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ABSTRACT The effects of hyper- and hypothyroidism on fetal development and
on the postnatal maturation of the central nervous system was studied in the rat . Our
observations indicated that the development of the rat fetus, as measured by birthweight
and skeletal maturation of the newborn animal is not markedly influenced by presence
or absence of thyroid hormone during the prenatal stage .

Availability of thyroid hormone is a more critical factor with respect to maturation
of the nervous system taking place in the postnatal animal .

Delay in cerebellar maturation and delay in increase in dry weight of cerebrum
and cerebellum were noted in hypothyroid rats . A transitory acceleration of oxygen
consumption of these structures during their maturation was also noted in hyper-
thyroid litters .

A more permanent suppression of learning behavior and of the thermoregulating
mechanism was observed in young hypothyroid rats deprived of thyroid hormone since
birth .

It is concluded that requirements for thyroid hormone during development of
the rat are limited to a critical period coinciding with the first two to three weeks of
postnatal age .

The problem of the influence of thy- the developmental effects of the hormone,
roid hormone on processes of growth and attempts to explain the morphogenetic
differentiation has a considerable back- changes associated with hypothyroidism
ground in the literature . For a review see have suffered from contradictory results
Eleftheriou ('62), Etkin ('64), Osorio and and conclusions relating mainly to vari-
Myant ('60) and Pitt-Rivers and Tata ('59) . ability in timing and duration of experi-

The role of the thyroid gland for matura- mental treatment, transplacental passage
tion of the skeletal and the nervous systems of thyroid hormone and reversibility and
has been particularly emphasized in the irreversibility of the effects of of thyroid de-
experimental literature . See Barnett ('48), privation during growth and development .
Bradley, Eayrs, Glass and Heath ('61), The present study was undertaken to
Eayrs ('53, '54, '55, '59, '60), Eayrs and obtain answers to the following specific
Horn ('55), Eayrs and Lishman ('55), questions :
Eayrs and Taylor ('51), Fell and Mellanby (1) Is thyroid hormone essential in the
('55, '56), Hamburgh ('55), Hamburgh rat for fetal development, or for postnatal
and Flexner ('57), Hamburgh and Vicari development, or for both?
('57), Hammett ('23, '24, '26), Horn (2) Are the needs for thyroid hormone
('55), Hunter and Sawin ('42), Hughes during maturation of the rat limited to a
('44), Kollross ('42), Kollross and Pepper- specific "critical period," that can be de-
nits ('52), Liddell ('23, '26, '27), Liddell fined?
and Simpson ('23, '26) Smith and McLean (3) Are the effects taking place in the
('38), Todd, Wharton and Todd ('38), absence of thyroid hormone during devel-
Weiss and Rossetti ('51) . Little can be opment transitory, persistent and/or irre-
said with certainty concerning the mecha- versible in nature?
nism by which thyroid hormone exerts its Thyroid needs during fetal development
influence on development and matura- were measured by comparing body weights
tion on several vertebrate structures and and skeletal maturation in newborn rats
tissues .
In warm blooded animals where it is
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obtained from hypothyroid, hyperthyroid
and control mothers .

Requirements for and effects of thyroid
hormone during postnatal development
were studied by investigating maturation
of the central nervous system in hypo-,
hyperthyroid and control rats during the
first four weeks of postnatal life . This
study was intentionally limited to an anal-
ysis of differentiation of the central nerv-
ous system structures, because it has been
repeatedly asserted in the literature, that
no tissue suffers more severely than the
brain from lack of thyroid hormone during
early life . The rat brain is particularly
suitable material for studies of this kind,
because at birth it is still very immature
and its cells relatively undifferentiated .

MATERIALS AND METHODS

Materials
Pregnant rats of the Charles River

Breeding Laboratories Caesarian Derived
(CD) strain were used for all experiments .
Animals were housed individually in an
air-conditioned room and provided with a
Rockland mouse diet (ground) and water
ad libitum .

EXPERIMENTAL PROCEDURE

1 . Determination of thyroid hormone
requirements of the

rat fetus
Animals were divided into three main

groups . Group 1 consisted of pregnant rats
that were offered a goitrogenic diet con-
taining 0.2% propylthiouracil (PTU) mixed
into powdered Rockland mouse diet, start-
ing on the fifteenth day of pregnancy . The
fifteenth day was chosen for the initiation
of experimental treatment because avail-
able evidence suggests that in the rat the
fetal thyroid does not functionally mature
before the eighteenth or nineteenth day of
gestation, and that during the first two tri-
mesters of the gestational period maternal
thyroxin probably does not pass the pla-
cental barrier (Hamburgh, Sobel, Koblin
and Rinestone, '62) .
Group 2 consisted of pregnant rats of-

fered the same goitrogenic diet, but given
daily injections of 1-thyroxin . 2 Thyroxin
injections started on the fifteenth day of
gestation and continued until delivery .

Dosages administered ranged from 10, 25,
and 100 tigm thyroxin dissolved in 1 ml
of fluid . The rationale of this procedure
to induce a hyperthyroid condition in the
fetuses followed a method of hormone
assay described by Dempsey and Astwood
('43) . The goitrogen (PTU) that was fed
caused the thyroid glands to enlarge in
size, whereas the exogenous thyroid hor-
mone, depending upon its level, offset the
tendency of the thyroid to become en-
larged, or if present in excess concentra-
tion would tend to diminish thyroid weight
below control levels . The effectiveness of
this method to assay circulating thyroid
hormone in the rat fetus has been estab-
lished previously by Hamburgh, Sobel,
Koblin and Rinestone ('62) .

Thyroxin was prepared by dissolving
the sodium salt of 1-thyroxin in physio-
logical saline, adjusted to pH 8-8 .5 by ad-
dition of 0.01 N NaOH .

Group 3 consisted of pregnant control
rats maintained on an unsupplemented
diet and receiving daily injections of 1 ml
of alkaline saline, the composition of
which was equal to that of the vehicle in
which the hormone was dissolved .

At birth the weights of newborn litters
were recorded . The litters were then sacri-
ficed and their skeleta prepared for stain-
ing with alizarin red following a modified
method of Dawson ('26) .

2. Determination of requirements
and effect of thyroid hormone
during postnatal development

o f the rat
Animals were divided into several

groups . Group 1 consisted of hypothyroid
rats. Hypothyroidism was induced in the
manner described above. The goitrogenic
diet was offered to pregnant rats on the
fifteenth day of gestation and was con-
tinued to the lactating animal for 3-4
weeks after the birth of the litter.

Group 2 consisted of hyperthyroid rats .
Hyperthyroidism was induced by daily
administration of 1-thyroxin starting at
birth to rats maintained on PTU since the
fifteenth day of gestation . Dosages were
as follows : 1 ogm thyroxin to newborn

2 Grateful acknowledgment is made to Smith, Kline
and French for supplying thyroxin and triiodothyro-
nine used in this investigation .



rats until age seven days, 2 lignt to rats
aged 7-14 days, 3 igm to rats between
ages 14-21 days and 5 tigm to rats above
21 days of age. This concentration was
established as the maximum nonlethal
dose for young rats . The hormone was
injected in 0.01 ml of fluid . The fluid
volume was held minimal in order to pre-
vent any interference with osmotic equilib-
rium in the young animals . In one series
of experiments (testing oxygen consump-
tion of brain) hyperthyroidism was in-
duced by administration of excess tri-
iodothyronine' in the same dosages to
animals not previously "thyroidectomized ."
Group 3 were control animals . They

were maintained on an unsupplemented
diet. Newborn rats were given daily in-
jections of 0 .01 ml fluid. The composition
of the fluid was identical with that of the
vehicle in which thyroxin was dissolved .

The differentiation of the nervous sys-
tem was studied using morphological, bio-
chemical, physiological and behavioral
criteria .

For the histological analysis animals of
the control and hypothyroid groups were
sacrificed at five day intervals starting on
the fifth day until the thirtieth day of post-
natal age . Brains were removed, fixed in
10% formalin, embedded in paraffin, cut
in 15 [A sagittal or transverse plane and
stained with cresyl violet .

Changes of oxygen consumption of cere-
bral cortex, cerebellum and medulla ob-
longata in normal and hyperthyroid young
rats were followed during the first three
weeks of postnatal life . At five day inter-
vals to coincide with 5, 10, 15 and 20
days of postnatal age the animals were
sacrificed, and used for determination of
02 consumption according to standard
manometric techniques . The animals were
killed by decapitation . The cerebral cortex,
cerebellum and medulla were quickly dis-
sected and 100 mg of tissue was weighed
wet on a Roller Smith balance . In order
to expedite the start of the experiment the
tissue slices prepared with a scalpel were
placed in a pre-chilled reaction Warburg
vessel containing Krebs Phosphate Ringer,
2% of glucose and KCI. The total volume
was adjusted to 2 ml .

Changes in dry weight/wet weight ratio
of cerebellum and cerebral cortex of con-
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trol and hypothyroid young rats were fol-
lowed during the same period with the
use of a vacuum oven set at 64°C .

The emergence of the capacity to learn
a simple conditioned response was tested
in control and hypothyroid young rats
using the water escape response test de-
scribed by Essman and Jarvik ('61) .

A water-filled tank was used to test for
the acquisition and retention of a simple
escape response . A ramp was positioned
laterally on a side opposite to the point of
entry into the tank and this provided the
only means of escape for the test animals .
Rats were placed individually in the tank
filled with water at 20°C, and given four
trials to acquire the escape response . Trials
were spaced 5 minutes apart, and fol-
lowing each, the subject was dried and
returned to its home cage under a 60-w
heating lamp . Response latencies were re-
corded for each trial ; those rats showing
a successive decrement in response latency
with a final latency less than ten seconds
were considered to have learned .

The emergence of the thermoregulating
mechanism in control and byopthyroid
young rats was followed from birth until
maturity . At five day intervals starting
on the fifth day of age, rats were removed
from their mothers and kept isolated in a
small cage in a temperature controlled
room set at 70°F for one hour. At the end
of this time, their body temperature was
recorded rectally with an electronic tele-
thermometer .

RESULTS

1 . Requirements of thyroid hormone
during fetal development

The efficacy of our treatment to induce
a hyperthyroid and hypothyroid state re-
spectively in the fat fetus was tested by fol-
lowing changes in fetal thyroid weight,
when PTU or excess thyroxin was given
to the mother. Ingestion of PTU by the
mother resulted in enlargement of the
thyroid glands of all fetuses (fig. 1) .
Twenty-five micrograms of thyroxin given
to the pregnant mothers maintained on
a goitrogenic diet reduced the thyroid
weights of newborn animals to one-half
of that of untreated (control) mothers

3 See footnote 2.
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while with a dose of 10 igm the fetal
thyroids were more nearly like those of
control fetuses .

Alteration of the thyroid state during
the latter part of gestation of the rat had
a very slight though satistically significant
effect on the body weight of the newborn
rat. Both removal as well as excess admin-
istration of hormone to the rat fetus lead
to a slight depression of normal mean body
weight in the newborn animal (see table 1) .
Suppression of thyroid hormone during
gestation was ineffective in exerting devel-
opmental effects on skeletal maturation .

This picture of skeletal maturity is
essentially the same at birth for hypothy-
roid litters obtained from mothers treated
with PTU during the latter part of gesta-
tion, as that of control litters obtained from
untreated mothers (see table 2 and fig . 5) .

2. Requirements of thyroid hormone
during postnatal development of

the central nervous system
(a) Histological analysis of brain matu-

ration . Structures affected in hypothyroid
animals included the cerebral cortex,
where our analysis confirmed the findings
of Earyrs ('53, '54, '55) that there is a

MAX HAMBURGH, EDWARD LYNN AND EARL P . WEISS

TABLE 1
Body weight in grams at birth

m IC Normal mothers given 100 µg thyroxin.
IIC Hypothyroid mothers given 25 gg thyroxin.
IID Hypothyroid mothers given 10 µg thyroxin .

"t" tests for significance between two means

considerable denser packing of cell bodies
per unit area of cerebral cortex . Super-
ficial examination of the brainstem his-
tology did not reveal any influence on the
neurohistology of these structures through
lack of thyroid hormone during postnatal
development . The histological analysis
revealed the most dramatic deviation from
normal in the neurohistology of the ma-
turing cerebellum of hypothyroid young
rats (figs. 6-7) . The development of the
rat cerebellum during the first three weeks
of age is characterized by extensive migra-
tions of cells derived from the transitory
external zone past the molecular area to
form the granular layer of the cerebellum .
In the rat the thickness of this external
layer attains its maximum at about eight
days after birth and subsequently dimin-
ishes progressively . It disappears at the
twenty-first day, at which time the surface
of the cerebellum has acquired the char-
acteristic aspect of the adult (fig . 6) .

Among the hypothyroid rats the super-
ficial layer of the cerebellar cortex is main-
tained in the "fetal" condition as late as
the twenty-sixth day of age . After that
date the cerebellar cortex of hypothyroid
rats begins to assume the normal architec-

Groups Significant
difference N P

IA-IB No 40

	

> 0.05
IA-IC No 54

	

> 0.10
IIA-IIB Yes 113

	

< 0.001
IIA-IIC Yes 77

	

< 0.001
IIA-IID Yes 83

	

< 0.001
IIIA-IIIB Yes 227

	

< 0.001

Series

Group A

Control
rats

B

Hypothyroid
rats

C

Hyperthyroid '
rats

DHypothyroid
rats given

replacementthyroxin
therapy

I 5.6±0.14 5.2±0.17 5 .4 -±0.05
N = 25 N=17 N=31

II 6.1 ± 0 .06 5.7±0.10 5.0±-0.18 ' 5.6±0.11
N-55 N=60 N=24 N=30

III 5 .6 .L 0.07 5.3 ± 0 .06
N = 66 N = 163
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tonics, even though thyroid hormone is
not made available (fig. 7) .

(b) Oxygen consumption of cerebral
cortex, cerebellum and medulla oblongata .
The changes in oxygen consumption of
maturing cerebral cortex and cerebellum
follows a straight line until adult levels
are reached between the twentieth and
twenty-fifth day of life . The change in
oxygen consumption of the medulla ob-
longata follows a straight line until the
tenth day of age, when the curve levels
off (fig. 2) .

Administration of excess t
e started at birth and co

throughout the period of weaning in-
creased the respiratory rate of the three
brain areas tested in a significant manner
only during the first week of postnatal age .
Thereafter the differences in oxygen con-
sumption of cerebral cortex, cerebellum

•

	

and medulla oblongata among normal con-
•

	

trol rats and hyperthyroid rats were statis-
longer significant (see table 3) .

Changes in dry weight/wet weight
ratio . Changes in dry weight/wet weight
ratio are recorded in table 4 . There is a
consistent difference in increment of dry
weight of cerebral cortex and cerebellum
between 15 day and older control and
hypothyroid young rats . The hypothyroid
rats seem to lag behind the controls so
that the 15 day old hypothyroid rat attains
the level attained by the control animal at
n days of age. At 30 days the hypothyroid

ached the level attained by
. The magnitude of

erence decreases or vitrtually dis-
•

	

appears at 40 days .
(d) The emergence of the capacity to

learn a simple conditioned response . Fig-
ure 3 shows graphically the mean response
latency shown by normal, hyper- and
hypothyroid young rats at age 20 to 28
days, to learn a simple escape response
from a water fillted tank during four trials .
Control and hyperthyroid rats did not dif-
fer in their capacity to acquire this re-
sponse. The hypothyroid animals however,
failed to learn the escape response at all .
A group of older hypothyroid rats main-
tained on the PTU diet up to 50 days of
age, (not shown in fig. 3) failed to per-
form on this test just as completely as the
younger age groups did .
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maturation of the fetus up to birth, at
least by the criteria used in our experimen-
tal setup, i .e. body weight and skeletal
maturation . These results are in agree-
ment with findings by Chu ('44), Daven-
port and Swingle ('27), Hodges, Hamilton
and Keettel ('52), Moore ('50), Parkin and
Greene ('43), but they are at variance
with the findings of Krohn and White
('50) who showed a significantly higher
rise in the occurrence of abortion and re-
sorption if the mother was thyroidecto-
mized . This, however, may only mean
that the mother requires thyroid hormone
to maintain a proper environment for the
fetus . It does not prove that the fetus
itself requires a supply of hormone . The
only major challenge to this view is pro-
vided by the work of Weiss and Noback
('49) who have shown that if the pregnant
rat is treated with thiouracil, ossification
in the 16 day old rat fetus is delayed . Our
own study would indicate, however, that if
there is such a delay, the hypothyroid fetus
of the thiouracil treated mother has caught
up with the untreated control at the time
of birth .

A different situation prevails if thyroid
hormone is added or withdrawn after
birth . Our results confirm the often stated
observation, that deprivation of thyroid
hormone delays and retards, but rarely
suppresses the postnatal maturation of
several structures, while conversely excess
hormone administration may accelerate
the processes of maturation .

The histogenesis of the cerebellar cor-
tex was delayed in hypothyroid rats but
the normal organization of the cerebellar
cortex eventually emerged in spite of con-
tinued total deprivation of thyroid hor-
mone. A similar observation was reported
by Legrand, Kriegel and Jost ('61), and
Legrand ('63) .

Our demonstration of a small but statis-
tically significant increase of oxygen con-
sumption in brains of young (5-7 day old)
hyperthyroid rats confirms results reported
by Reiss, Reiss and Wyatt ('56) . Failure
to stimulate oxygen consumption of older
hyperthyroid rats is not unexpected in view
of the well estabilshed observation that
the metabolism of the brain is better pro-
tected against interference than any other
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CEREBRAL CORTEX

o0HYPERTHYROID

tissue (Hoexter, '54; Fazekas, Groves and
Adman, '51) .

While it would appear that the admin-
istration of excess thyroxin accelerated to
a slight extent the "metabolic maturation"
of brain tissue as measured by rates of O2
consumption of glucose by brain slices, it
is of interest that this hormonal effect
was apparent only during the first week
of postnatal life, In ten day old animals
the O2 consumption of brain did not differ
significantly in hyperthyroid young rats
from those of untreated controls anymore,
at least in the areas tested .

A delay was also observed, with respect
to rate of increase in dry weight of matur-
ing cerebral and cerebellar cortex in hypo-

I	I	I	I
5-7

	

10-12

	

15-17

	

20-22
DAYS OF POST NATAL AGE

Fig. 2 Oxygen consumption of normal and hyperthyroid brain .

thyroid rats. Changes in dry weight/wet
weight ratio during development may re-
flect merely loss of water or increased
protein synthesis, both of which may be
influenced by thyroid hormone in the
growing organism (Weil, '41) . Although
increase in dry weight in these two brain
areas was considerably slowed down and
delayed in the hypothyroid rat, normal
adult levels approaching those of the con-
trols were eventually attained in spite of
the continued unavailability of the hor-
mone to the growing animal .

Deprivation of thyroid hormone during
early postnatal life resulted in more last-
ing effects with respect to maturation of
conditioning behavior mechanism in the



TABLE 4

Dry weight determinations of cerebral cortex and cerebellum of normal and hypothyroid young rats
Mean % dry weight

W
CR01

Age 10 days

	

Age 16-17 days Age 23 days

	

Age 30 days Age 40 days
(b) Tx

	

(c) C

	

(d) Tx (e) C

	

(f) Tx

	

(g) C (h) Tx (i) C (j) TX

Cerebral cortex

	

IL5:tO.53

(1)

Cerebellum

	

11.6
(5)

(2)

11.1-- 0.66

	

16.1- 0.17 11.5 :t0 .26
(5)

	

(9)

	

(9)

1QIAOT6

	

16200A5 112±0.33
(5)

	

(9)

	

(9)

15.4 :L-0.22
(8)

1100012 IL9&017 N .10004

12.2 :i-. 0 .32
(8)

IT5AOJ7
(8)

20.9
(2)

21.6
(2)

18.2
(3)

21 .2
(3)

0
z

(6) (6)

	

(8)

C = control animals
Tx = hypothyroid animals .

The values are given ± the S.E.
The number of animals is represented in parent

t-I

etween Means

Groups P Significant
difference

0
t4la-lb

	

> 0.60 No
2a-2b

	

> 0.05 No
lc-id

	

< 0.001 Yes
2c-2d

	

< 0.001 Yes
2e-2f

	

< 0.001 Yes
Ig-lh

	

< 0.001 Yes
2g-2h

	

< 0.001 Yes
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101

TRIAL 1

100

18

TRIAL2

	

TRIAL 3

28 DAY OLD RATS

Fig . 3 Mean learning time of normal hypothyroid and hyperthyroid rats .

TRIAL I

28

111

87

two groups. Using a water escape response
test to measure "learning" it was noted
that hypothyroid rats with few exceptions
failed to "learn" in the four trials offered .
This neagtive performance did not improve
with increasing age. In one group of rats
(not included in graph and table) main-
tained on PTU until day 50 the learning
score was still zero . On the other hand,

105

28

86

31

TRIAL 2

	

TRIAL 3
20 DAY OLD RATS

11

128

TRIAL 4

94

N\

TRIAL4

rats given excess thyroid hormone since
birth attained the same level of achieve-
ment as untreated controls . Since no tests
for "learning" performance were made
prior to the twentieth day of age, we do
not know, whether the emergence of this
behavior can be advanced in hyperthyroid
animals over that of untreated controls .
In the light of the findings reported by
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Ewyrs (13, 1

rats were also noted by Hamburgh and
Flexner ('57) .

A persistent effect of thyroid deprivation
on the maturation of the thermoregulating
mechanism of the rat was also noted . Al-
though in this study no effort has been
made to distinguish between central or
peripheral components of this mechanism
the observations are arbitrarily included .
The persistent failure of hypothyroid rats
ever to reach adult levels of mammalian

1 05, '59, '60), Eayrs and
Horn ('55) and Eayrs and Taylor ('51)
showing that thyroid deficiency arising
during early stages of maturation of the
rat gives rise to persistent but reversible
abnormalities in the development of cere-
bral cortex prominent among which is a
decrease in extent and complexity of neu-
ropil and a consequent reduction in the
probability of interaction between neurons,
this is not unexpected (a surprising . Irre-
versible enzymatic changes in the develop-
ing cerebral cortex of thyroidectomized

rnal temperature if continually d*

o

	

m

	

10

	

4u

	

40
AGE I N DAYS

Rectal temperature of young rats . Each point represents the mean
e of several determinations .

Fig . 4 Emergence of thermoregulation in normal and hypothyroid young rats.

30
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prived of thyroid hormone from birth on,
is probably related to their low survival
rates in standard laboratory environment .

The diverse observations reported in this
study can be balanced by assuming that in
the rat the critical period during which
hormone is required may vary for the
maturation of different tissues and within
the central nervous system even for dif-
ferent areas, but that prenatal develop-
merit is relatively independent of avail-
ability of tbyroxin at least for the param-
eters examined in this study . Possibly con-
ditions prevailing in utero are so well
"buffered" that the presence or absence
of thyroid hormone is not a critical factor
and consequently exerts little influence on
developmental processes taking place dur-
ing the prenatal period .

The first or the first two weeks of
postnatal life on the other hand may
constitute a period during which avail-
ability of thyroid hormone may be critical
for growth and development processes to
proceed at normal rates . Subsequent to this
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"critical" period other rate controlling fac-
tors may emerge, enabling the hypothroid
animals to catch up with the normal in
most respects .

Our experimental results do not permit
us to indentify the factors or combination
of factors that operate in the uterine en-
vironment making the rat fetus independ-
ent of thyroid hormone, nor those that
may emerge subsequently in the post-
natally maturing rat to exert their in-
fluence on developmental rates .
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PLATE 1

EXPLANATION OF FIGURES

5 Skeleton of newborn rats . To the left is a newborn obtained from a
normal untreated mother. To the right is a newborn obtained from
a mother treated with propylthiouracil since the fifteenth day of
gestation .
No differences in skeletal ossification are apparent . X 3 .

6 Section through cerebellum of a 21 day old normal rat . The external
granular layer has disappeared and the typical adult cerebellar archi-
tecture is established . X 120.

7 Section through cerebellum of a 21 day old hypothyroid rat . The
external granular zone is still present as a multicellular layer . Ex-
tensive cell proliferation and migration of cells through the molecular
zone is still visible . X 120 .
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