 20892

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 com-
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!s?. 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 blood”?. Although a barrier to macromolecular transport has
been clearly demonstrated at the endothelial surface"? 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
studies® , however, have shown that the passage of T, and Ty from blood
to brain is saturable. It is also stereospecific in that brain uptake of
L-Tq 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 surface'*<*/, 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 transit”®.  Furthermore, blood
cells in the capillary lumen result in mixing of the contents!0 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 TBGg, it can be expected that much, if
not most, of the T, and Ty 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 plexusll.
Largely for this reason, capillary transport is envisioned as the main
route of entry of the thyroid hormones’; however, the role of the choroid
plexus-cerebrospinal fluid system is poorly understood. It has long been
known that T,, 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 plasma 4-16,  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 ventriclesl7s>18, Tt has therefore been proposed that this consti-
tutes a special mechanism for the distribution of thyroxine in the cNslo,
About one-third of the CSF is generated in the ventricles and then flows
into the subarachnoid space and the spinal canal?0, It is thus possible
that T, is carried from plasma to CSF by newly synthesized PA and thenceé
unidirectionally, to other regions of the CNS. Kinetic studies in rats
showed that intravenously injected T, 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 T, and T3 into choroid plexus appeared to be
nonsaturable.

Kinetic studies in baboons2! have shown that both T, 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 T,
over T3. Passage of Tq from blood to CSF was more rapid and complete
than T,, which is contrary to the finding in rats.

It has also been shown that intrathecally injected T, influences
body temperature regulation in dogs22 and that intrathecally administered
T3 in rats causes greater heart rate stimulation than intravenous T3“-.
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 1l-day rat fetus“®, 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 epithelium2 . 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 tissues“®. The ratio of Ty derived from injected
T, 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 T, in 10 day old rats is 3
times higher than in 30 day old rats?’,

An additional point of interest is that iodide ion is specifically
transported by the choroid plexus in the direction of CSF to blood?8,
This is resgonsible for the very low ratio of CSF to serum iodide meas-
ured in man?®. This transgort mechanism is genetically related to iodide
transport in thyroid cells 0,

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 wuptake of T, as
well as T3 since the major source of intracellular T3 in nerve cells is
from monodeiodination of T, 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’

Our initial studies were done with the mouse neuroblastoma cell line
NB41A in the cell culture medium, RPMI 1640. Although 337 of the labeled
T3 accumulated by the cells in 2 hours could be blocked by a saturating
concentration of T3 (10pM), we were unable to demonstrate any saturable
uptake of T, (Fig 1). When the culture medium was replaced by Hank's
physiological salt solution, however, the total uptake of both T3 and T,
was 3-fold higher and both T3 and T, uptake was suppressed by 10uM
hormone (777 and 257, 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 T,
was completely blocked by phenylalanine at the concentration present in
RPMI, 0.09mM. Isoleucine (0.4mM) and cycloleucine (10mM) 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-Tq and L-T, uptake by
mouse neuroblastoma c€lls (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 10pM unlabeled hormone. Wells
measuring 28.2 cm“ contained 4 ml of culture
medium (RPMI 1640) or Hank's balanced salt
solution. After washing with phosphate
buffered saline + 0.17 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 T,, 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 Ty uptake observed in RPMI. It thus
appears possible that cellular uptake of Ty and T, in the CNS in vivo may
be affected by variations in amino acid levels.

The accumulation of T3 and T, by a monolayer culture of human
neuroblastoma cells in Hank's buffer is 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 (907 and 737%). The
saturable uptake plateaued after 60 min and was 377 less for T, 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-T, and L-T, saturable
uptake by mouse neuroblas toma cellS (NB41A3Y. Confluent
cells were preincubated for 45 min and incubated for 2 h
in Hank's buffer containing 0.38mM serine, 0.10mM histi-
dine or 0.09mM 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 T[‘.

A key question is whether the hormone accumulated by the cells actu-
ally crosses the plasma membrane. In fibrgblasts, this has been demon-
strated directly by fluorescence microscopy 4 showing that rhodamine-
labeled T4, 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 (MDC). We have shown that MDC also inhibits Tq and T, 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 CNS probably involves a receptor-mediated endocytosis
mechanism.

Another approach to demonstrating intracellular penetration is to
examine nuclear wuptake in the cells. After incubation of neuroblast
monolayers with Ty or T,, 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 MDC. 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-Ty and L-T,
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-T, and L-T, total and non-
saturable uptake by human feuroblas toma cells (SK-N-SH).
Cells were incubated at 25°C in Hank's buffer with 30 pM
5I-labeled hormone. Wells measuring 9.6 cm“ con-
tained 1 ml of buffer. Other conditions as in Fig 1. Sa-
turable uptake of L-T3 and L-T, were 907 and 737 of total
uptake, re spectively, and saturable L-T, uptake at 2 h
was 377 less than saturable L-Tq uptake.
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Fig 4. Inhibition of L-Tq uptake in mouse neuroblastoma
cells by antimycin and mofodansylcadaverine. Confluent
cells were preincubated for 30 min at 37°C in RPMI 1640
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25pM L-Tq was for 30 min. Wells measuring 28.2 cm?
contained 4 ml of medium. Other conditions as in Fig 1.
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Fig 5. T4 _and T, nuclear receptor affinity in mouse
neuroblastoma (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 MgCl, with 25pM labeled L-Tj3, D-Tj,
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-T, uptake rate in
mouse neuroblastoma NB41A3, and hum3@n 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
T,. Other conditions as in Fig 3.
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Fig. 5 also shows that the nuclear receptor affinity for D-Tg and
D-T, 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-Tg and
L-T, 1is "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 T, uptake in all four cell lines were similar, ranging from 0.8
to 3.1nM. Maximum velocities, however, were widely disparate, being low-
est for the human neuroblastoma cells (Vmax=7.9 fmols/min/lO6 cells) and
highest for the human glioma cells (Vmax=84 fmols/min/100 cells).

The strikingly different Vmax obtained with glioma cells suggests a
special role for T, transport in these cells. Saturable cell uptake
(31.6 fmols/10% cells at 60 min) was much higher than in human neuro-
blasts (4.4 fmols/10® cells) but the difference in nuclear uptake was
much less (0.383 fmols/10® cells in glioma cells compared to 0.105
fmols/10® cells in neuroblasts). Since antimycin and MDC depressed the
specific uptake in glioma cells, we can conclude that the large amount of
T, 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"! to 0.22 nM"! in the presence of antimycin,
presumably reflecting a 10-fold decrease in free T, concentration within
the cytoplasmic compartment. The high free T, 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 1in cytoplasm: nucleus ratio, neurite outgrowth and induction of
tyrosine hydroxylase and other enzymes-2»-°°. As shown in Fig 8, butyrate
caused an increase in T 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 T, concentration is unexplained. As
described by others in developing rats 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 Ty in hepatocytes and other tissues,
including brain-Z»?#Y, In mature neurons, Dratman and colleagues have
shown that intravenously injected [1251]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 shown#Z that [1251]T4 injection is followed by
accumulation of [125I]T3 in synaptosomes, and that the labeled T3/T,
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Fig 7. Differentiation of mouse neuroblastoma
NB41A3 cells induced by butyrate. Left panel:
Undifferentiated cells grown for 4 days in RPMI
1640 + 57 fetal bovine serum. Right panel:
Differentiated cells grown for 7 days in the
presence of 0.5 mM sodium butyrate.

Fig 8. Effect of butyrate on cell
uptake, nuclear receptor affinity (Ka)
and maximal binding capacity (Bmax)
for L-T7 in intact mouse neuroblastoma
(NB41A3Y. Cells were grown in RPMI
1640 containing 0.5 mM sodium butyrate
for 4 or 7 days. Then intact cells
were incubated with 25pM [IZSI]L-T3
and Scatchard analysis performed

(see Legends to Figs 1 & 4).
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ratio is higher in synaptosomes than in brain cytosol. No labeled Ty was
detected in plasma. Although they conclude that the data favor the
uptake of T, by nerve endings, and conversion there of T, to T3, they
also raise the possibility that T4 is generated from T, 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 axon™-. It is also possible, however, that hormone entering
the sgnaptosome is transported in retrograde fashion toward the cell
body4 .

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 play a 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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THYROID HORMONE RECEPTORS IN THE DEVELOPING BRAIN
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Introduction

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 O, consumption, mitochondrial a-GPD 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
still 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 MAPS (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 sul 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 Tj
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 1s 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
testls 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 neurouns [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 1s 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 1010 M1 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 coan-
centrations of T3 [44]. As pointed out by the authors, it is impossible
at the present time to conclude that thyroid hormones play a role in
neuroblast proliferation and/or differentiation although the presence of
receptor and Ty 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 fmol/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 Age Ka Receptor conc.
(weeks) (1010 M=1} (fmol T3/mg DNA)

Brain 10 1.9 46
12 1.9 264
16 2.0 479
17 1.9 390
18 3.0 344
Liver 16 1.5 352
Heart 16-18 0.9 201
Lung 16 1.8 544

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
nuclel [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-1y, reaching maximal
values (1.8 x 109 M‘l) 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 T, [49].

In the brain of foetal lambs, the affinity for T4 increased from 50
days (1.0 x 1010 M~1) to 80 days (1.9 x 1010 M-1) 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-1) Mean + SD

A. Brain chromatin Liver receptors
9 days 0.29 + 0.18
18 days 0.85 + 0.65
50 days 0.35 + 0.64

B. Liver chromatin Brain receptors
9 days 0.33 +0.39
18 days 0.31 +0.75
50 days 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 o0ld rat
embryos increased between 5 to 9 days of culture, indicating that the in
vitro model adequately reflects the in vivo situation, and 1n 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].

54



Conclusions

The analysis of the properties of the Tj 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 tramsport of T3 from plasma to cyto-
sol, and from cytosol to nucleus in different tissues [63].

Acknowledgements

The financial support of FRSM (Belgium), and the secretarial help
of Mrs Th. Lambert are gratefully acknowledged.

References

1. J.H. Oppenheimer, H.L. Schwartz, C.N. Mariash, W.B. Kinlaw, N.C.W.
Wong and H.C. Freake. Advances in our understanding of thyroid hor-
mone action at the cellular level. Endocrine Rev. 8:288-308 (1987).

2. J. Sap, A. Munoz, K. Damm, Y. Goldberg, J. Ghysdael, A. Leutz, H.
Beug, B. Vennstrom. The c-erb-A protein is a high-affinity receptor
for thyroid hormones. Nature 324:635-640 (1986).

3. C. Weinberger, C.C. Thompson, E.S. Ong, R. Lebo, D.J. Gruol and R.M.
Evans. The c-erb-A gene encodes a thyroid hormone receptor. Nature
324:641-646 (1986).

4. C.C. Thompson, C. Weinberger, R. Lebo and R.M. Evans. Identification
of a novel thyroid hormone receptor expressed in the mammalian
central nervous system. Science 237:1610-1614 (1987).

5. D. Benbrook and M. Pfahl. A novel thyroid hormone receptor encoded by
a cDNA clone from a human testis library. Science 238:788-791 (1987).

6. H.H. Samuels, A.J. Perlman, B.M. Raaka and F. Stanley, Thyroid hormo-
ne receptor synthesis and degradation and interaction with chromatin
components, in: "Molecular basis of thyroid hormone action™ J.H.
Oppenheimer and H.H. Samuels, eds., Academic Press, New York (1983).

7. V.M. Nikodem, D.R. Huang, B.L. Trus and J.E. Rall. The effects of
thyroid hormone on in vitro phosphorylation, acetylation, and ADP
ribosylation of rat liver nuclear proteins. Horm. Metab. Res.
15:550-554 (1983).

8. J. Bismuth, A. Anselmet and J. Torresani. Triiodothyronine auclear
receptor and the role of non-histone protein factors in in vitro tri-
iodothyronine binding. Biochim. Biophys. Acta 840:271-279 (1985).

9. J. Ortiz-Caro, F. Montiel, A. Pascual and A. Aranda. Modulation of
thyroid hormone nuclear receptors by short-chain fatty acids in glial
Cé cells. J. Biol. Chem. 261: 13997-14004 (1986).

10. J. Legrand. Hormones thyroidiennes et maturation du syst@me nerveux.
J. Physiol. Paris 78:603-652 (1983).

55



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

56

J. Legrand. Effects of thyroid hormones on central nervous system
development, in: “"Neurobehavioral Teratology", J. Yanai, ed.,
Elsevier Science Publ., Amsterdam (1984).

J.M. Lauder and M.C. Bohn. Thyroid hormones and corticosteroids as
temporal regulators of postnatal neurogenesis in the cerebellum and
hippocampus, in: "Progress in Psychoneuroendocrinology”, F. Brambil-
la, G. Racagni and D. de Wied, eds., Elsevier Biomedical Press,
Amsterdam (1980).

A. Seiger and A.C. Granholm. Thyroid hormone dependency of the
developing brain, in: "Neurohistochemistry: Modern Methods and Appli-
cations”, Alan R. Liss, Inc. (1986).

D.H. Ford and E.B. Cramer. Developing nervous system in relation to
thyroid hormones, in: “Thyroid Hormomes and Brain Development"”, G.D.
Grave, ed., Raven Press, New York (1977).

J.H. Dussault and J. Ruel. Thyroid hormones and brain development.
Ann. Rev. Physiol. 49:321-334 (1987).

J. Nunez. Thyroid hormones, in: "Handbook of Neurochemistry”, Vol. 8,
A. Lajtha, ed., Plenum Publ. Corp., New York (1985).

J. Nunez. Microtubules and brain development: the effects of thyroid
hormones. Neurochem. Int. 7:959-968 (1985).

8. Geel. Development-related changes of triiodothyronine binding to
brain cytosol receptors. Nature 269:428-430 (1977).

B. Dozin-Van Roye and Ph. De Nayer. Triiodothyronine binding to brain
cytosol receptors during maturation. FEBS Lett. 96:152-154 (1978).
A.M. Lennon, J. Osty and J. Nunez. Cytosolic thyroxine-binding pro-
tein and brain development. Molec. Cell. Endocrinol. 18:201-214
1980.

S.E. Geel, L. Gonzales and P.S. Timiras. Properties of triiodothyro-
nine binding sites in cerebral cortical cytosol. Endocrine Res.
Commun. 8:1-18 (1981).

A.M. Lennon, F. Chantoux, J. Osty and J. Francon. A high affinity
thyroid hormone binding protein in the cytosol of embryonic rat brain
cells in primary cultures. Biochem. Biophys. Res. Commun. 116:901-908
(1983).

G. Shanker, N.R. Bhat and R.A. Pieringer. Investigations on myelina-
tion in vitro: thyroid hormone receptors in cultures of cells disso-
ciated from embryonic mouse brain. Biosci. Rep. 1:289-297 (1981).
J.H. Oppenheimer. The nuclear receptor-triiodothyronine complex:
relationship to thyroid hormone distribution, metabolism and biolo-
gical action, in: "Molecular Basis of Thyroid Hormone Action", J.H.
Oppenheimer and H.H. Samuels, eds., Academic Press, New York (1983).
B. Dozin and Ph. De Nayer. Triiodothyronine receptors in adult rat
brain: topographical distribution and effect of hypothyroidism.
Neuroendocrinol. 39:261~266 (1984).

J. Ruel, R. Faure and J.H. Dussault. Regional distribution of nuclear
T3 receptors in rat brain and evidence for preferential localization
in neurons. J. Endocrinol. Invest. 8:343-348 (1985).

H.L. Schwartz and J.H. Oppenheimer. Nuclear triiodothyronine receptor
sites in brain: probable identity with hepatic receptors and regional
distribution. Endocrinology 103:267-273 (1978).

N.L. Eberhardt, T. Valcana and P.S. Timiras. Triiodothyronine nuclear
receptors: an in vitro comparison of the binding of triiodothyronine
to nuclei of adult rat liver, cerebral hemisphere, and anterior
pituitary. Endocrinology 102:556-561 (1978).

T. Valcana. The role of triiodothyronine (T3) receptors in brain
development, in: “"Neural Growth and Differentiation”, E. Meisami and
M.A.B. Brazier, Raven Press, New York (1979).

J.M. Kolodny, P.R. Larsen and J.E. Silva. In vitro 3,5,3'-triiodothy-
ronine binding to rat cerebrocortical neuronal and gial nuclei
suggests the presence of binding sites unavailable in vivo. Endocri-
nology 116:2019-2028 (1985).




31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

M.A. Haidar, S. Dube and P.K. Sarkar. Thyroid hormone receptors of
developing chick brain are predominantly in the neurons. Biochem.
Biophys. Res. Commun. 112:221-227 (1983).

A. Pascual, A. Aranda, V. Ferret-Sena, M.M. Gabellec, G. Rebel and
L.L. Sarlidve. Triiodothyronine receptors in developing mouse
neuronal and glial cell cultures and in chick-cultured neurones and
astrocytes. Dev. Neurosci. 8:89-101 (1986).

M. Luo, R. Faure and J.H. Dussault. Ontogenesis of nuclear T3 recep-
tors in primary cultured astrocytes and neurons. Brain Res; 381:275-
280 (1986).

F. Courtin, F. Chantoux and J. Francon. Thyroid hormone metabolism by
glial cells in primary culture. Molec. Cell. Endocrinol. 48:167-178
(1986).

J. Ortiz-Caro, B. Yusta, F. Montiel, A. Villa, A. Aranda and A.
Pascual. Identification and characterization of L-triiodothyronine
receptors in cells of glial and neuronal origin. Endocrinology
119:2163-2167 (1986).

J. Ruel, J.M. Gavaret, M. Luo and J.H. Dussault. Regulation of pro-
tein phosphorylation by triiodothyronine (T3) in neural cell cultu-
res. Part I: Astrocytes. Molec. Cell. Endocrinol. 45:223-232 (1986).
J. Ruel, J.M. Gavaret, M. Luo and J.H. Dussault. Regulation of
protein phosphorylation by triiodothyronine (T3). Part II: Neurons.
Molec. Cell. Endocrinol. 45:233-240 (1986).

B.J. Spindler, K.M. McLeod, J. Ring and J.D. Baxter. Thyroid hormone
receptors. Binding characteristics and lack of hormonal dependency
for nuclear localization. J. Biol. Chem. 250:4113-4119 (1975).

J. Bernal, A.H. Coleoni and L.J. DeGroot. Thyroid hormone receptors
from liver nuclei: characteristics of receptors from normal, thyroi-
dectomized and triiodothyronine-treated rats; measurement of occupied
and unoccupied receptors, and chromatin binding of receptors.
Endocrinology 103:403-413 (1978).

K. von Overbeck and Th. Lemarchand-Béraud. Modulation of thyroid
hormone nuclear receptor levels by L-triiodothyronine (T3) in the rat
pituitary. Molec. Cell. Endocrinol. 33:281-292 (1983).

S. Hamada and Y. Yoshimasa. Increases in brain nuclear triiodothyro-
nine receptors associated with increased triiodothyronine in hyper-
thyroid and hypothyroid rats. Endocrinology 112:207-211 (1983).

C.L. Thrall and T. Yanagihara. Alterations of nuclear thyroid hormone
receptors in cerebral cortex in vivo. J. Neurochem. 38:669-674
(1982).

J. Bernal, K. Liewendahl and B.A. Lamberg. Thyroid hormone receptors
in fetal and hormone resistant tissues. Scan. J. Lab. Invest. 45:577-
583 (1985).

J. Bernal and F. Pekonen. Ontogenesis of the nuclear 3,5;3'-triiodo-
thyronine receptor in the human fetal brain. Endocrinology 114:677-
679-679 (1984).

L.W. Gonzales and P.L. Ballard. Identification and characterization
of nuclear 3,5,3'-triiodothyronine-binding sites in fetal human lung.
J. Clin. Endocrinol. Metab. 53:21-28 (1981).

A. Perez-Castillo, J. Bernal, B. Ferreiro and T. Pans. The early
ontogenesis of thyroid hormone receptor in the rat fetus. Endocri-
nology 117:2457-2461 (1985).

H.L. Schwartz and J.H. Oppenheimer. Ontogenesis of 3,5,3'-triiodo-
thyronine receptors in neonatal rat brain: dissociation between
receptor concentration and stimulation of oxygen consumption by
3,5,3'-triiodothyronine. Endocrinology 103:943-948 (1978).

T. Valcana and P.S. Timiras. Nuclear triiodothyronine receptors in
the developing rat brain. Molec. Cell. Endocrinol. 11:31-41 (1978).
B. Dozin-Van Roye and Ph. De Nayer. Nuclear triiodothyronine recep-
tors in brain during maturation. Brain Res. 177:551-554 (1979).

57



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

58

K. Ishiguro, Y. Suzuki and T. Sato. Effect of neonatal hypothyroidism
on maturation of nuclear triiodothyronine (T3) receptors in develop-
ing rat brain. Acta Endocrinol. 95:495-499 (1980).

L.J. DeGroot, M. Robertson and P.A. Rue. Triiodothyronine receptors
during maturation. Endocrinology 100:1511-1515 (1977).

P. Coulombe, J. Ruel and J.H. Dussault. Analysis of nuclear 3,5,3'-
triiodothyronine-binding capacity and tissue response in the liver of
the neonatal rat. Endocrinology 105:952-959 (1979).

D. Bellabarba, S. Bédard, S. Fortier and J.G. Lehoux. 3,5,3'~triiodo~-
thyronine nuclear receptor in chick embryo. Properties and ontogeny
of brain and lung receptors. Endocrinology 112:353-359 (1983).

B. Ferreiro, J. Bernal and B.J. Potter. Ontogenesis of thyroid hor-
mone receptor in foetal lambs. Acta Endocrinol. 116:205-210 (1987).
B. Dozin-Van Roye and Ph. De Nayer. Evidence for different binding
sites for T4 and T3 in rat liver and brain. VIth Intern. Congress of
Endocrinology, abstract 142, p. 280 (1980).

D. Bellabarba and J.G. Lehoux. Binding of thyroid hormones by nuclei
of target tissues during the chick embryo development. Mech. Ageing
Dev. 30:325-331 (1985).

M. Margarity, N. Matsokis and T. Valcana. Characterization of nuclear
triiodothyronine (T3) and tetraiodothyronine (T4) binding in develop-
ing brain tissue. Molec. Cell. Endocrinol. 31:333-351 (1983).

Ph. De Nayer and B. Dozin-Van Roye. Effect of chromatin associated
factors on the activity of thyroid hormone receptors in rat liver and
brain. Biochem. Biophys Res. Commun. 98:1-6 (1981).

J.W. Apriletti, Y. David-Inouye, N.L. Eberhardt and J.D. Baxter.
Interactions of the nuclear thyroid hormone receptor with core
histones. J. Biol. Chem. 259:10941-10948 (1984).

Ph. De Nayer and B. Dozin. Thyroid hormones and brain development:
modulation of the binding activity of the T3 nuclear receptor by
chromatin-associated factors. Molec. Physiol. 7:303-310 (1985).

B. Dozin and Ph. De Nayer. Nuclear receptors and cytosolic binding
sites for triiodothyronine in rat brain and liver during maturation.
Effects of neonatal hypothyroidism, in: "Neuropeptides and Psycho-
somatic Processes”, Endroczi et al., eds., The Hungarian Academy of
Sciences, Budapest (1982).

D. Bellabarba, S. Fortier, S. Bélisle and J.G. Lehoux. Triiodothyro-
nine nuclear receptors in liver, brain and lung of neonatal rats.
Biol. Neonate 45:41-48 (1984).

J.H. Oppenheimer and H.L. Schwartz. Stereospecific transport of tri-
iodothyronine from plasma to cytosol and from cytosol to nucleus in
rat liver, kidney, brain and heart. J. Clin. Invest. 75:147-154
(1985).




THYROID HORMONE REGUIATION OF SPECIFIC mRNAS IN THE DEVELOPING BRAIN

S.A. Stein', D.R. Shanklin4, P.M. Adams2, G.M. Mihailoffl,3,
M.B. Palm'.tkarl, and B. Andersonl

Ipepts. of Neurology, 2Psychiatry, and 3Cell Biology
University of Texas Soutlwestern Medical Center, Dallas, TX.
4pepts. of Pathology and Cbstetrics and Gynecology
University of Tenn.-Memphis, Memphis, Tenn.

Supported by NIMH/ADAMHA # MH42469(SAS), NIMH/ADAMHA
#MH43017 (SAS) and United Cerebral Palsy Research amd
Educational Foundation #377-87(SAS)

Thyroid hormones, T3 and T4, have been shown to play significant
but poorly understood roles in development and differentiation of
rodent and human brain (1-7). In the human, disorders of maternal and
fetal thyroid function include matermal and secondary fetal iodine
deficiency, maternal hypothyroidism or hyperthyroidism, as well as
disorders related to deficient fetal autonomous thyroid hormone
secretion, 1i.e., goiter or sporadic congenital hypothyroidism. These
disorders are identifiable causes of mental retardation (4, 8, 9, 10),
cerebral palsy (11, 12), and other significant neurological
abnormalities (5, 6, 11).

Significant and unresolved issues concerning the neurological
impairments and their relationship to alterations in iodine and thyroid
hormone in the fetal brain include the facts that:

1) Iodine replacement prior to pregnancy in iodine deficient women
does not completely prevent mental or motor abnormalities (8);

2)Treatment of sporadic congenital hypothyroidism in the first
postnatal month has significantly reduced the incidence of severe
mental retardation (4). Despite this fact, evidence exists that
mild mental retardation, learning disabilities, and mood motor and
neurological abnormalities do occur (5, 6);

3)Maternal thyroid hormone aberration during pregnancy represents
an identifiable cause of cerebral palsy (12) and lowered IQ (10)
in children;

4)The neurological signs and neuropathological evaluation,
particularly in cerebral cortex may be temporally related to
alteration of fetal nervous system development as early as the
first trimester (9, 11, 12, 14, 15, 16).
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To assist us in understanding the pathophysiology and treatment of
these disorders, a multidisciplinary approach to animal models of the
different dlsoxﬂers is required.

Thyroid Hormone and Human and Rodent Brain Development

Of the animal models of hypothyroidism, the fetal and neonatal
hypothyroid rat (1, 2), and progeny of the maternally iodine deficient
(1, 15) or hypothyroid rodent (49) are reliable models of the human
conditions (1, 4, 8, 11, 12)[ The rodent at 16-19 days of gestation
corresponds to the human fetus at about 12 weeks of gestation](1l). The
human and rodent (mouse and rat) are similar with respect to timing of
functional and anatomical development of the fetal thyroid gland,
thyroid hormone secretion, thyroid hormone receptors, detection of
brain T3 and T4, and the maturation of the hypothalamo-pituitary-
thyroid axis (1, 16, 17).

The type and localization of pathological changes in human(12) and
hypothyroid rat brains (1,7), and electrophysiological (1), behavioral
and learning abnormalities (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(1l) or may not (27, 28) normalize the behavioral, cerebral
cortical, or  biochemical abnormalities of hypothyroidism.
Unfortunately, no animal model can totally simulate the human.

The human neurological (5, 6, 9, 11) and rodent behavioral signs
(1-3, 18, 26, 27) reflect on anatamic abnormalities in specific regions
of the cerebral cortex including the motor cortex and its corticospinal
projections, parietal lobes, temporal lobe associative cortex, as well
as hippocampus and brainstem.

When considered in terms of the normal sequence of fetal brain
development which is similar in the rodent and human, these human
neurclogical and rodent behavioral signs and neurcpathology can be
related to specific periods of fetal brain development and to specific
changes in thyroid hormone secretion. Prior to 8-10 weeks of gestation
in the human and 15 d pc in the rodent, the development of major brain
structures occurs(l, 14, 20, 21). This temporally correlates with
potential dependence on maternal thyroid hormones transported
the placenta (1, 3). The time of onset of rodent thyroid functlon(ls-
19 days of gestation) occurs immediately after brainstem neurogenesis
(8-13 days post conception[d pc] (20) and the onset (13-20 days
postconception) of forebrain neurogenesis (21); this timing correlates
with the differentiation of these neurons[15 4 pc to 4 days after
birth(ab)], primarily in cerebral cortical layers V and VI (1, 22, 23).
A similar temporal relationship for neuronal differentiation and
thyroid hormone is seen in the human motor cerebral cortex (14, 16)
between 9 and 24 weeks of gestation which corresponds with fetal
thyroid hormone secretion.

In the rodent, the period from 17 d pc to 10 4 ab is associated
with the final stages of cerebral cortex neuronal migration (Layers III
and IV), initial dendritic and axonal outgrowth of cerebral cortical
layers I,IV,V, and VI (22, 23) ; afferent projections to the cerebral
cortex (22) appear as does synaptogenesis (24) in the cerebral cortex.
Further increases in T3 and T4 from 10 d ab to 45 d ab to peak values
correlate with maximal rates of glial cell replication (25), increased
dendritic branching and synaptogenesis, contimued neurogenesis and
differentiation in other brain regions, and myelination (1, 2). A
similar sequence occurs in human brain from the second trimester to 2
years of age (14, 16).

In the human with congenital hypothyroidism or iodine deficiency
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ard the fetal and neonatal hypothyroid rodent (1,13), each of the
prenatal neurcanatamical events including neurogenesis, migration,
axonal outgrowth, dendritic process ontogeny, synaptogenesis,
gliogenesis, and myelinogenesis may be prolonged or changed in a
permanent or T4 reversible fashion in the hypothyroid brain(1,7, 20,
28). Alteration of the duration of the seqguence of brain development
as well as individual developmental events within the sequence is
important in understanding the rodent and human behavioral disorders of
fetal thyroid hormone. These manifestations of these disorders differ
in severity related to the timing, duration, and extent of maternal and
fetal thyroid hormone or iodine abnormality in utero.

Although the rodent is particularly useful as a model, most of the
behavioral and anatamical data have came from study of postnatal rodent
hypothyroidism, resulting from surgically produced (1,3) or
pharmacologically induced (20) hypothyroidism. These treatments may
have independent pharmacological effects as well as morbidity and
mortality and both maternal and fetal hypothyroidism (1, 3, 15). The
effects of matermal and fetal iodine deficiency and matermal
hypothyroidism encompass stages of development from nheurogenesis to
differentiation to synaptogenesis. Postnatal hypothyroidism interferes
with cerebral cortex dendritic development and axonal outgrowth(1).

However, a definition of the effects of congenital hypothyroidism
related to the timing of fetal thyroid hormone secretion and early
cerebral cortical neuronal differentiation requires the production (1)
of in utero late gestation hypothyroidism. A reproducible model of
late fetal hypothyroidism would allow the dissection of maternal from
fetal effects and isolate a narrow period of critical fetal brain
development in the rodent and human with congenital hypothyroidism
occurring after autonomous fetal thyroid hormone secretion.

The hyt/hyt congenitally hypothyroid mouse(29,30) provides a model
for partial but severe inherited congenital hypothyroidism. The
hyt/hyt hypothyroid mouse is advantageous because:

1) The primary inherited hypothyroidism characterized by
significantly reduced T4 levels(32), reduced thyroid gland T4
(30), reduced thyroid gland iodine uptake (30), and elevated serum
TSH-like activity (31);

2) Hypothyroidism is produced without artificial intervention;

3) It is distinct from postnatal hypothyroid rats and other inbred
hypothyroid mice, with secondary hypothyroidism or other
associated abnormalities (31) because of the fetal timing and
primary nature of the hypothyroidism,

4) The hypothyroidism results from an autosomal recessive genetic
defect (29) .

5) Relatively equivalent numbers of hypothyroid (hyt/hyt) and
euthyroid heterozygote controls(hyt/+) are produced within a
litter which allows valid comparisons:

6) The hypothyroidism occurs at a time of autonomous fetal thyroid
hormone secretion(after 15 days post conception).

7) The timing of hypothyroidism in the hyt/hyt mouse corresponds
temporally with cerebral cortex(CC) and total brain neuronal
differentiation, particularly of CC layer V and thalamocortical

afferents to CC layer IV (22).
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8) The timing of the hypothyroidism also corresponds with new
fetal total brain ard cerebral cortex mRNA synthesis (33).

The hyt/hyt mice and their hyt/+ littermates permit testing of a
model for thyroid hormone deficiency and action in utero(Figure 1).

REDUCED THYROID HORMONE (T3/T4)

ABNORMAL BRAIN AND CEREBRAL CORTEX
GENE EXPRESSION

ABNORMAL NEUROANATOMICAL DEVELOPMENT

ABNORMAL REFLEXIVE AND ADAPTIVE BEHAVIOR

Fig. 1. Model of Thyroid Hormone Action in Developing Brain.

Reduced or altered thyroid hormone levels may lead to alteration
of fetal and neonatal brain and cerebral cortex mRNA synthesis. Some
of these MRNA abnormalities may contribute to abnormal neuroanatomical
development and subsequent abnormal behavior(Figure 1).

Behavioral, Neuroanatomical, and Endocrinological Evaluation of the
hyt/hyt Mice

The purposes of our studies were to utilize the inherited hyt/hyt
congenitally hypothyroid mouse to characterize:

1)The neurcanatomical and reflexive behavioral abnormalities that
occur in the early neonatal period in hypothyroidism;

2)The specific brain and cerebral cortex molecular biological
abnormalities that occur in the late gestation and neonatal period
related to thyroid hormone deficiency that might have functional
significance; and

3)The sensitivity of fetal brain to thyroid hormone(Scheme 1).

Our colony of genetically hypothyroid mice was established from
breeders (C.RF-hyt, NI10F13-16) cbtained from Jackson Laboratory(Bar
Harbor, ME), and was maintained by mating hyt/+ sisters(T4 > 6 ug/dl)
and T4 supplemented hyt/hyt(hypothyroid) brothers(serum T4 levels < 1.1
ug/dl) (36); these matings produced litters of hyt/hyt and hyt/+
offspring for study.

Day of birth hyt/hyt animals were distinguished from hyt/+
littermates by serum thyroxine level (T4) (34), and histological and
ultrastructural evaluation of the thyroid gland(Figure 2). In normal
mice, autonomous secretion of T4 begins about 15d pc (30). In the
hyt/hyt mouse, deficient T4 production is associated with delayed and
disorganized fetal thyroid gland histological development (30); the
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Scheme 1. GENERAL EXPERIMENTAL PROTOCOL.

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

Progeny of Day of Birth (1 d) to 21 Days after Birth
> ~
~N
> ~

Perfuse Animal Somatic Evaluation
with Fixative Reflexive and Adaptive
Behavioral Evaluation

Type by:

a. T4 Serum Assay

b. Thyroid Gland Histology

¢. Thyroid Gland Ultrastructure

~
I
!
I

~
~
Remove Total Brain «<—— Distinguish hyt/hyt \Remove Total Brain (B)
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) (€C)
Use Total RNA for Load hyt/hyt or hyt/ + B
Mixed cDNA Probes or CC RNA on Northern Gel

hyt/hyt thyroid gland has reduced or absent colloid, a reduced number
of smaller follicles(30) and an increase in the rnumber of follicular
cell miclei as early as 17 d pc. Our histological distinction of the
thyroid glands from 1 day hyt/hyt and hyt/+ littermates was based on
the following criteria: 1)The percentage of follicles which contained
colloid (0-100%);. 2)The size of the follicles(+ to ++); and 3)The
size of intrafollicular epithelial gaps(+ to +++) (Figure 2, Panels A
and B).

The initial step in this analysis was to determine a sample size
which would in cross section fill the microscopic field. This was
required because hyt/hyt glands are hypoplastic compared to the normal.
In the hyt/hyt animals, less than 50% of the follicles contained
colloid. This reduction in follicles with colloid correlated with the
functional status of the gland. The hyt/+ normal gland had 75% or more
colloid containing follicles. In the hyt/hyt thyroid gland, gaps
between epithelial cells were rare(0-1+), while gaps were readily
apparent and numerous in the hyt/+ glands(3+).

The critical features for differentiation on electrormicroscopy
were graded on a scale from 1+ to 3+ and included: 1)The arrangement
and distance between nuclei; 2)The amount of cytoplasm and colloid.
There was abundant cytoplasm in the normal gland with occasional long
gaps between nuclei(Figure 2, Panels C and D). By contrast, hyt/hyt
follicles have nuclei very close together with reduced cytoplasm and
colloid. Within an individual litter, distinction of 1 day(day of
birth) hyt/hyt(T4 < 1 ng/ml) and hyt/+(> 4.0 ng/ml) mice could be made
by T4 levels. The anatomical and T4 samples were analyzed in coded
fashion to prevent investigator bias. The anatomical indices
corresponded exactly with the prediction of a hyt/hyt versus a hyt/+
mouse by T4 levels. Based on the use of these distinctions, hyt/hyt or
hyt/+ animals were divided for the neurcanatomical or molecular
biological studies(Scheme 1).
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2. PHOTOMICROGRAPHS OF HISTOLOGICAL SECTIONS AND
EIECTRONMICROGRAPHS OF 1 DAY OID hyt/hyt and hyt/+ MOUSE
THYROID GIANDS. Panel A: Histology of hyt/+ Thyroid Gland.
Follicle development with varied cross sectional profiles was
observed. The hyt/+ glands had 75% or more colloid containing
follicles compared to less than 50% in the hyt/hyt glands(Panel
B). Several gaps were present in the epithelial rim of the
follicles (arrows). Hematoxylin and eosin. Original
magnification 400X. Panel B: hyt/hyt Photomicrograph.
Tighter, seemingly more cellular follicles with closely packed
epithelial muclei. Gaps were absent. Hematoxylin and eosin.
Orig. magnifi. 400X. Panel C: Electrormicrograph(EM) of hvt/+
Thyroid Gland: Follicle with smoothed ocut colloid boundary and
fairly dense granular colloid was seen. Epithelial gaps with
spreading of muclei including back to back follicles (arrow)
were present. Microvilli were inconspicuous. Print magnifi.
9100X. Panel D: EM of hyt/hyt Gland: Small Follicle with a
regular cytoplasmic-colloid boundary in prominent microvilli.
Thyroid cells had less colloid amd cytoplasm per nucleus ard
nuclei were more closely applied. Print magnifi.
9100X. [Reprinted with permission(63)].



Preweaning Somatic and Behavioral Reflexive, Motor and Adaptive
Evaluations(Scheme 1, Fiqure 3)

Hyt/hyt and hyt/+ mice were specifically distinguished (d ab) by T4
levels at 21 days after birth(d ab)[hyt/hyt= 0.58 +/- 0.28 ugm/dl
(r=13), hyt/+=6.04 +/- 1.72 ugn/dl(r=17) (T=11.37, 27 df, p<.01)](32).

The somatic and behavioral studies on these 29 mice established
that the inherited hyt/hyt abnormality caused severe neonatal
hypothyroidism that was related to significant reductions in body
length, body weight, and significant delays in age of ear raising and
eye opening. There was delayed age of onset of normal reflexive
behaviors and impaired performance of other later adaptive behaviors
including swimming escape and locamotor activity. As with T4 levels,
these measures can also be used to distinguish the hyt/hyt mouse fram
the hyt/+ mouse in the early neonatal period. The hypothyroidism in
the hyt/hyt animals impairs somatic and brain function at least prior
to 5-15 days after birth.

Previous research on the appearance and subsequent disappearance
of reflexive behaviors provided the foundation for normal motor
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Fig. 3(Panels A and B). REFLEXIVE BEHAVIORAL EVALUATION OF hyt/hyt AND
hyt/+ NEONATAL, ANIMAIS. The reflexes evaluated for each mouse
were cliff avoidance and negative geotaxis. The days of age and
the methods have been previously reported (32). In the normal
hyt/+ mice, the negative geotaxis and cliff avoidance response
had developed by 5-8 days after birth. The hyt/hyt neonates
were found to be abnormally slow to develop on these behavioral
reflexes when compared to the hyt/+ mice. For cliff avoidance
(Panel A), the hyt/hyt animals were significantly delayed at 6
days of age when compared to the normal animals(t=2.06, p < .05,
27 df). For negative gectaxis (Panel B), a similar significant
delay was seen for the hyt/hyt animals versus the normal hyt/+
littermates at 5 days of age(t=2.07, p <.05, 27 df). As the
hyt/hyt animals grew older, the time required to make the
criterion response became similar to the normal animals and was
not delayed[Reprinted with Permission(32)].
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development in rodent and human (18, 35). Cliff avoidance, surface
righting, and negative geotaxis were among the normal behaviors that
ontogenically develop in the rodent soon after birth (32, 35). The
time of their appearance and disappearance have been suggested as an an
indicator of the normal development of the rodent nervous system and
the subsequent appearance of more cawplex behaviors (18).
Demonstration of delays in cliff avoidance and negative geotaxis
reflexive behavior is similar to what had been observed in the fetal
and neonatal hypothyroid rat (18). The development of rooting and
suckling behavior preceded normal neonatal feeding behavior(18) and
other reflexes including the placing response and body righting (2)
were delayed in the hypothyroid rodent. These reflexes and early
behaviors may be sensitive to the function and anatomical development
of the corticospinal tracts and to developing cerebellum, brainstenm,
and vestibular system (18,35). Delayed and abnormal anatomical
development in these areas have been cbserved in other hypothyroid
neonatal rodents (1,2,7). Ultrastructural evaluation of the neonatal
hyt/hyt and hyt/+ cerebral cortex demonstrated delayed development of 8
day hyt/hyt cerebral cortical neurons which are less differentiated
than the 1 day old hyt/+ neurons (19). Despite eventual normal
performance, the behavioral and anatomical delay may be particularly
important because nervous system development involves multiple and
canplex events that are precisely timed. Alteration in the anatomical
events underlying the reflexive behavior may lead to longterm
impairment of adaptive behavior.

Swimming escape and locomotor activity represent more camplex
behaviors. These are built on the normal performance of early reflexes
as well as coordination of multiple motor and adaptive behaviors.
Since the significant abnormalities that we have ocbserved in swimming
escape, locamotor activity, and weight occur at 30 to 40 days of age
(data not shown), this suggested that the delays cbserved in early
neonatal reflex and somatic measures may predict or be correlated with
later behavioral abnormalities and perhaps abnormal neuroanatomical

development (32) .

Control of Gene Expression by Thyroid Hormone and The hyt/hyt Mouse

Thyroid hormone may affect either an increase or decrease in the
levels of the camponents of the translational apparatus (ribosomal RNA,
t RNA, small or large ribosomal subtypes, endoplasmic reticulum) (36,
37) or of the transcriptional apparatus( RNA polymerase I,II, and III)
(36, 37). The effects of thyroid hormone may also be limited to
variable increases or decreases or the turning on or turning off of
individual nRNAs or subsets of specific mRNAs, at particular
developmental stages and in specific cells or tissues (37). In adult
rat brain and 1liver, thyroid hormone may significantly affect the
abundance of 2-3% of the total poly A+ mRNAs (38). The changes in mRNA
levels of these and other mRNAs (36) have been attributed to altered
transcription (36), altered mRNA stability (36) or altered processing
(36). These changes follow the poorly understood interaction of T3 and
T4 with: 1)The putative thyroid hormone nuclear receptor (49); 2)Tissue
specific trans-acting factors; and 3)5' and 3' flanking DNA sequences
of the regulated genes.

Since the hyt/hyt animals are deficient in thyroid hormone
starting during late gestation, these animals afford a means of looking
at the effects. of thyroid hormone deficiency during a critical period
of molecular biological and neurcanatomical development of brain with
particular relevance for cerebral cortex. These animals may be used to
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evaluate the presence and potential effects of specific brain mRNA
changes related to fetal and neonatal thyroid hormone deficiency.
Neuronal differentiation, particularly of cerebral cortical layers V
ard VI is temporally correlated with general brain (20,000-30,000
mRNAs) and cerebral cortex specific synthesis of new poly A+ mRNAs (17
d pc to birth) and the onset of fetal thyroid function (33). This also
correlates with the normal ontogeny of important brain specific protein
and mRNA synthesis such as tubulin, actin, neurofilaments, somatamedin,
and glial fibrillary acidic protein. The purposes of ocur molecular
studies were to determine:

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

2)When and where these mRNAs were expressed (Figures 5,6,7 ard 8);

3)Whether any of the mRNAs that were expressed in fetal brain were
requlated by thyroid hormone (Figures 6 and 7).

The first purpose was accomplished by utilizing cDNAs homologous
to specific proteins and mRNAs: 1)That had been shown to be present in
the brains of fetal and neonatal animals or neuronal tissue culture
(40, 41, 43); 2)That had important functions based on anatomical or
biochemical studies in the developing nervous system (40, 42, 43, 49).
3)That were regulated by thyroid hormone in other tissues or adult
brain (37, 38, 42). The 75 nmRNAs that were chosen included
cytoskeletal mRNAs (40) and trophic substances (42, 45) (Figure 4).

The presence of these mRNAs was initially assessed by cDNA-DNA
slot blot analysis(Figure 4, Panels A, B and C). Common, known mRNAS,
tubulin, IGF1 and other mRNAs of potential functional importance were
detected in normal brain and cerebral cortex at birth. The pattern of
gene expression differed in early neonatal total brain versus cerebral
cortex in normal animals. As seen in Figure 4, the level of gene
expression for individual mRNAs also differed between cerebral cortex
and total brain.

The presence and ontogeny of the mRNAs detected on the slots blots
was confirmed by northern gel hybridizations to total RNA from fetal
and neonatal total brain(14 d pc to 6 mos.) or cerebral cortex(1-7 d
pc) (Figures 5,6, and 7). Actin, neurofilament 69kd cDNA protein, and
tubulin were all detected in 1 day hyt/+ cerebral cortex and total
brain. The mRNA that may be homologous with the neural thyroid hormone
receptor was detected as early as 14 d pc in total brain and 1 day
cerebral cortex.

Requlation of Specific Gene Fxpression by Thyroid Hormone in Mouse
Brain

The next set of issues on the detected mRNAs utilizing the hyt/hyt
mice were: 1)To identify brain and cerebral cortex mRNAs possibly
regulated by thyroid hormone in fetal and necnatal brain; and 2)To try
to determine why some mRNAsS 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
hyt/nyt and hyt/+ littermates. These sheets were hybridized to cDNA
probes reflecting mRNAs that had been detected in cerebral cortex and
total brain(Figures 4 and 5).

Thyroid hormone does not cause global changes in all nRNAs but may
act to regulate the gene expression of specific mRNAs in specific brain
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4. cINA-DNA SIOT BLOT HYBRIDIZATIONS. The cDNA probes were loaded
in equal amounts on zeta probe paper with a slot blot apparatus
and hybridized with equal amounts of mixed cDNA probes. The
mixed cDNA probes were transcribed from total RNA from 1 day old
hyt/+(euthyroid) total brain and cerebral cortex(CC). The lane
assigmments for individual cDNAs are shown in Panel A. The
abundance of the nRNAs in 1 day old euthyroid total brain and
cerebral cortex was reflected by the autoradiographic density of
the zeta probe sheets following hybridization. For 1 day old
euthyroid hyt/+ total brain(Panel B), the mRNAs that were
detected were actin, tubulin, somatomedins IGF1 and IGF2, and
the tubulin isotypes M2, MB 4, M85, Mal, and Moe2. The most
abundant mRNAs were ribosomal RNA, actin, tubulin, IGF1, IGF2,
and M5 tubulin. The specificity of the hybridization was
suggested by the fact that no signals were noted for the non-
specific controls(PBR322 and the Hind III Digest of lambda) or
for fibrinogen, which was specifically made in the liver. No
signals were detected for myelin basic protein and glial
fibrillary acidic protein, which are not made until two to three
days after birth(45). In comparing hyt/+ total brain to 1 day
old euthyroid hyt/+ cerebral cortex(Panel C), the mumber of
different mRNA synthesized at detectable levels was greater in
CC as was general nRNA abundance. The MRNAs that were present
included: actin, tubulin, neurofilament 69 KD cDNA, epidermal
growth factor, IGF1, IGF2 and all of the tubulin isotypes. In
CC, higher abundances of Mal and M@5 tubulins, IGFl, and
neurofilament 69KD CcDNA were noted in CC versus total
brain(lanes 7-11 = Unknown adult cDNAs homologous to common
MRNAS) .



areas at times that are correlated with neuronal differentiation and
other events in the developing brain. In hyt/hyt versus hyt/+ mice,
specifically, Epidermal Growth Factor (BEGF) mRNA and MB5 and Mol
tubulin isotype mRNAs were altered in abundance in neonatal brain,
cerebral cortex, and brain remainder(total brain minus cerebral
cortex) (Figures 6 and 7), while other mRNAs were unchanged in abundance
i.e. ribosomal RNA(XRNA), total tubulin, and other tubulin isotypes.
Reduced thyroid hormone, as reflected by the hyt/hyt mouse, 1led to
changes in abundance of some of these total brain and cerebral cortex
TRNAs as early as the day of birth. The differences in specific mRNA
abundance between the hyt/+ and hyt/hyt animals may reflect on thyroid
hormone regulation of late gestation and early neonatal mRNA synthesis
after the onset of autonamous fetal thyroid hormone secretion.

The presence of these mMRNAs in day of birth(l1 day) brain
demonstrated fetal brain and cerebral cortex synthesis of these
specific mRNAs. The change of abundance in the day of birth hyt/hyt
versus hyt/+ mice suggests that the fetal brain is sensitive to thyroid
hormone deficiency. Not only is this in keeping with the neurological,
neurcanatamical, and behavioral data in rodents, sheep, and human (1),
but also with biochemical data in the progeny of maternally hypothyroid
rodents (3). In the offspring of these rats, the pervasive defects in
protein synthesis and rRNA synthesis that begin in midgestation (44)
may be related also to effects of thyroid hormone deficiency on gene
expression.

Thyroid Hormone, Epidermal Growth Factor(EGF), and Brain Development

The presence of EGF mRNA in fetal and neonatal cerebral cortex has
not been shown previously. However, EGF has distinct effects on the
necnatal nervous system(47,48). Our results suggest that thyroid
hormone level may determine or regulate the abundance of the EGF mRNA
in the cerebral cortex (Figure 6). EGF nRNA and protein were regulated
primarily or secondarily by thyroid hormone in neonatal skin (46) and
other rodent adult tissues (47). In combination with our findings, the
regulation of EGF suggests that the EGF gene may contain thyroid
responsive elements that extend across tissues and developmental age or
that cammon tissue trans-acting thyroid responsive elements are present
for EGF. The mRNA for EGF demonstrated higher abundance in the late
fetal and 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 important mechanism for the turning on and
turning off of mRNAs in late gestation and the early neonatal period.
Thyroid hormone regulation must be superimposed on this constitutive
expression.

Although the potential role of fetal and neonatal EGF is poorly
understood, EGF stimulates astroglial proliferation (47) and
oligodendroglial differentiation as reflected by the synthesis of
myelin related enzymes and myelin basic protein (50) which are required
for normal myelination. Abnormal anatomical indices of myelination are
noted in young hyt/hyt cerebral cortex and corpus callosum(48).
Alternatively, EGF promotes neonatal neuronal process outgrowth and
neuronal survival in certain discrete areas of subcortex and
cortex(49). Therefore, given our results, thyroid hormone may promote
the fetal and early neonatal synthesis of EGF mRNA as a prelude to late
neonatal EGF protein synthesis. BGF 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 ABUNDANCE ONTOGENY of EPIDERMAL GROWIH FACTOR(EGF)
nRNA(Panel A) and MB85 TUBULIN(Panel B) ISOTYPE mRNA. This
utilized northern gel hybridizations with total brain RNA from
14 d pc (days, post~conception) to 6 months of age. Ten ugm of
total RNA from hyt/+ or +/+ euthyroid brain was used and
hybridized with random primer labeled cINA probes. PANEL A:
EGF. EGF was detected as early as 14 d pc in normal mouse total
brain and 1 day of age(day of birth) in the cerebral cortex.
EGF was present in high alundance in total brain in late
gestation and the early neonatal period and then fell
significantly in abundance after 6 days after birth(d ab).
Total brain and cerebral cortex EGF mRNA unlike its peripheral
counterpart that is 4750 b.p (45), reflects both 4000 and 2000
b.p. mRNAs; the 2000 bp mRNA is significantly more abundant in
the late fetal and neonatal brain. PANEL B: M5 TUBULIN ISOTYPE
mRNA. Similar to BGF, the MB5 isotype mRNA and the Mxl isotype
mRNA (data not shown) of tubulin demonstrated high abundance in
the late fetal and early necnatal brain with a rapid fall in
abundance after 6 d ab.

Microtubules, Tubulin, Tubulin Isotypes, and Thyroid Hormone

Similarly, the results with the tubulin isctypes have demonstrated
changes in abundance of the M5 and Mol isotype mRMAs in the hyt/hyt
versus the hyt/+ animals at different neonatal ages and in different
brain regions at different ages. Since tubulin comprises 25% of
neonatal neuronal protein, changes in tubulin mRNAs may have important
biochemical consequences (51). Thyroid hormone regulates the synthesis
of fetal (52) and neonatal brain tubulin protein (53). As reported by
others for fetal tubulin protein (52), a differential regional
sensitivity to thyroid hormone as well as increases or decreases for
specific tubulin isotype mRNAs in response to thyroid hormone was
suggested by our results in cerebral cortex, total brain, and brain
remainder.

Given the anatomical events that are occurring during this time
and the ontogeny of these tubulin isotype mRNAs, the alteration of
tubulin abundance may be of potential functional and anatomical
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Fig. 6. PANEL A: NORTHERN GEL HYBRIDIZATION OF EGF mRNA IN TOTAIL BRAIN
AND CEREBRAL CORTEX FROM 1 AND 7 DAY OID hyt/hyt and hyt/+ MICE.
EGF mRNA was depressed in abundance in the 1 day hyt/hyt
cerebral cortex versus the 1 day hyt/+ cerebral cortex. PANEL
B: NORTHERN GEL HYBRIDIZATION of MBS ISOTYPE mRNA in 1 DAY
hyt/hyt AND hyt/+ CEREBRAL OORTEX, The abundance of the MG5 mRNA
was significantly reduced in the hyt/hyt CC versus the hyt/+
normal CC at 1 day of age. The abundance of M35 mRNA in hyt/hyt
and hyt/+ total brain was not significantly different. However,
the abundance of M5 mRNA was depressed in the 1 day hyt/+
versus hyt/hyt brain remainder(data not shown); the brain
remainder represented all of the brain minus the cerebral cortex
fram the same animal. Therefore at 1 day, M35 mRNA is depressed
in hyt/hyt cerebral cortex but increased in hyt/hyt brain
remainder versus hyt/+ remainder. No abundance changes were
noted for the tubulin isotypes MB4 or total tubulin mRNAs in CC.

significance. Tubulins and the multiple tubulin isotypes,
neurofilaments, and actin form the cytoskeletal scaffolding for the
normal nervous system and form the basis for microtubules,
neurofilaments, and microfilaments respectively. Microtubules play a
significant role in determining the size and shape of neurons (51).
Microtubules contribute to neurogenesis, migration, fast axoplasmic
transport, neurite extension, growth cone movement, and the morphology
and polarity of axons and dendrites (51). Microtubules are made up of
carplexes of heterodimers of a and B tubulin isotypes and microtubule
associated proteins(MAPs). MAPs may bind the individual tubulins and
stabilize the microtubule (51) as well as assisting in tubulin assenbly
for microtubules (58). Multiple tubulin isotypes have been described
which may be ubiquitous or specific for brain (40) or cother tissues
(40, 51).

Similar to EGF, the ontogeny of these nRNAs in our studies and
those of others demonstrated a higher abundance of same mRNAs, i.e.
tubulin isotypes(Figure 5) in the late fetal and early neonatal period
and the subsequent rapid decline for these mRNAs. The constitutive
stockpiling of tubulin mRNA likely precedes neurcnal process outgrowth
and the decrease in these sequences may correspond with the onset of
tubulin protein synthesis and terminal neuronal differentiation (43).
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In neonatal hypothyroidism, a severe reduction in dendritic
arborization and in axonal process ocutgrowth in neonatal hypothyroidism
(54) may be related to the abserved significant decrease in microtubule
density compared to normal animals (55). This may help to explain the
reduction in axonal and dendritic processes, and dendritic branching in
cerebral cortex and cerebellum that has been repeatedly observed in
hypothyroid rodents (7). These data and our data also suggest a
potential linkage between abnormal process development, abnormal
microtubules, and abnormal tubulin synthesis, possibly of specific
isotypes.

As suggested by our results, thyroid hormone may regulate tubulin
by differential regulation of tubulin isotype mRNA abundance; this is
consistent with other work on tubulin mRNA expression (57). Alteration
of thyroid hormone levels may also regulate the cytoskeleton by:
1)Requlation of the tau microtubule associated protein which
contributes to normal microtubule assembly (58); 2)Alteration in the
phosphorylation or abundance of neurofilaments (56); or 3)Alteration in
other MAP protein levels (59). An additional role for thyroid hormone
regulation of MAPs and tubulin isotypes may be in its contribution to
functional diversity (51) of microtubules within neurons and between
neurons in the same and different brain regions. A single neuron as
well as axonal subpopulations may make different MAPs with distinct
intracellular localizations (60) and multiple tubulin isotypes (61).
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Fig. 7. NORTHERN GEL HYBRIDIZATTON OF Mal TUBULIN ISOIYPE mRNA 1IN
1(Panel B) and 5 DAY(Panel A) TOTAL BRAIN, CEREBRAL CORTEX(CC),
and BRATN REMAINDER. PANEL A: 5 DAY TOTAL BRAIN. Mol tubulin
isotype showed a significantly lower abundance in the 5 day old
hyt/hyt total brain versus the 5 day old hyt/+ euthyroid brain.
Panel B:1 DAY BRAIN. The abundance of this mRNA was not
significantly changed in abundance in 1 day total brain or 1 day
cerebral cortex. However, in brain remainder similar to Mg5,
Mal isotype mRNA was depressed in the hyt/+ animals. In 1 and 7
Day 0Old Cerebral Cortex, rRNA was not altered in abundance in
total brain or cerebral cortex in the hyt/hyt versus the hyt/+
animals(Data not shown).
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Different microtubules may be camprised of distinct tubulin isotypes
(51). Presently, although the different isotypes are made from
different genes with distinct protein products, the specific functions
of different isotypes in the nervous system are still unknown.

Given the potential thyroid hormone regulation and the
devequnerrtal and brain regional abundance differences of the tubulin
isotypes 1i.e. leandMBSanithemleof microtubules and
microtubular assembly in neurite extension (51), the purposes of the
next set of studies were: 1)To determine the brain cellular
localizations of the tubulin isotype mRNAs by in situ hybridization;
and 2)To try to relate this localization to specific brain and cerebral
cortex developmental or differentiation events occurring from 17 d pc
to day of birth. On in situ hybridization (62), we found the 1 day old
mouse brain to have abundant Mal mRNA which was distributed
ubiquitously to cells throughout the hemispheres. The Mol mRNA showed
greatest abundance in cerebral cortex where it could be detected easily
in cells of both the cortical plate and sub-plate layers in multiple
regions including frontal and parietal cortex(Figure 8). Since this
was done in day of birth animals, the fetal nRNA for this isotype was
made in these specific cellular regions of cerebral cortex.

The M ¢ 1 nRNA was also easily detected in the differentiating
pyramidal cells of the hippocampus and the stratum granulosum of the
developing dentate gyrus and to a lesser extent compared to cerebral
cortex in the basal ganglia and the white matter around the ventricles.
The MB5 isotype mRNA was also abundant in all regions of the cerebral
cortex of 1 day old animals(data not shown).

The localization of the potentially thyroid hormone regulated MB5
and Mal tubulin was primarily to cerebral cortex, a site of active
axonal outgrowth and differentiation as well as other brain regions.
The cellular sites of this localization and the temporal correlation of
this localization with active differentiation in some of these brain
areas may sugdest a role for these isotypes and thyroid hormone in late
fetal and early neocnatal neuronal process growth. These also reflect
areas of the brain that have shown specific neuropathological
abnormalities in the hypothyroid rodent and the human(l,7,13). The
localization and abundance of the MBS and Myl isotype mRNAs will be
looked at in the future in the hyt/hyt brain.

SUMMARY

The hyt/hyt mouse provides a useful model of human sporadic
congenital hypothyroidism. This mouse demonstrates molecular, somatic,
neurcanatomical, and behavioral abnormalities and emphasizes the
utility of an integrated approach in problems related to thyroid
hormone. Since rodent and human tubulin isotypes have structurally
conserved regions (40,57) and may have distinct neurcanatomical
functions, the study of same of the tubulin isotype nRNAs may be useful
in understanding the mechanism(s) of action of thyroid hormone on the
developing brain and the effects of thyroid hormone deficiency in human
congenital hypothyroidism. Our observations suggest that the fetal
brain is sensitive at a molecular level to thyroid hormone and that
early neonatal behavioral and anatomical events are altered in
disorders of autonomous thyroid hormone secretion as in the hyt/hyt
mouse. Our work provides support for the idea that 1late gestational
alteration in thyroid hormone levels contributes to abnormal brain and
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8. Panels A-D. IN SITU HYBRIDIZATION OF Mal TUBULIN ISOTYPE mRNA
WITH 1 DAY OLD MOUSE BRAIN. Illustrated here are a series of
autoradiographs in which the density of silver grain
accumilation indicates the relative presence or absence of MRNA
for Mal tubulin. Substantial labeling was observed in the
developing cerebral cortex (as seen here in the superficial
layers) (Panel A), while slightly less dense labeling could be
seen in the caudate-putamen (Panel B). Panels C (cerebral
cortex) and D (caudate-putamen), which are adjacent sections
treated with RNAase, exhibit minimal labeling and thus suggest
that the silver grain accumlation illustrated in Panels A and B
is specific for Mol tubulin.



cerebral cortex gene expression of a small group of the total mRNAs.
i.e. tubulin isotypes and EGF, and to subsequent abnormal anatamical
and behavioral development.
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INTRODUCTION

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
hormones 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 0
(birth)- 10 (P0-10); 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 (T,) in 0.1 ml physiolecgical saline on
P0-7; 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—thymidine,
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 npumber of
labelled mitotic figures increased with time after SH~-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 G; 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 G;
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 G;. 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 (Burki 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 miqration 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 “H-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 of axons 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 cerebellumn.

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



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 al.

(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 al. (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 al. (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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Dentate Gyrus: Time of Granule Cell Origin

Total HL/TC

Days

Figure 1. Effects of hypo- (Ho) and hyperthyroidism (Hr) on
granule cell genesis (time of origin) in the rat hippocampus.
Cells were labelled with JH-thymidine (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. B---B : controls; [---[0 : hypothyroid;

A---A : 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 systen.
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OF THE CEREBRAL CORTEX
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C.S.I.C., Madrid

INTRODUCTION

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 structure™:’.

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. 1In 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.

anrs4 was one of the first to apply quantitative techniques to the
study of the effects that hypothyroidism has on cortical neurons. Although
he deserves the credit of having been a pioneer in these types of 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 structure>. This result leads, further, to the
idea, generally accepted, that hypothyroidism affects the morphology of
cortical neurons as a whole making them hypoplastic®:**. 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 IIT of the C.C., has shown that
hypothyroidism induced by surgical thyroidectomy performed on Wistar rats
at neonatall0,23,27 or adult ages 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 u.
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 model28. 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
cortex®®,

The importance 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 uszs, and
sections 200p 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
cortex<™

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 damage24’27, 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 Spines Differences (A) in the mean number
Visual Cortex:60 days old rats of Spines/50 ym.,of T and treated
rats versus C (60) rats.
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Fig. 2. Effect of thyroidectomy at 10 days of age (Ty1g), and of
T, 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 X* 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 animals. Data are from Ruiz-Marcos
et al.

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 (Tjy) 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 ug.
thyroxine (T,)/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
X parameter, shown on the figure, obtained from the fitting between the
experimental distributions and the mathematical model showed that, while
the T, 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 T, 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 causes®.

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 500X.
Following a procedure described in detail elsewhere*”: 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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Fig.

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-Marcos2!.
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Fig. 4. 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 Ipiﬂazs, 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 figurezo’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 Valverde2? developed a special algorithm which was later
perfected by Ruiz-Marcos!?.

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 and Ruiz-Marcos and Ipina“”.

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 Ipi'ﬁa23 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 sgines 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 0 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.l’z, 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.

SURFACE OF THE BRAIN

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<0.05. Data are from
Ruiz-Marcos and Ipiﬁa23.

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*Y:*’, 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 agezz, 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!l»15 and the production of dendritie spinesg'le' is
influenced by the afferent axonal system to the C.C. lead Ipifia and
Ruiz—Marcos1 to interpret the results described in the present work as
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*<

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
hypothyroidismzs, 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<<'“”. 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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MICROTUBULE ASSEMBLY: REGULATION BY THYROID HORMONES

J. Nunez, D. Couchie and J.P. Brion
INSERM U 282 - CNRS, Hopital Henri Mondor

94010 Créteil, France

INTRODUCTION

The pioneer work of Eayrs (1) and ILegrand (2) have established,
several years ago, that the most significant of the abnormalities seen in
the brain of a hypothyroid animal is a "hypoplastic neuropil". Eayrs (1),
for instance, reported that thyroid hormone deficiency, when established
at or before birth, reduces, in the cerebral cortex, the length and the
branching of the dendrites of the pyramidal neurons, the density of the
terminals and the number of spines. legrand (2) also reported a permanent
and dramatic reduction in the arborization of the dendritic tree of the
Purkinje cells in the cerebellum. ILauder (see another chapter of this
book) noticed that the average length of the parallel fiber (i.e. the
axons of the granule cells) is shorter in the hypothyroid cerebellum.
Thus, at the morphological level, both axonal and dendritic outgrowth
seems to be impaired by early thyroid hormone deficiency. Several other
abnormalities (see 3 for a review), i.e. 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 outgrowth. However
thyroid hormones might exert more than one effect on the different
neuronal developmental events. Moreover the glial cells (the
oligodendrocyte for instance) seem to ocontain receptors for these
hormones and to be their targets (see the article of Sarlieve in this
book ) .

Little is known of the mechanism by which neurite outgrowth begins
and how 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 neurcons 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) they are the major linear structure of the axons and
the dendrites; 3) tubul.. represents 70% of the proteins of the neuronal
processes; 4) the ratio between free tubulin subunits and tubulin
assembled into microtubules decreases during neurite outgrowth.

Microtubules can be assembled "in vitro" from crude brain
supernatants (7) and purified (8) by cycles of polymerization at 37°C and
depolymerisation at 0-4°C. These purified microtubules are long helical
structures made up of tubulin (see 9 for a review), a protein of 110
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Figure 1. Protein immmnoblot of Jjuvenile and adult MAPs. Ianes 1,2:
Coamassie blue staining of adult (1) and juvenile (2) thermostable MAPs.
Ianes 3-6: protein immmoblot of adult (3,4) and juvenile (5,6) MAPs with
a polyclonal (3,5) or a monoclonal (4,6) anti-Tau antibodies. Lanes 7,8:
protein immmnoblot of adult (7) and juvenile (8) MAPs with an anti-MAP2
polyclonal antibody.

kilodaltons molecular weight, which represents 80% of the polymer, and of
several microtubule-associated proteins (MAPs). Up to 35 MAPs
copolymerize with microtubules during "in vitro" assembly (10). Among
these entities two major groups of MAPs i.e. a group of high-molecular
weight proteins (10,11) known as MAP 1 (350 kilodaltons) and MAP 2 (280
kilodaltons), and a group of proteins known as Tau (50-70 kilodaltons)
(12) has been purified. All these MAPS are able to pramote the assembly
of purified tubulin. Pure tubulin very poorly polymerizes in the absence
of MAPs.

DIFFERENTIAL EXPRESSION OF MAPS DURING BRAIN DEVELOPMENT

Quantitative and qualitative changes in the expression of MAPs
occur during brain development. Changes in composition of Tau proteins
were the first to be documented (13,14): two proteins of 48 and 65
kilodaltons are present in the Tau region of the SDS-polyacrylamide gels
at immature stages whereas in adulthood the Tau complex is ocomposed of
4-5 entities of 50-70 kilodaltons. Recent data (15) showed however, that
only the juvenile entity of 48 kilodaltons is immnologically related to
the Tau family (Fig.l). The juvenile 65 kilodaltons protein belongs
immunologically to the MAP2 family (15,16) ("small MAP2"). Differential
expression of the high-molecular weignt MAP2 has also been reported (17):
one entity is present at early developmental stages (MAP2b) and two in
adulthood (MAP2 a and b). Finally the composition of the MAPl family (350
kilodaltons) also changes during brain development (16).

MICROTUBULE ASSEFMBLY DURING ERAIN DEVELOPMENT; EFFECTS OF THYROID HORMONE
DEFICIENCY

The tubulin which is present in the supermatant prepared fram
euthyroid fetal or new born brain barely polymerizes "in vitro" (18). The
rate of assembly increases with age reaching maximal values in adulthood
(Fig.2). when this work was begun several years ago, few assumptions were
made to explain why tubulin polymerizes so differently depending on the
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stage of development. The only one which was apparently supported by the
experimental data was that the MAPs were present in limiting
concentrations at immature 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. However
the discovery that juvenile Tau and MAP2 are less active in pramoting
microtubule assembly than the corresponding adult MAPs (14) raised the
possibility that the qualitative changes in MAPs composition might be
responsible for the lower polymerization activity seen at early stages of
development.

Microtubule assembly from 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. BAnalysis of the MAPs present at day 15 postnatal also
showed a higher proportion of immature Tau than in the control of the
same age (20). This suggested that the transition between juvenile and
mature Tau is delayed in hypothyroidism, a conclusion which might be
sufficient to explain the lower polymerization activity produced by
thyroid hormone deficiency.

Figure 2. Changes in the rate of in vitro microtubule assembly during
brain development. These rates were measured for the guinea-pig a species
which has a mature brain at birth and the rat and mouse which develop
their brain postnatally. The figure also shows that the changes in the
rates of microtubule assembly is delayed for the hypothyroid rat brain.

THE POLYMERIZATION ACTIVITY OF JUVENILE Tau AND MAP2

"In vitro" reconstitution experiments showed that pure tubulin
polymerizes very  efficiently "in vitro" in the presence of either Tau or
MAP2 (21). The structure of the microtubules obtained in such conditions
is very similar and apparently identical to that seen in the intact cell.
Juvenile Tau and MAP2 also produce microtubules when incubated with pure
tubulin; however the rates of assembly and overall polymerisation were
lower than those observed with the adult corresponding MAPs (14). This
suggests that the equilibrium of tubulin assembly is different depending
on which MAP is used i.e. juvenile or adult.
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The mechanism of action of MAPs on tubulin assembly is still poorly
understood. One possibility is that the different MAPs modify the
conformation of this protein in a way which facilitates its interaction
with other tubulin molecules; another possibility is that tubulin
contains the information required for self-polymerization, the role of
MAPs being to stabilize the microtubule lattice thus displacing the
equilibrium towards assembly.

Although it has been shown 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 dependent on the efficiency of microtubule
assembly it is clear that both mechanisms would account for the reduced
rate of neurite cutgrowth seen at early developmental stages and in the
brain of the young hypothyroid animals.

REGIONAL AND CELIUIAR DISTRIBUTION COF THE MAJOR MAPs

Although the presence of up to 35 MAPs in "in vitro" assembled
microtubules has been reported (10) several years ago, the precise
significance of such a heterogeneity is still uncompletely understood.
The function of some of the MAPs which are not pramotors of tubulin
assembly has been recently elucidated: for instance same minor MAPs (23)
are responsible for the movement 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 important finding
was achieved by using immnochistochemical techniques applied to whole
brain sections. These experimental approaches allowed to show that: 1)
MAP2 and Tau proteins are essentially neuronal markers; however
immmnologically related proteins are also present in the astroglial cells
but at a much lower concentration (25); 2) in the neurons MAP2 is
essentially dendritic (26), whereas Tau is present in the different types
of axons (27,28). This 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, developmental studies were undertaken (29) to know how
juvenile and adult Tau are expressed in the different types of axons
which begin to be formed in the cerebellum of the rat during the first
postnatal weeks, i.e. from birth until adulthood. We found that immature
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
cerebellum the climbing fibers clearly express immature 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
dendrites of these macroneurons. The parallel fibers, i.e. the axons of
the granule cells, which beg® to grow few days after birth, express the
Tau antigen only several days later (approximately at day 10) and only in
the regions where their postsynaptic oounterpart, the dendrites of the
Purkinje cells are already developped and stained by an anti-MAP2
antibody. In other words the presence of Tau in the axons and of MAP2 in
the dendrites seem to be synchronized and expressed only when the two
types of neuronal processes begin to synapse.

A similar conclusion applies to the cerebellum of a hypothyroid rat
(Fig.3) but at day 15 postnatal the maturation process is delayed and
several abnormalities are observed (Brion et al., unpublished 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. Immnohistochemical staining of 14 day old euthyroid (A,B) and
hypothyroid (C,D) rat cerebellum with anti-Tau (A,C) and anti-MAP2 (B,D)
antibodies. Purkinje cell body (P) and their dendritic tree (D). Parallel
fiber axons (A).

Legrand (2) the dendritic tree is markedly reduced in size with a 1long
primary dendrite and a defective arborization; 2) two or three layers of
Purkinje cells are piled up in several regions of the cerebellum; 3) some
Purkinje cells seem to develop their dendritic tree downwards i.e.

towards the granular layer: 4) the cell body of all these macroneurons is
heavily stained by the anti-MAP, antibody i.e. a situation which is
observed in the euthyroid control at earlier stages (5-8 days postnatal).

EXPRESSION OF Tau mRNA DURING BRAIN DEVELOPMENT

A Tau cDNA probe, prepared from an immature brain ¢DNA library,
hybridizes with Tau mRNAs of 6 kb encoding both for Jjuvenile and mature
Taus (29). This probe was therefore used (30) to quantitate both immature
and adult Tau mRNAs during brain development. Northern and dot blot
analysis showed that the abundance of Tau mRNA doubles from a late fetal
stage (-4 days) until birth, remains constant until day 6 postnatal and
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Figure 4. Develogmtal es of mouse brain Tau mRNA concentration
(from birth to 36 days postfxal?ﬁ).

then decreases progressively until day 21; from this stage until 36 days
postnatal the Tau mRNA content is approximately 10 fold lower than at day
6 (Fig.4). The concentration of the tubulin mRNA, which also markedly
decreases during brain development (31) closely follows that of Tau
mRNAsS. This suggests that the transcription and/or the stability of the
messages for Tau and tubulin are coordinated. In addition, the very
marked decrease in concentration of both mRNAs seen after the first
postnatal week ocontrasts with the relative stability in abundance of the
corresponding proteins; the concentration of tubulin decreases only two
fold between day 10 postnatal and adulthood (32) whereas that of juvenile
+ adult Taus does not change as dramatically as their mRNAs during
development (unpublished results). One may therefore speculate that the
rate of transcription and/or the stability of the messages for Tau and
tubulin are negatively regulated after the first postnatal week whereas
the stability of the corresponding proteins increases during development.
One possibility is that Tau and tubulin are stabilized both because they
are assembled into the microtubules and because they closely interact
with other components of the cytoskeleton (33-37).

Recently experiments were performed to know whether hypothyroidism
has some effect on the expression of Tau mRNAs. Surprisingly, at
different stages of brain development, the concentration of Tau mRNAS was
found to be higher in the hypothyroid preparations compared to the
euthyroid ones of the same age. This suggests that the biphasic evolution
of Tau mRNA concentration seen during euthyroid brain development is
delayed in hypothyroidism.

DISCUSSION AND CONCLUSIONS

The conclusions suggested by the kinetic data obtained few years
ago were that: 1) the microtubule polymerization activity increases
during brain development. This ewvolution seems to be related to the
differential expression of the microtubule-associated proteins, such as
Tau proteins, differing in size and in polymerization activity; 2)
thyroid hormones increase the polymerization activity probably because
they accelerate the transition from the immature to the more active
mature Tau forms. However, little was known on the mechanism that
generates Tau heterogeneity at different stages of brain development, and
on the site of action of thyroid hormones.

Two immature Tau mRNAs have been recently cloned (38). Their
aminoacid sequence is identical with the exception that one of the two
clones contains an additional stretch of 23 residues at the carboxyl
terminal. Actually, we have recently isolated (unpublished results) three
juvenile Tau species, differing slightly in molecular weight, which give
very similar peptide maps upon partial proteolysis; in these conditions a
large "core" peptide of the same size is produced with the three Jjuvenile
Tau forms. This "core peptide"” reacts with an adult anti-Tau monoclonal
antibody. The same antibody also reveals a "core" peptide of
approximately the same size produced by partial hydrolysis of the adult
Tau forms. This suggests a similar structure and some homology between
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the different juvenile and adult Tau forms, at least for the sequences
which contain the common epitope. One should expect, however, to find a
lower degree of hamwlogy between the Jjuvenile and adult species since
their peptide maps as shown by silver staining are different (unpublished
results). The 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
splicing mechanism. If this possibility is confirmed an important
question will be to know how such a mechanism is regulated to account for
the sharp differential expression between juvenile and mature Tau which
is observed dqur g brain development. Such an information is probably
also essential to understand how thyroid hormones modify the expression
of these proteins.

Ancther important question is related to the functional
significance of the presence, both at immature and mature stages, of
several Tau and MAP2 proteins differing in size; as a general rule the
smaller species are present at immature stages, for instance the "small"
MAP2 of 65 kilodaltons and the "small" Taus of 48 kilodaltons. These
"small" species probably contain the sites of interaction with both
tubulin and the calmodulin-Ca?* complex (40) which are also present in
the "big" species (41). It has been shown (42,43) that the long MAP2
molecule can be cut in two large fragments, one which contains the
tubulin binding site, and another one which is probably responsible for

i the microtubules to the microfilaments and the neurofilaments.
It might be therefore that the juvenile "small" species do not contain
the sites allowing the interaction of the microtubules with other
components of the cytoskeleton. In other words the Tau and MAP, genes
would contain several domains coding for the sites responsible
respectively for different binding activities (tubulin, calmodulin,
microfilaments, neurofilaments, etc); a developmentally regulated
splic’' g mechanism would therefore generate a variety of molecules
differing by the domains they oontain. This would oconfer lability and
therefore plasticity to the microtubules present in the growing neurites.
In ocontrast, microtubule stability would increase during brain
development both because adult MAPs stabilize the polymer lattice and
because they allow their interaction with other components of the
cytoskeleton. It remains to be determined whether the effect of thyroid
hormones on these processes is direct i.e. if it takes place directly at
the 1level of the differential expression of Tau proteins. The
immmohistochemical data also suggest that thyroid hormones might
requlate other aspects of neuronal differentiation such as the number of
layers of the Purkinje cells, their orientation, the mechanism of
transport of the neuritic components duri g outgrowth, etc.
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INTRODUCTION

The glial compartment of the central nervous system (CNS) consists
of a mumber 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 oligodendrocytes 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 sensitivity and influenced by external
environmental factors have been identified during brair Jevelopment (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
"critical period", wunless treated in early infancy, 1leads 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 mature 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 p-adrenoceptor
concentration (19) and in RNA polymerase I 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 im vivo studies (10-
15) have implicated thyroid hormones as potentially important regulators,
these studies using whole animals were umable 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 im vivo 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-producing 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 im vitro (DIV), 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 comstants 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
DIV) 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). 1In
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addition non-specific 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 collaborative 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 immumo-
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 TMMUNOCYTOCHEMISTRY
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 pg/ml insulin and 0.5 pg/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 Vellis (35) as described by Besnard et al. (36) and they
were seeded on poly-L-lysine 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
cultures of oligodendrocytes were switched 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 ug of insulin per ml, 10 ug of transferrin
per ml, 8 nM selenium (as Na,Se0 5H20), 15 mM Hepes, 1.2 g of NaHCO, per 1
and antibiotics. The cultures wege used after 4 days in this medium:.3

Mixed neuronal-glial cultures were also prepared according to the
method of Yavin and Menkes (37). The cerebral hemispheres of 13-to 15-
day-old 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 mm
diameter). 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 culture and as glial
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 fibrillary acidic protein (GFAP) (38,39) increased continuously,
reaching by 38 days of culture an 18-fold higher level than the



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).

A1l cultures were maintained at 37°C in humid atmosphere of 95 %
air-5 % CO,, and their development was followed by phase-contrast
microscopy.

Immunocytochemical procedures

Polyclonal antisera against bovine glial fibrillary acidic protein
(GFAP) purchased from Dakopatts (Sebia, Issy-les-Moulineaux, France) were
used at a 1/200 dilution. Polyclonal antisera against galactocerebrosides
(6C) 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 wmin 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 (Ig6, 1/100 Biosys SA, Compiégne, 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 H,0 (0.002 %, v/v) in water for 20 min. The
preparations were then washed with PBS and mounted in buffered glycerol.

To localize NT3R immumocytochemically, 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 Lw 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 immmunocytochemical 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.



Fig. 1.

Immmostaining of glial cells with cell-type specific markers.
The upper panels show rat pure astrocytes after 24 days in
culture. (1), phase-contrast; (B), same Petri dish
immunostained with anti-glial fibrillary acidic protein (GFAP)
serum + goat anti-rabbit immunoglobulin G (IgG) serunm,
conjugated with peroxidase. Bar corresponds to 100 um. The
lower panels represent rat pure oligodendrocytes after 30 days
in culture (25 days in primary culture + 5 days in secondary
culture); (C), phase-contrast; (D), same field immunostained
with  antigalactocerebroside (GC) serum + fluorescein
isothiocyanate (FITC)-labelled goat anti-rabbit IgG serum. Bar
corresponds to 40 um.



IDENTIFICATION OF CULTURED CELLS BY IMMUNOCYTOCHEMISTRY (INDIRECT IMMUNO-
STAINING)

Astrocytes

Dissociated brain cells from newborn rat cultured for 24 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
immmoreaction with anti-GFAP antiserum (38, 39). As shown in Fig. 1B,
95 % of the cells shown in Fig. 1A were GFAP-positive. The remaining § %
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 immunocytochemically 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. 1D) 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 pm), 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 pm) irregular in shape with an extensive and elaborate network of
thinner lateral processes. These oligodendrocytes account for 23 % of the
total cells expressing 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—[IZSI]T3 nuclear binding
to intact rat oligodendrocytes (R-oligo) and astrocytes (R-astro). Binding
obtained in chick astrocytes (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 equilibrium dissociation 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 pg 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 maximal binding
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Fig. 2.

Fig. 3.

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 um.

Scatchard analysis of L—[125]T3 binding to nuclei in intact
cells. T3 binding was determined as described by Samuels
and Tsai (70) in : g,rat mixed neuromal glial cultures after
7 days in culture (R-MNG-7); m, 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 A,chicken astroglial cultures after 13 days in
culture (Ch-astro). Each experimental point is the mean of
triplicate cultures. Individual experimental values were
within 10 % of each other (from Yusta et al., Endocrinol-
ogy 122:in press (1988) (71). With permission).
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capacity of the remaining 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).

xi02
&
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Fig. 4. Scatchard analysis of L—[12511T3 binding to isolated nuclei.
Binding was determined as described by Samuels and Tsai (70)
in rat oligodendroglial ( O ) 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 sedmgnted 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.

Relative Affinity

Analog 0ligodendroglial Astroglial
Nuclei Nuclei
L-T3 1.0 1.0
L-TRIAC 1.1 1.2
L-T4 0.1 0.2
L-TETRAC 0.06 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 oligodendroglial and
astroglial cells after 30 and 24 days in culture,
respectiﬁ%y, with 0.4 M KC1 and labelled in vitro
with L-["““I]T3 in the absence (@—@®) or presence
(0—o0) 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 al., 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 pum,



Table 2. Expression of Nuclear T3 Receptors (NT3R) in two
Subpopulations of 0ligodendrocytes : Effect of T3.

Galactocerebrosides (GC)-and, (NT3R)-
Positive Oligodendrocytes

Experimenta
cct NTIR cct Nr3R' cc” NTRT
oCF MI GC+ W GC+
Control 70 %+ 3.5 77 %+ 4.5 4%+ 7.5
+T3 65 %+ 4 7%+ 2 8%+ 4

4The 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 medium and grown for 4 ad?itionnal days either in
absence (Control) or presence of 10 ‘M T3 (+T3). Results
(0ligodendrocytes 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 Petri dishes from two different experiments.

TMMUNOCY TOCHEMICAL LOCALIZATION OF NUCLEAR TRITODOTHYRONINE RECEPTORS
(NT3R) IN MORPHOLOGICALLY IMMATURE AND MATURE CULTURED OLIGODENDROCYTES
AND EFFECT OF T3

Imunocytochemical 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 were 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. 6B), only nuclei were intensely
stained with NT3R mAb (Fig. 6C).

Furthermore, as shown in Table 2, 77 % of morphologically immature
oligodendrocytes 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-regulation) is a very common
finding we studied the effect of adding T3 (10 'M) té the chemically
defined medium on the expression of NT3R in pure cultured
oligodendrocytes. The results, shown in Table 2, revealed no significant
effect of T3 either on the number of NT3R-positive and morphologically
immature oligodendrocytes or on the number of NT3R-positive and
morphologically mature oligodendrocytes.
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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 (50) 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 developments 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. The 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 (58,50) 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 (56,57,50) TRIAC is
significantly more potent than T3.

Our data show that the maximal binding capacity of rat
oligodendrocytes (50-60 fmol/100 pg 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 (29,30,50) 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 : 1i.e., when the
majority of the cells are astrocytes (22 fmol/100 pg DNA) was nearly
identical to that obtained in pure rat astrocytes primary cultures (24
fmol/ 100 pg DNA). These 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 development in cultured glial
cells.

Double immunostaining study

In these studies we have further shown by double indirect
imrunofluorescence 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. This age overlaps with the so-called "critical
period" during which hypothyroidism leads to defects in myelination (10-
15). Indeed, numerous im vitro studies from various laboratories on the
effect of TH (see Sarlidve (6), Ferret-Sena et al. (23) for references and
refs. 63-68) and the demonstration in the present study of a high level of
NTR 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 mumerous 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 suggest that TH and their 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 Na,K-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). 1In 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.
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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+

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-quinea 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 alphat+ 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 Na,K-ATPase ACTIVITY AND
ALPHA ISOFORM ABUNDANCE DURING DEVELOPMENT

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

To determine the effect of T3 on Na,K-ATPase during
development, pregnant rats were rendered hypothyroid with a
low-iodine diet, perchlorate in the drinking water and a
subcutaneous implant of propylthiouracil (9). Following
birth, the mothers remained on this regime to assure the
suckling pups remained hypothyroid. Hypothyroid status was
verified by radioimmunoassay of T3. Na,K-ATPase activity
was determined in control and hypothyroid neonates as
summarized in Figure 5A. The activities of the hypothyroid
and euthyroid groups diverge after 14 days, 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
densitometry, normalized to euthyroid values and are
presented in Figure 5B. 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 Na,K~ATPase. The lower abundance
of alpha isoforms confirms the lower enzymatic activity.

We conclude that brain Na,K-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 Na,K-ATPase.

DISCUSSION

In this study we have shown that thyroid hormone status
causes specific alterations in Na,K-ATPase enzyme abundance
and activity during development when normalized to a
constant amount of membrane protein suggesting specific
effects, direct or indirect, on Na,K-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.

Na,K-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 Na,K-ATPase abundance is
regulated by ionic substrates as well as hormones (14), the
increased sodium influx seen in brain cells after birth
might stimulate upregulation of Na,K-ATPase synthesis
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FIGURE 5A. Na,K-ATPase activity in hypothyroid and
euthyroid brain. Na,K-ATPase activity was assayed in brain
microsomes at the ages indicated. Each point is the mean
+/- standard error. Closed circles - euthyroid, open
circles - hypothyroid.

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. 8Solid 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 of axons 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 regqulator.
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INTRODUCTION

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.ls2 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.9,14-16 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.l0,11 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.l0 Thyroid hormone also has a marked influence on the
biochemical markers of neuronal differentiation which, in general, is
retarded in thyr01d def1c1ency and advanced in hyperthyr01dlsm.4 17-20 on
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,2%4 now makes it possible to ask penetrating questions about
the direct effect of the thyroid hormome 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 Nat,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 rehabilitation?

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.17519529 1 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
967 nerve cells of which about 187 are cholinergic neurones, while the pro-
portion of astrocytes was less than 27%. Recently, it has been suggested
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Figure 1.

142

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 ym thick Vibratome cut coronal sections are
processed for ChAT or NGF-R immunohistochemically as
described by Kiss et al. 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 um.



that NGF may be involved in the development of central cholinergic neurones,
and that NGF-like immunoreactive substances are detectable in the brain.30,31
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.® 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,/ 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 407 increase in ChAT
activity. 5 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 807) 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',5-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.8
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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 10-day-old
normal and hypothyroid (Tx) rats®

Experimental ChAT GAD  Glutaminase GS  CNPase
1 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 127*%8 1098 107 95 119*%8
VI Tx + NGF 107 96 98 107 90
VII Tx + T4 + NGF 172*§ 116§ 116 114 131%8

aA group of normal or Tx rats received a daily subcutaneous
injection of L-thyroxine (0.3 pg/g body weight) from birth
(I or V), or intraventricular injections of NGF (2 ug) 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<0,05) between the mean values of control
and experimental groups are indicated by *, and between
Tx and Tx given humoural agent(s) are shown by 8§, The
data are taken from Patel et al.?

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, 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
level38 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.’,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).7532 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-f-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.3l
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 containing cells (using a monoclonal antibody derived by
Chandler et al.4l), now show that the effect of NGF is selective for sub-
cortical cholinergic neurones.’s27 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.’»>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. 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). 1In 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,
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whereas thyroid hormone also affects the development of GABA-ergic neuronmes,
astroglial cells and oligodendrocytes.

OTHER FUNCTIONAL IMPLICATIONS

The present findings on congenital hypothyroidism 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 neuromes, and as in
Alzheimer-type dementia in man, these changes in the cholinergic system
appear to contribute to age-related cognitive impairments in rodents,%2,43
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
intérconnections. 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 acetyltransferase (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 17-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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INTRODUCTION

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 (T3) in the developing brain and a T3-dependent response have been
presented only recently. Evidence that T3 nuclear receptors are homolo-
gous to the products of the c-erb 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 T3 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). 1In 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

DEVELOPING BRAIN MATURE BRAIN

Apparatus for Neurotransmission

_not yet in place  forming or in place inplace
mitogenic pre and transsynaptic transsynaptic
and actions as actions as
differentiating trophic agents inducing neuromodulators
effects on further developmental neuroregulators
neuroblasts; specializations or
(neurite elongation; neurotrans-
control myelinogenesis; mitters
of morphog- synaptogenesis, etc.)
etic cell
movements

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).

152



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
barrier (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.1).
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Fig. 1. RADIOACTIVITY IN SUBCELLULAR PARTICLES OF S7 FRACTION
OF RAT BRAIN AFTER I.V. 1251-T3

Data points show mean * SEM; o---0: synaptosomes;
e---9: 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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In brain, T4 is converted to T3 at a low Ky 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. TFRACTIONAL CONVERSION OF T4 TO T3 IN VIVU IN
BRAIN CYTOSOL AND SYNAPTOSOMES

Rats were given an i.v. pulse of 1251—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 125I-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-concentr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>