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CHAPTER 1

Introduction

“Parzo-exvocriNorocy and comparative endocrinology,
particularly in their biochemical aspects may broaden our
understanding of man’s endocrine systems as they are
today” (Means, 1947). It is encouraging for the com-
parative physiol to find a like this in the
most recent edition of a standard text on clinical endo-
crinology. The present lecture is an attempt to review our
knowledge of the comparative endocrinology of the thy-
roid and parathyroid glands.

Paired entodermal protuberances are formed in all
vertebrates during early embryonic life at the cranial end
of the gut. These protuberances, the gill pouches, are
connected with protrusions of the ectoderm, the gill fur-
rows. The derivates of these structures are designated as
branchiogenic organs. These include the thyroid and para-
thyroid glands and the thymus, The function of the latter
is obscure, The thyroid and parathyroid glands can thus
be gmuped mgc:her anatomically because of their common

! origin (Groll 1947). Physiological
however, they are entirely independent from each uther
and no functional relationship has been demonstrated. Both
organs are exclustvely confined to the vertebrate phylum
It seems reasonable to assume that the effects of the hor-
mones of these glands are restricted to this phylum. This
15 borne out by the negative results of experiments on the
effects of administration of mammalian thyroid hormone
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4 Thyroid and Parathyroid Glands

to invertcbrates. For instance, the administration of thy-
roxin was found to be without effect on the meramorpho-
sis of insects (Fleischmann, 1929). A review of the perti-
nent literature reveals thae all efforts have failed to demon-
strate an unequivocal effect of the thyroid hermone on
invertebrates.

No work seems to have been done on the effects of ad-
ministration of parathyroid hormeone on im ertebrates.

Tl Taea S t1ked qurh the




CHAPTER H

Tunicates and Acraniates

Thie envosryre found in the lowest chordate animals —
tunicates and acraniates — was long believed to be homo-
logous and analogous to the vertebrate thyroid gland. This
idea has been discarded more recently for morphological
reasons (Hyman, 1942) and because of the fact that neither
the endostyle of the tunicate, Perophora annectens (Gorb-
man, 1941), nor that of the acraniate, Amphioxus (Gorb-
man and Greaser, 1942), is capable of storing radioactive
iodme. In view of these facts it 15 not surprising that the
endostylar tissue of the tunicate Ciona intestinalis contains
no factor capable of inducing met: phosis in tadpol
(Spaul, 1928),

(s}



CHAPTER 1l

Fish

Ix conmrast 10 the endostyle of the tunicates and acrani-
ates the endostyle of the larvae of the most primitive fish,
the lamprey, has a definite relationship to the thyroid gland
encountered in higher forms. The larval form of al} Iam-
preys is known as the “ammocoete” stage. The nomencla-
ture is somewhat confusing because carly naturalists re-
garded Ammocoetes as an adult cyclostome and classified
it as a distinct genus. The thyroid gland of the adult lam-
prey consisting of isolated follicles represents the most pri-
mitive anatomical condition of the gland (Leach, 1946;
Goldsmith, 1949). The theory that the endostyle in the
larval or ammocoetes stage is a primitive thyroid mechanism
concerned with iodine metabolism has recently been cor-
roborated through studies using radioactive iodinc (I'*!) as
a tracer. Specific cells of the cndostyle of ammococtes of
the free-living lamprey Entospenus lamottenii are capable
of storing radioactive jodine. It seems significant that endo-
stylar tissue actively removes inorganic iodine from its fluid
environment and stores it intracellularly even before it has
begun its definite differentiation into thyroid tissue (Gorb-
man and Creaser, 1942). Metamorphosis from the Jarval
or ammacoetes stage to the f:mprcy is nat accompanicd by
an increase in oxygen consumption. It has been further
shown that ammocoetes larvae do not respond to admini-
stration of mammalian thyroid. Neither the rate of meta-
morphosis nor that of mesabolism is affected. The theory
{¢)



Fish 7

has been proposed that the thyroid in the lowest vertebrates
is concerned mainly with growth and maturation (Leach,
1946).

In most fish the thyroid consists of follicles scattered
in the connective tissue along the ventral aorta and afferent
branchial arteries, This anatomical distribution precludes
surgical thyroidectomy in fish. Before the introduction
of anti-thyroid drugs no work could be done on experi-
mental thyroid deficiency in fish. However, some species
of teleosts have a discrete, compact thyroid gland In one
of these, the Bermuda parrot fish, Sparisoma sp., concentra-
tion of radioactive iodine in the compact thyroid gland has
been demonstrated (Matthews and Smith, 1948).

The problem of meramorphosis in fish is 2 very complex
one. Sklower (1928) and Hagen (1936} described marked
hyperplasia of the thyroid in the larvae of the eel at the
time of transformation from leptocephalus to elver. A
sumilar change occurs in the thyroid of the flatfish, Pleuro-
nectes platessa, during metamorphosis (Sklower, 1930).
In a wropical goby, Periophthalnmus chrysospilos, metamor-
phosis can be accelerated by thyroid feedmg. Itis of mterest
that these fish normally lead an amphibian life. After admin-
sstration of desiceated thyroid they live less in the water and
more on Iand than the untreated controls A blenny from
the Adriauc sea, Blemmius ocellatus, was induced to lead an
amphibian life by feeding it mammalian thyroid hormone
(Harms, 1929) although this spectes is usually stnctly
aquatic

Robertson (1948) made a careful study of the color
transformation and the associated changes 1n the secretory
aetivity of the thyrowd gland which young rambow trout
In certain Michigan streams exhubit before mugraung into
one of the Great Lakes The change of color was found to
be due principally to the deposition of a greatly increased
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amount of guanine on the internal surface of the scales,
laid down as crystals. This accounts for the silvery color
of the smolt (second year fish) in comparison to the darker
color of the parr (first year fish). Lxamination of the
thyroid gland of the smolt revealed increased funceional
activity as compared with the thyroid of the parr. The
transformation from parr to smolt is accompanied by
change from a cuboidal to a columnar type of follicular
epithelium and vacuolization and loss of colloid from the
lumen of the follicles. Measurements of the height of the
follicular epithelium confirmed the impression of hyper-
activity of the thyroid in the recently transformed smolt.

Similar changes have been observed in the salmon, Saluo
salar. The young salmon has a moderately active gland.
After their return to fresh water, these young salmon
(smolts} show a very active thyroid as judged by its his-
tological appearance. In the adult functional activity de-
creases again and atrains its lowest level ar the time of
spawning. There is a new phase of activity when the sal-
mon returns to the sca for the second time (Fontaine and
Olivereau, 1947).

Surgical removal of the thyroid tissue has never been
accomplished in fish because of the anatomical distribution
mentioned above, However, “chemical thyroidectomy”
(sce below) has yielded interesting results, Goldsmith
et al. (1944) immessed fish in solutions of the anti-thyroid
drug, thiourca. This drug produces hypothyroidism
through inhibition of the synthesis of the normal thyroid
hormone. A hybrid stramn involving Platypoecilus macu-
atus and Xiphophorus bellers was used. A marked in-
hibition of growth was noted in the fish cxposed to
thiourea, This was not due to inanition, since the animals
accepted food as readily as did the untreated contrals.
A histological examination of the thyroid tissue of the
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thiourea-treated animals, a5 compared with the controls,
showed a very definite hyperplasia.

Most fish are very insensitive to thyroxin, Root and
Etkin (1937) found thar thyroxn injected through four
to five days in doses of 10 mg. per kg. bodyweight had no
effect on the oxygen consumption of the toadfish, Opsanmas
tau. However, the oxygen consumption of the same fish
could be increased by injection of dinitrophenol in doses
of 7 mg. per kg. bodyweight, Smith and Everett (1943)
confirmed the opinion that thyreid preparations fail ta en-
hance oxygen consumption or somatic growth in the fish,
Lebistes reticulatus.

In the brook trout, Salvelinus fontinalis, hyperplasia of
thyroid tissue has been studied by Marine and Lenhast
(1910, 1911). Extensive formation and spreading of new
follicles were observed. This condition is comparable to
endemic gofter in human bemgs. Over-feeding and over-
crowding are important factors associated with the de-
velopment of thyroid hyperplasia. Prevention and cure is
favored by adjusting the amount of food and the number
of fish to the water supply and by the addition of 1odine-
containing substances to the watef.

No parathyroid tissue has been found in fish.



CHAPTER IV
Amphibia

Ax onservatioy of Gudernatsch (1913) led to the
development of 2 new field in experimental biclogy. He
found that a dict of lian thyroid administered to
tadpoles of frogs led to the onsct of metamorphosis within
a few days. Thyroid administered at any age after the
tadpole was capable of taking solid food had this effect.
The time at which the fecding began did not influence the
resulr, If the treatment began carly, the tadpoles fed ona
thyroid dier underwent precocious metamorphosis with
remarkable uniformity weeks before the controls fed on
other tissues. The individuals of a thyroid-fed group in all
cases transformed within about a day of one another. No
such uniformity is seen in normal tadpoles nor in the con-
tro! tadpoles fed by Gudernatsch on other tissues. Guder-
natsch used the European species, Rams esculenta and
Rana temeporariz. Swingle (1918) confinmed those results
on the American bullfrog, Rana catesbiana. In a state of
nature it requires two or three seasons for the tadpoles of
this species to attan the adule condition, and the gonads
contain ripe germ cells long before the onsct of meta-
morphosis. Swingle (1918) fed desiccated mammalian thy-
roid to tadpoles of the bullfrog, Rana catesbiana, shorty
after harching. Within three wecks after hatching he had
produced mmiature frogs having all the bodily characteris-
tics of the adule with the exception of the gonads which
remained immature.

[0}



Amphibia 1n

The effect of thyroid hormone on amphibian meta-
morphosis can be used for the bio-assay of thyroid prepara-
ration, For this purpose the eruption of the fore-limbs in
tadpoles of Xenopus laevis has proved to be the most satis-
factory end-point {Hamilton e} al, 1948).

It is not our aim to review all papers dealing with thy-
roid-induced metamorphosis in amphibians but to confine
ourselves to work that sheds light on the mechanism of
thysoid action or that contributes to comparative physi-
ology.

It has been observed by a number of workers that the
induction of metamorphosis by thyroid hormone in tad-
poles is accompanied by a marked increase in oxygen up-
take (Helff, 1926). Abelin and Scheinfinkel (1923) re-
ported an initial slight rise in total QO, production in tad-
poles of Rana escudenta fed with thyroid dssue, The rise
was followed by a decrease in CO, production duting
metamorphosis. On the basis of these and sumhr dfna,
Hogben (1929} d “that the histog
of phosis are a of the increased oxi-
dative activity in the tissue.” “This problem has been re-
investigated by Etkin (1934), who made careful measures
ments of the oxygen consumption of tadpales of the bull-
frog, Rana catesbiana, in relation to the various stages of
normal metamorphosis, Etkin feels thar there is at present
no reason for ascribing any causative significance in meta-
morphosis to the stimulating influence of thyroid hormone
on metabolism., We agree with this conclusion because of
studies on the effect of dinitrophenol on tadpoles. This
compound is known to enhance metabolistn through the
mcrease of tissue oxidations Cutting and Tainter (1933)
found no influence of this substance on the metamorphosis
of the toad, Bufo halophilus, using a wide range of con-

centrations up to toxic doses; their neganve results were
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confirmed by the author. It is probable, however, that
there is a difference in the mechanism of action of thyroxin
and of dinitrophenol on rissue oxidations and that, there~
fore, the stimulating action of these compounds on oxygen
uptake is not strictly comparable.

The study of the chemical changes in the body of
amphibians undergoing spontaneous or induced metamor-
phosis should be of great interest to the investigators in
the field of developmental physiology. Few data are
available at the present time, however, Haffner (1927)
found 2n increased content of lactic acid in the body of
tadpoles treated with thyroxin. Nagel (1927) studied the
initial water loss of the axolotl after thyroid administra-
tion. He felt that this water loss is a causative factor in
inducing metamorphosis. Feeding of thyroid substance to
tadpoles induces an increase in oxygen uptake whereas
the basal metabolic rate of adult frogs is not affected by
thyroid administration (Helff, 1923). Thyroxin has no
influence on the metabolism of the intact or thyroidec-
tomized frog, Rana esculents. Thyroidectomy did not
depress the basal metabolic rate of adule specimens of this
frog (Henschel and Steuber, 1931).

Champy (1922) made mitotic counts in various regions
of the body during thyroid-induced metamorphosis in
tadpoles of the frog, Rana temporaria. The epidermis of
the bud of the fore-limb reacts to the thyroid hormone
by an increase in mitotic activity, the lining of a branchial
clefe (gill) by degeneration as manifested by shrunken
nuclei and lization of the cytoplasm. There is no
transitional region between these two types of histological
response. It seems probable that the orderly succession of
steps in metamorphosis is due to a serics of threshholds of
response. The threshhold for the hormone is lowest in
the epidermis according to Drzewicki (1924). Minute
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amounts of thyroid were fed to larvae of the toad, Pelo-
bates fuscus. The epidermis was the only tissue in which
mitotic activity and differentiation could be observed.

Nutritional factors influence the rate of induced meta-
morphosis. The thyroxin-induced metamorphosis of the
larvae of Salwmandra maculosa was retarded by feeding
of vitamin A in olive oil. The controls were fed with olive
oil only (Fleischmann and Kann, 1937).

The operative removal of the thyroid gland of amphib-
ian embryos was first carried out on tadpoles of the frog,
Rana pipiens (Allen, 1917). No peculiarities ateributable
to the operation were detected until abour three months
after the thyroid anlage had been destroyed. Ar this time
the tadpoles failed to underg phosis, while
growth continued and the gonads proceeded to develop.
The brain and alimentary tract retained, along with the
general configuration, the larval characteristics. The verte-
brae developed no spinous processes and remained unossi-
fied, though extensive caleification occurred. Deposition
of lime salts went on, but the stimulation to the prolifera-
tion of the odontoblasts was lacking,

The discovery that certain sulfur-containing drugs
cause a marked hyperplasia of the thyreid gland (Mac-
Kenzie et al,, 1941; Richter and Clisby, 1942) led 1o the
development of valuable tools for the study of thyroid
physiology. The MacKenzies (1943) and Astwood et al.
(1943} elucidated the mechanism of this action by show-
ing that hyperplasia is prevented by administration of
thyroid hormone and that it is associated with 2 fall in
the basal metabolic rate. The effect on the basal metabolic
rate can be neutralized by the administration of thyroid
hormone concurrently with the anti-thyroid drug. In
hypophysectomized animals the anti-thyroid drugs pro-
duce no hyperplasia of the thyroid gland. These facts
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prove that the anti-thyroid drugs act through inhibition
of the formation of the thyroid hormone by the gland,
The thyroid hyperplasia is probably compensatory for the
lack of synthesis of the thyroid hormone. Lack of cir-
culating thyroid hormone acts 2s a stimulus to the anterior
lobe of the pituitary gland which responds with increased
production of thyrotrophic hormone. This hormone is,
therefore, responsible for the hyperplasia of the thyroid.

Thiouracil, a derivative of thiourea, is used most com-
monly for experiments on the chronic inhibition of the
formation of the thyroid hormone, or “Chemical thyroid-
ectomy” because of its low toxicity. The inhibition of
amphibian metamorphosis by thiourea was first demon-
strated by Gordon, Goldsmith and Charipper (1943).
They used tadpoles of the frog, Rana pipiens. As a resule
of treatment with thiouracil metamorphosis was inhibited,
but growth continued. Giant tadpoles were obtained,
whose thyroid gland showed morphological signs of ac-
tivation. Hughes and Astwood (1944) studied the in-
hibitory effect of thiouracil dissolved in the culture me-
dum on tadpoles of the frog, Rana clamitans. Normal
metamorphosis was inhibited by concentrations of 1:8000.
The rate of metamorphosis induced by thyroxin was not
changed by the presence of thiouracil in 2 concentration
of 1:2000. This is understandable if we assume that thiou-
racil inhibits the production of endogenous thyroid hor-
mone, but does not interfere with the action of evogenous
hormone. The effectiveness of thiouracil as an inhibitor
of hormone production was demonstrated also by experi-
ments on tadpoles injected with the thyrotrophic hormone
of the piturtary. While tadpoles living in water and receiv-
ing thyrotrophic hormone of the pituitary were com-
pletely metamorphosed in 13 to 19 days, tadpoles living
in a 1:2000 solutton of thiouracil and receiving thyro-
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trophic hormone did not metamorphose. Goldsmith, Gor-
don and Charipper (1943) studied the effect of thiourea
on the metamorphosis of Rana pipiens and came to the
same concluston. They have very clearly demonstrated
the reversibility of the thiourea effect. Development of
frog larvae can be kept in complete abeyance by immer-
sion of the larvae in a solution of thiourea. Signs of re-
sumed metamorphosis are displayed very early following
discontinuance of treatment, provided the immersion is
not continued for too long 2 time. Thiourea was given
to tadpoles of Rama catesbiana during the proliferative
phase of tail regeneration following amputation of the tail.
‘This resulted in a retardation of the rate of growth of the
new tail (Ghidoni, 1948). The thyroid glands of tadpoles
of the frog, Rana I were transplanted into tadpol
of the same species. Young tadpoles with a length of the
hind legs of 8 mm. were used as hosts. If thyroid glands
of tadpoles of the same age were implanted no effect could
be observed on metamorphosis or on the thyroid gland
of the host. If older tadpoles were used as donors the
metamorphosis of the host was accelerated and the de-
velopment of the thyroid of the host was markedly re-
tarded. These findings suggest that the thyroid of the
young tadpole contains less hormone than that of the tad-
pole in the stage in which it undergoes complete meta-
morphosis (Slowikowska, 1923). Sklower (1925) studied
the thyroid histology of tadpoles of the frog, Rana tem-
porana, durmg various stages of development. The greatest
acuvity, as judged from the histological appearance, was
observed in thyroids of tadpoles in the final stages of
metamorphosis.

Radioactive iodine has been uwsed with grear success
in developmental studies. Tadpoles of the frog, Hyls
regilla, which ranged in size from freshly hatched larvae
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7 mm. in length to larvae 38 mm. in length with developed
hind legs, were maintained for two days in 800 ml. water
which contained 150 microcuries of I The tadpoles
were fixed and sectioned at the end of two days. Radio-
autographs were made from these sections, which were
later stained with hematoxylin and eosin. No evidence of
storage could be found in larvae less than 10 mm. in length.
The first deposition of 1" was noted in the 10 mm. larvae,
that is soon after completion of the embryonic tail-bud
stage. Developmental changes in the histological picture
of later stages of the tadpole were accompanied by an
increased ability of the thyroid to accumulate Jabeled io-
dine (Gorbman and Evans, 1941a).

Int order to test the relation of the thyroid to different
stages of metamorphosis, the thyroid aalage of tadpoles
was transplanted from its normal situation to the tail.
Thus the gland could be removed at appropriate intervals
after the onset of changes. After the legs were well de-
veloped, subsequent removal of the thyroid did not pre-
vent the completion of metamorphosis. If the gland were
removed prior to the development of the legs, met2mor-
phosis was incomplete (Hoskins, 1922).

‘The relationship of the thyroid to molting has been
examined in the newt Triturus viridescens {Adams, Rich-
ards and Kuder, 1930). Thyroidectomy inhibits shedding
of the skin. The animals lacking thyroid became gradually
blacker, as layer after layer of cornified cells were formed
and not sloughed off. Thyroid glands of normal newts
transplanted into thyroid ized animals will induce
a complete molt of the many-layered cpidermis.

Neoteny is the retention of the larval form beyond
the normal time required for metamorphosis. Partial neo-
teny is quite common in some frogs such as Rana cates-
biana. Tadpoles of this species often retain their Jarval form
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ing many thyroid glands of the same species. In the per-
ennibranchiate the tissues have apparently lost the faculty
to respond to thyroid hormone.

In the urodeles which always undergo metamorphosis
spontaneously, such as Triton adlpestris or Sadamandra
maculosa, metamorphosis can be accelerated through thy-
roid feeding (Kuhn, 1925). A synopsis of the findings on
Urodeles is given in Table I (from Fleischmann, 1947).

The parathyroids in Rana catesbiana are commonly
four in number and are not in close proximity to other
endocrine glands. An operative technique of complete
parathyroidectomy was developed for this species. Re-
moval of the gland was followed by a short period of ap-
parent normality, Hyperexcitability followed, and then
violent contractions involving large muscles or groups of
muscles occurred. These neuromuscular disturbances
would sometimes develop into a typical tetany, in other
cases, tremors and twitchings of a less severe nature fol-
lowed. This hyperactive phase was followed by a state of
inactivity, which was probably due to an increased tonus

TABLE 1
Tuvrow Privsiorocy 19 Urooetes

Tuyroip GLano AcTiviry As DemonsTRATED

METAMOR-

SPECIES By By PHOSIS  [tNDUCEDBY

Histology | Bio-assay*| spox- THYROID
Tavzous | reenivg

Triton alpestris . . +4 ++ + +
Salamandra maculosa +44 ++ + +
Amblysmm: mexicanum + + [1] +
Proteus angvinens + - 0 0
Necturus maculatus + + 0 0
Typhlomolge rathbuni  [Thyroid absent 0 -

sctivity was estimated by the effect of the transplanfed glands on the meta:
morghons of hdpries
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of muscles and finally culminated in the onset of a deep
depression and death about three days after operation.
Calcium levels dropped from 11.5 to 7.7 mg. per 106 ml.
of whole blood after parathyroidectomy (Waggener,
1930).



CHAPTER V
Repz‘z'les

Lirrie work has been done on thyroid physiology in this
class of vertebrates. Noble and Bradley (1933) have
studied the effect of thyroidectomy on molting in the liz-
ard, Hemidactylus brookii, Thyroidectomy lengthens the
periods between molring, but never prevents molting en-
tirely. Injections of thyroxin bring a return of the molt to
its normal periodicity. However, neither injections of
thyroxin nor implantations of fresh lizard thyroid increase
the frequency of molt in the intact lizard. Eggert (1933)
has studied the correlation between the histological changes
and molting in lizards of the genus Lacerta. He finds that
the thyroid undergoes cyclic changes parallel to those of
the skin. At the time of shedding of the old skin, the thy-
roid is comparatively inactive. The onser of maximal
activity coincides with the fourth or fifth day after mole-
ing. Atrophy of the ovaries as a result of the administration
of thyroxin has been described in the horned lizard, Phry-
nosoma cornutum (Mellish and Meyer, 1937). Trans-
formation of the chromophobic cclls of the anterior
pituitary into basophilic cells has been obscrved after thy-
roidectomy in the garter snake, Thanmophis radix (Siler,
1936).

120}



CHAPTER V1
Birds

The aoranistration of exogenous thyroid hormone has
2 marked effect on the plumage of birds, Mammalian thy-
roid hormone given orally or thyrovin injected intramus-
cularly results in molting, accelerated regeneration of
feathers and changes in the pattern and structure of re-
generated feathers. Not all species of birds are equally
sensitive. Domesticated birds, such as chickens and pigeons,
are more sensitive to exogenous thyroid hormone than
wild birds, such as the common crow, Corvus corone.
Even large doses of thyroid do not produce any molting
m crows, although considerable depigmentation of feath-
ers occurs (Zawadowsky and Rochling, 1927).

Synergistic action of the thyrod hormone and of the
androgens has been observed in birds. Pigment deposition
in the grey breast feathers of the Mallard drake 15 condi-
tioned both by androgens and by thyroid hormone. Treat-
ment with thyroid hormone resulted i pigment deposition
in the normal adult drake, but is without effect m the
castrate (Jaap, 1934). In order to obtain the same increase
in the size of the comb, a greater amount of androgen must
be given to thyroid d than to perated con-
trol capons {Caridroit and Regnier, 1941).

The mechanism of action of thyroxin on the plumage
has been studied by Lillie and Juhn (1932). They injected
thyroxin into fowl at definite time intervals after plucking.
In this way, regenerating feathers of known age were ex-~

(a1}
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posed to the hormone, and a record was obtained in the
definitive feather of the physiological events taking place
during its formation from the feather germ, The saddle
feathers of the Brown Leghorn male were used in this
work. Following the injection of thyroxin, barbules were
formed in regions normally free of barbules. With increas-
ing doses of thyroxin, black pigment appeared. Barbule
formation and pigment deposic followed each other in
order of increasing thyroxin concentrations. Barbule for-
mation may occur alone, but pigment formation is always
associated with barbule formation.

Parkes and Selye (1937) were the first to observe that
thyroidectomy in fowl is followed by loss of barbules,
leading to fringing and clongation of the feather in rela-
tion to width.

Blivaiss (1947) has studied the effects of complete thy-
roidectomy on Brown Leghorns which had undergone
thyroid removal on the fourth to twentieth day after hatch-
ing. Thyroidectomy delays the appearance of definitive
feathers, juvenie feathers in all regions persisting longer
than normal. Juvenile feathers show a decrease in melanin
and barbules and an increase in red pigment. In the adult
thyroidectomized rooster, body contour feathers show a
loss of melanin, which is replaced by a red pigment. Loss
of melanin is associzted with loss of sheen. These feathers
also show a decrease in the number of their barbules, re-
sulting in a hackled, fluffy appearance and a tendency to
become elongated, narrow and tapered. In the thyroidec-
tomized hen, the contour feathers show the same type of
modification as do the feathers of the thyroidectomized
rooster, A striking similasity of the breast feathers is ob-
served in both seves, both the black color of the male and
the salmon color of the female being replaced by red pig-
ment.
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Thiouracil has the same effect on the plumage of the
Brown Leghotn capon as thyroidectomy. Black pigment
is replaced by red pigment. After discontinuing the drug,
black pigment reappears (Juhn, 1944), Brown Leghorn
chicks were treated with the anti-thyroid drug, thiouracil,
starting at the age of seven weeks. At a period when con-
trols were in full adult plumage, the treated roosters
showed red feather pigments and reduced barbulation with
an associated feather elongation in place of solid black con-
tour feathers (Juhn, 3947). Acccrding to Sulman and
P:xeL (1947}, thiouracil feeding in 1Vhite Leghomn hens

ishes the basal bolic rate but does not affect
molting.

Brown Leghorn males suffering from leucosis show a
characteristic change to red in the black plumage tracts
of their bodies. Thyroxin causes 2 return to black in such
abnormal feathers (Juhn, 1942).

The effect of thyroid deficiency in chicks has been
studied with the aid of thiouracil (Astwood, Bissell and
Hughes, 1944). One-tenth of one per cent thiouracil in
the food induced maximal enlargement and hyperplasia
of the thyroid gland and a decrease in its jodime content,
When given as a 0.5 per cent mixture in the food, growth
and development were markedly retarded; wattles, comb
and spurs failed to develop, muscles were weak, joints hy-
permobile, and finally the chicks were unable to stand.
A fringe of wing feathers grew during the first few weeks,
but the down persisted and body feathers did not appear.
This condition was interpreted as a state of cretinism. The
amount of thyroin necessary to keep the thyroid weights
of thionracil-fed male chicks at normal levels was deter-
muned by Mixner, Reincke, and Turner (1944). The aver-
age daily output of the thyroid was estimated at about
two to three micrograms of thyroxin per day up to the
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age of 14 days. Feeding of thiouracil to hens leads to thy-
roid enlargement in their chicks. This proves that thioura-
cil is transmitted through the egg (Andrews and Schnetz-
ler, 1945).

Surgical thyroidectomy in mature fowl severely re-
duces egg production which may be restored by feeding
of desiccated thyroid (Winchester, 1939). Winchester and
his associates (1949) have recently destroyed the thyroid
gland by injection of radioactive iodine (I**). Chicks
were injected at the age of three weeks with a dosage of
from 30 to 90 millicuries per kg. bodyweight; they grew
very slowly and survived only a limited time after injec-
tion unless they were given desiccated thyroid by mouth.
Growth and feather development were quickly resumed
after the initiation of thyroid treatment. The rates of egg
production of hens “radio-thyroidectomized” with I'* and
given substitution therapy with desiccated thyroid was
excellent.

Anti-thyroid drugs— thiourea or thiouracil — have
been injected into incubating eggs. The main effects were
retardation of hatching and lack of retraction of yolk sac.
The growth of the chick embryo was retarded. The em-
bryonic thyroid was enlarged with typical hyperemia hy-
perplasia and hypertrophy. The follicular epithelium was
increased in height (Adams and Bull, 1949).

A istic action of exog thyroxin and exogen-
ous estradiol was observed in chickens (Fleischmann and
Fried, 1945). Thyroxin when administered simultaneously
and in equal amounts with estradiol dipropionate in imma-
ture chicks, inhibits the ability of the estrogen to increase
the plasma calcium, inorganic phosphorus, protein phos-
phorus, lipid phosphorus, and cholesterol, but does not
inhibit the growth of the oviduct. In pigeons, thyrovin
wis observed o inhibit estrogen induced changes in the
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plasma levels of calcium, neutral fat, and all phosphorus
fractions, withour inhibiting the action of estrogen on the
formation of endosteal bone and promotion of the growth
of the oviduet (McDonald, Riddle and Smith, 1945). The
estrogen-induced changes in the plumage of Brown Leg-
horn capons are not modified by the simultaneous adminis-
tration of thyroxin (Caridroit, 1940; Fleischmann, 1946).
These findings indicate that the inhibiting effect of thy-
roxin is confined to metabolic changes, whereas the struc-
tural changes brought about by the estrogen are not
affected.

A condition in fowl comparable to sporadic cretinism
in human beings was described by Landauer (1929). He
made careful anatomical studies of a dwarfed Rhode Island
Red pullet. The bird exhibited a general arrest in growth,
a striking brachycephaly, and myxedematous swelling of
the skin. The skin was dry. Aleasuremenss of the skeleton
showed marked deviation from the normal, similar to those
found in human cretins. Endochondral ossification was
suppressed. The thyroid was enlarged and the greater part
of the gland consisted of entirely aplastic tissue without
any colloid. In pigeons the basal metabolic rate 1s depressed
after removal of the thyroid. One week after operation the
basal metabolic rate was 20 per cent lower than in the
control birds (Marvin and Smith, 1943).

Removal of the parathyroids i chickens is followed
by tetany consisting of involuntary rwitching and spasm
of skeletal muscles due to an mcreased excitablity of peri-
pheral neuromuscular mechanisms. These signs increase
in seventy, convulsions follow and most birds die within
two days after removal of the parathyroids (Doyon and
Jouty, 1904) “Parathyroid terany” is cansed by a decrease
m serum caleum. This decrease in serum caleium was
studied in Carneau pigeons by Riddle, Rauch and Smith
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(1945). The four parathyroid glands in these pigeons are
located external and posterior to the thyroids. Complete
parathyroidectomy can be performed without injury to
the thyroid gland. Serum calcium dropped from an aver-
age of 10.8 mg. per 100 ml. to 5.8 mg. per 100 ml. after
parathyroidectomy. It is of interest that the formation of
endosteal bone was promoted by estrogen as effectively in
the femurs of parathyroidectomized pigeons as in normal
controls. The calcemia which follows the administration
of estrogen is as marked in parathyroidectomnized as in
normal pigeons.

It is of interest that parathyroidectomy in pigeons de-
creases the ultrafiltrable plasma calcium, Estrogens induce
no changes in the ultrafilerable plasma calcium of either
normal or parathyroidectomized pigeons. The rise in plasma
calcium due to estrogens occurs in the non-ultrafiltrable
fraction (Riddle and McDonald, 1945). These studies con-
firm the theory — to be mentioned later — that the signs of
hypo- and hyper-calcemia in mammals appear to be associ-
ated with changes in the ultrafilerable fraction of plasma
calcium. Riddle and McDonald observed tetany of in para-
thyroidectomized pigeons treated with estrogen. The in-
crease in the non-ultrafilerable fraction of plasma calcium
induced by estrogens did not prevent the appearance of
signs of hypocalcemia due to the decrease in the ultra-
filtrable fraction of plasma calcium following removal of
the parathyroids.
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of information on this subject in the studies on the com-
parative anatomy of the thyroid and parathyroid gland
by Forsyth (1918). The Iralian investigators, Vassale and
Generali (1896) were the first to perform complete para-
thyroidectomies on the basis of Kohn's work. They ex-
tirpated both internal and evternal parathyroids in cats
and dogs. The animals presented a typical syndrome. The
operation was followed by fibrillary contractions and
muscular spasms, rigid and uncertain gait, tachycardia,
rapid emaciation, and death within a few days. Death
occurred in most of the dogs on the third or fourth day, in
most of the cats on the fifth day following operation.

Horsley in 1886 recognized the influence of age on the
results of what he believed to be thyroidectomy in cats
and dogs. It is most probable, however, that the parathy-
roids were removed together with the thyroids in Hors-
ley’s experiments. He states: “I find that the determining
factor, par excellence, of the value of the gland as regards
its influence on the general metabolic processes of the
animal is age. The cffect of removing the gland in the
young animal is the rapid appearance of violent nervous
symptoms and death in a few days; in an older animal,
eg., 2 one year old dog, the symproms are Jess violent,
later m their appearance and the animal survives perhaps
for three weeks, in a very old animal the removal of the
gland simply hastens the torpor of old age. These observa-
tions refer to cats and dogs.”

Berkeley and Beebe (1909) stated that the symptoms
following total parathyroidectomy without removal o
the thyroid glands arc more severe in young than in old
dogs.
gConsidz:r:nble experimental evidence has accumulated
to prove that in mammals the sensitivity to the administra-
tion of thyroid hormone increases with age.
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thyroid diseases, state that “the effect of the hormone, as
would be the case with any catalyst, is greatest when its
concentration at the start is lowest.” It has been shown
that sensitivity to thyroid medication, as measured by the
response of serum cholesterol, is greater in children suffer-
ing from hypothyroidism than in euthyroid children (1Vil-
kins and Fleischmann, 1941). In a hypothyroid child a
single dose of thyroxin (2 mg.) causes a noticeable decrease
in serum cholesterol. This effect lasts for a period of about
forty days before the cholesterol returns to jts previous
high level. In a normal ¢hild the same dose of thyrovin
causes only a slight and transient lowering of the level of
cholesteral, The basic metabolic rate of thyroidectomized
rabbits responds to thyroxin with a greater rise than the
basal metabolic rate of controls. The thyroidectomized rat
has been found to give a metabolic response to a daily in-
jection of 6 micrograms of thyroxin per kg. of body
weight, an amount inadequate to produce any increase in
the oxygen uptake of-normal animals (Barker et al., 1949).
Andik et al., (1949) have reported that the basal metabolic
rate of the thyroidectomized rat shows a significant rise
following the injection of a single dose of 2 micrograms of
thyroxin per kg. of body weight.

An important contriburion to this problem is the find-
ing of the MacKenzies (1943) that the degree of hyper-
plasia of the thyroid due to administration of sulfaguani-
dine decreases with age. The thyroid hyperplasia which
occurs under the influence of sulfaguanidine is considered
to be compensatory to the failure of the thyroid hormonc.
Therefore, the small increase in thyroid weight in older
rats indicates a decrease of the amount of thyroid hormone
required by the tissues of older ammals. The blocking of
thyroxin synthesis by some of the sulfonamides and by
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thiourea and its derivatives should prove a valuable tool in
studying the influence of age on the effects of thyroidec-
tomy in various species. Experimental cretinism in rats
has been produced through continued administration of
thiouracil from the time of birth on (Dempsey and Ast-
wood, 1943, Hughes, 1944). By incorporaung thiourea in
the diet of the pregnant rat, the production of thyroid hor-
mone was mhibited even prior to birth. Following parturi-
tion, the cretin rats received the anti-thyroid drug from the
mother’s milk and after weaning, directly from the thio-
urea diet. These rats grew at 4 definitely retarded rate,
weighing an average of 64 g. at the age of 84 days. The
weight of untreated rats from untreated mothers at the
same age was 160 g. (Goldsmith, 1949).

The maintenance of normal thyroid weight by the ad-
ministration of thyroxin in rats simultaneously treated with
thiouracil has been used to estimate the amount of thy-
roxin produced (Dempsey and Astwood, 1943). Daly
doses of 9.5 micrograms, 5.2 micrograms and 1.7 micro-
grams of thyroxin are required to mamtain the weight of
the thyroid of young male rats kept at environmental tem-
perature of 1°, 25°, and 35° C. respectively. These doses are
considered to be equivalent to the amount of hormone pro-
duced by the normal thyroid gland at each of these ambient
temperatures. It is probable that the stimulus to the
thyroid to increase its hormone production is mediated
through the pituitary gland Thyrotrophic hormone has
been demonstrated in the urine of rats exposed to cold
(Brolin, 1945). The thyroid seems to be of importance for
survival in a cold environment. Rats made hypothyroid
by feeding them thiouracil survived from three to seven
days when exposed to an environment of 2° C. Thyroxin
administered m doses as low as 2.5 micrograrns per day was



32 Thyroid and Parathyroid Glands

effective in maintaining life in thiouracil-fed rats exposed
to the same temperature for an experimental period of 28
days (Ershoff, 1948).

Rats placed on a stock diet with thiouracil added both
to the food and water show a slower decline in metabolic
and heart rates than thyroidectomized rats. This may be
due to the presence of thyroid hormone stored in the gland.
The final metabolic rates, however, were about equal in the
rats “chemically thyroidectomized” with thiouracil and
those in which the thyroid had been removed surgically.
In both groups the basal metabolic rate was decreased by
from — 34 to — 41 percent (Meyer and Ransom, 1945},

1% in doses from 3 to 50 millicuries per kg. were given
to young mice on a normal diet. Doses of 50 millicuries
per kg. resulted in complete destruction of the thyroid
and the parathyroid within a few days. Lower doses (3 to
§ millicurics per kg.) permitted survival of some thyroidal
epithelium in the isthmus and cranial apex of the thyroid
for as long as 120 days after injection, but resulted in Joss
of the parathyroid gland (Gorbman, 1947). Total thyroid
destruction was achieved in the new-born rat by the in-
jection of 16 millicuries of I'** per kg. In this case the
parathyroids survived (Goldberg and Chaikoff, 1949).

Vitamin A in large doses reduces the weight of the
thyroid gland and diminishes the basal metabolic rate of
rats (Sadhu and Brody, 1947). The hyperplasia and hy-
peremia of the thyroid glands of rats treated with thioura-
cil can be neutralized to some extent by administering the
methylether of Vitamin A simultancously with the anti-
thyroid drug (Studer, 1948).

Erdheim was the first to investigate the effects of para-
thyroidectomy on the rac (1911). He used electrocautery
for destruction of the parathyroids and made sersal scctions
of all neck organs at autopsy. In most of the animals in
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which all parathyroid tissue had been destroyed, tetany
appeated three to seven days after operation. IF oaly half
of one parathyroid was left intact, exther no signs or very
mild signs of parathyroid deficiency followed. In animals
which survived the operation for one month, the incisor
teeth became soft and bent, and ultimately fell out. Erd-
heim described the histologic picture of these lesions in the
enamel of the incisor teeth, which he ascribed to a lack
of calcium in the growing dental tssues.

Hammett (1927) studied the mortality rate after thyro-
parathyroidectomy and parachyroidectomy in the rat, He
came to the conclusion thar the effects of glandular defi-
ciency atre more severe in the young than in the older rat.
Animals operared upon later in kife have a lower morutity
rate than those operated upon earlier. Young rats are also
more susceptible to cataract formation, due to parathyroid
deficiency, than older animals (Goldmann, 1929).

Salmon (1938) has analyzed the bady growth of rats
thy ro-parathyroidectomized at birth. Rats are well adapted
for these studies because they are very immature at birth,
and the characteristic structure of the thyroid develops
only during the last three days in utero (Kull, 1926). This
is in good accordance with the finding that radicactive
jodine js stored in the thyroid of the rat only towards the
end of fetal life (Gorbman and Evans, 1946). The new-
born rat has, therefore, had very lude, if any, benefir of
its own thyroid. Growth of the rats thyro-parathyroidec-
tomized at birth reaches a growth plateau after three weeks.
This represents the mherent growth capacity of the organ-
tsm. Normal growth response was not obtamed when new-
bom thyro-parathyroidecromized rats were given either
thyroid or patathyroid hormone alone. Normal growth
curves were obtained only when they were given both the
thyroid and the parathyroid hormones  Pituitary implants
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administered to thyroparathyroidectomized rats afte
weaning time did not produce a growth response if a
thyroid tissue had been removed at birth. Only when thy
roid remnants were present, a growth response was ot
tained. This was in contrast to experiments of P, E. Smit
(1933), who obrained growth in thyroidectomized ra
with antetior pituitary implants. However, Smith’s rat
were considerably older (40 days) when their thyroid
were removed. Salmon offers the explanation that the thy
roid may be the predominant influence in the early stages o
development during the first days after birth. Later th
pituitary may become independent of the thyroid and pre
dominant in the expression of the developmental patten
inherent in the tissues of the body. Another factor con
sidered by Salmon is the response capacity of the tissues
It may well be that the body tissues as the end organs of
hormonal actions need to be primed with thyroid befor
they can respond to pituitary growth hormones. The rat
thyroidectomized by Smith at the age of 40 days had the
benefit of their thyroid gland until shortly before the im
plantation of pituitary tissue. Compared with these older
animals, Salmon’s new-born rats had been exposed only
for a short time to thyroid hormone. The importance of
the thyroid hormone for the carly growth and devclop-
ment of the rat has been shown again recently (Scow et al,
1949). Rats were thyro-parathyroidectomized at birth.
They received injections of pituitary growth hormone or
thyroxin or both hormones from 31 to 61 days of age. The
rats receiving thyroxin alone or in combination with the
growth hormone tripled their body weight durng this
period of 30 days. Their body form, ears, fur and genitalia
showed marked development. Their osseous development
advanced to a stage comparable to that of a 40 day old
normal rat. The rats receiving growth hormone alone



Mannnals 35

doubled their weight. However, their body form, ears, fur
and genitalia remained immature as in the thyro-parathy-
roidectomized controls untreated by hormones. The osse-
ous development of the controls and of the operated rats
treated with growth hormone alone advanced only three
days.

Subcutaneous injections of thyroxin in normal female
rats over a period of 251 days caused no perceptible in-
crease grossly or histologically in the rate of endochondral
ossification in the tibia or the rib. Rats on whom thyro-
parathyroidectomy had been performed 2t the age of
about 40 days showed marked dwarfism after a post-opera-
uve permd of 330 days Histologically, the picture of

dral bled that following hypo-

al ossification r
physectomy, although the changes were not as severe. De-
crease in the size of chondrocytes, deposition of bone along
the zone of erosion, very light formation of cancellous
bone, and marked increase in the fat content of the marrow
were noticed. Injections of thyroxin were followed by a
return to normal in gross and histologic appearance. In-
jection of thyroxin 1n the rats from which not only the
thyroid and parathyroid, but also the pitvitary gland had
been removed, had no effect in repainng the growth defi-
ciency {(Becks, Ray, Simpson, and Evans, 1942). Feeding
of thyroid does not produce a specific catabolic effect upon
the calcium deposits in the bones of normal rats, if the cal-
crum intake 15 adequate (Smith and McLean, 1938).

Hypothyroidism induced by thiouracil has no effect
upon the reproductive system of the adult male rat, 2s
judged by the abihty to sire luters Prolonged thiouracil
administration, associated with hypothyroidism in the adule
female rat does not cause stenlity but does interfere with
continuation of gestation, causing the resorption of em-
bryos (Jones, Delfs and Foote, 1946).
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An excess or lack of parathyroid hormone does not
affect reproduction. Parathyroid hormone was given to
female rats by protracted administration in doses sufficient
to induce hypercalcemia and osteoclasis, The reproductive
organs showed no significant changes and the estrus cycle
remained undisturbed (Neuweiler, 1933). Similarly, re-
moval of the parathyroids did not interfere with the estrus
cycle or with reproduction in the rat (Chandler, 1932).

Recent work on rats using radioactive phosphorus has
proved that the primary effect of the parathyroid extract
is to inhibit the reabsorption of phosphate by the renal
tubules. The prompt action of five units of parathyroid
extract in promoting the urinary excretion of administered
P32 in the parathyroidectomized rat is evidence of the
direct action of the parathyroid hormone on the kidney
(Tweedy et al.,, 1947). This work corroborates Albright’s
concept of the mechanism of action of parathyroid hor-
mone. “The parathyroid hormone exerts its prinmary effect
on the kidney and thereby increases the phosphorus excre-
tion in the urine. This lowers the level of inorganic phos-
phorus in the serum, which in turn s restored to normal
by an increased resorption of phosphorus and caleium from
the bones, so that the serum calcium Jevel riscs. When the
serum calcium becames sufficiently elevated, increased
amounts of calcium are excreted with the urine” (Albright,
1941).

Changes in renal excretion of phosphate duc to evo-
genous parathyroid hormone can be demonstrated in para-
thyroidectomized, but not in normal rats (Stoerck and
Silber, 1949). This shows that the level of circulating para-
thyroid hormone determines the sensitivity to parathyroid
hormone in the same way s the level of circulating thyroid
hormone determines the sensitivity to thyroid hormone
{page 29).
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However, as Howard (1951) has recently pointed out
in an excellent review on calcium and phosphorus metabo-
lism, the parathyroid hormone does not act solely by in-
ducing increased excretion of phosphorus and a fall in
serum phosphorus. It has been demonstrated that para-
thyroid hormone has a direct decalcifying effect on bones
even in nephrectomized rats. This effect is independent of
the acidosis produced by nephrectomy.

The relationship between dietary calcium and serum
calcium in relation to the level of parathyroid hormone has
been clarified by Bulbring (1931). The effects of high
calcium, low calcium and normal diets on serum calcium
are shown in Table II (after Bulbring).

A fundamental difference seems to exist between the
regulatory mechanism governing the function of the thy-
roid and parathyroid glands. Regulation of the function
of the thyroid by the pituitary 15 2 well established fact.
Ewvidence for regulation of the parathyroid by the pitui-
tary is lacking. In fact, all experimental evidence indicates
that the parathyroids are not affected by pituitary hor-
mones. In male raes the pituitary body increases in size
after removal of the thyroid gland. Removal of the para-
thyroids does not affect the size of the pituitary body
(Brolin, 1948), The function of the parathyroid gland
seems to be unimpaired 1 the mature male rat depnved of
its pituitary gland. The uypophy ized rat mai
its serum calciom and inorganic phosphorus levels even
when subjected to the stress of a low calcium diet, Rats
deprived both of their pitnitary and their parathyroid
glands suffer 2 profound fall in serum calcium and rise in
serum phosphate (Carnes et al., 1943). The independence
of the parathyroid from the pirwitary has been shown
recently by a histochemical method, The enzyme, alkaline
phosphatase, disappears from the thyroid after hypophy-
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scctomy of the rat. On the other hand, alkaline phospha-
tase persists in the parathyroid after hypophysectomy
(Dempsey et al., 1949),

TABLE I

InFLvence oF Dictary Cavauat oN Serunt Carcrun iy Rats
Serum calcium (mg. per 100 1.}

Calcium content Treated with
. Controls Parathyroid. parathyroid
in per cent ectomized hormone

86 10 6610 21* 9,230,183 12,5840.28
.46 10 6640 20 62840.13 10 5520.2t
.03 10 3740 21 6352013 9 7510 19

* Standard Errot of the Mean

In young rabbits thyroidectomy produces very similar
changes in growth and development to those observed in
man. The thyroid was removed from rabbits at the age of
three weeks. Two weeks after operation the hair had be-
come dry and did not lie flat and smooth on the skin. Ten
weeks after operation the average weight of the operated
rabbits was 750 gm. The unoperated controls had attained
a wesght of 1400 gm. at the same age. The hair of the thy-
roidectomized ammals became coarse and the skin dp‘,
thick and scaly. The abdomen grew out of proportion
to the rest of the body, and gradually a “por belly” devel-
oped. The ammals were sluggish and moved about very
reluctantly. No myxedematous changes of the skin were
noticed (Basinger, 1916). Basinger’s work confirmed a".d
amplified earher work of Hofmeister (1894), who, in addi-
tion to the signs of hypothyroidism, had reported hyper-
trophy of the pituitary gland, Furthermore, he nO.UCCd
disturbances in the growth of the cartilages of the epiphy-
ses of the Jong bones, consisting mainly of a decreased rate
of cellular growth activity and 2 swelling vacuolization (31'
the cartilage. Hofmeister used the term chondrodystrophia
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thyropriva for this disturbance in the growth of the car-
tilages in young thyroidectomized rabbits Wilkins (1941)
has described a disturbance in the cartilage just prior to
ossification in hypothyroid children. This disturbance is
presumably the cause of epiphyseal dysgenesis associated
with hypothyrodism, a condition manifested by the ap-
pearance in the cartilages of multiple irregular islets of
ossificarion scattered over a large area. These enlarge and
coalesce to form an irregular, spongy porous or fluffy mass.
Hunter and Sawin (1942) have made a careful study of
the effects of thyroidectomy on the skull of the domestic
rabbit. An analysis of skull contour in thyroidectomized
rabbits indicates the presence of different degrees of re-
tardation in proportion to the rate of growth, both in bones
preformed in cartilage and in membranes. The anomalies
of the skull, teeth and jaws arising under this condition are
due to a general lowering of physiologic activity which
includes a restriction in the internal resorption of bene,
but which does not include the continuously growing
teeth, Develog 1 hes arise as a qf of
the slow growth of skull and jaws and the normal growth
of teeth,

The rabbit is the only mammal in which changes of
pigmentation due to evogenous thyroid hormones have
been reported 1ljin (1932) found that desiccared thyrod
fed in large doses (0.56 g. daly) produced growth of
white hair instead of black on the ears of the black Russian
rabbit,

The metabolic changes in the adult rabbit resemble
closely those observed in human beings As mentioned
before, total thyroidectomy in this species can be per-
formed without nisk of hypoparathyroidism. On the fifth
to seventh day after thyroidectomy, the basal metabolic
rate begns to fall and reaches its lowest level of about 35
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per cent below the preoperative level between the 20th and
30th day (Marine and Lenhart, 1920). Changes in serum
cholesterol due to thyroidectomy resemble the changes in
hypothyroid human beings after withdrawal of thyroid
treatment. Thyroidectomy in the rabbit is followed by a
sharp rise of the serum cholesterol level from the preopera-
tive level of from 60 to 100 mg. per 100 ml. to levels of
from 140 t0-280 mg. per 100 ml. After the first rise, the
serum cholesterol fluctuates markedly, finally becoming
stabilized after about 12 weeks at a value of about 180 mg.
per 100 ml, (Fleischmann, Shumacker and Wilkins, 1940).
The following experiments on the relarionship of serum
cholesterol to total body cholesterol suggest that the thy-
roid hormone influences the shift of cholesterol from the
blood plasma into the tissues, rather than the destruction of
cholesterol in the body. The results of thyroidectomy in
four rabbits of about five weeks of age are shown in Table
HI. Inall of them, hypercholesterolemia developed rapidly
after operation. Three of these animals (Nos. 3, 4, §) were
sacrificed at the same time as two normal rabbits of about
the same age (Nos. 1, 2). The intestines were removed and
the total body cholesterol determined. Although the serum
cholesterol level had been more than doubled in the op-
erated animals, the concentration of cholesterol in the
body was practically unchanged. The fourth animal of the
operated group (No. 6) whose serum cholesterol one week
after operation was 190 mg. per 100 ml. was treated for 2
week with thyroxin. The total amount administered was
0.4 mg. The rabbit showed loss of weight and other signs
of hyperthyroidism. It was sacrificed and found to have
the highest percentage of total body cholesterol (.242) and
the lowest serum cholesterol, 58 mg. per 100 ml. of all the
rabbits analyzed (Fleischmann and Shumacker, 1942).
The rabbi, in spite of the frequent occurrence of acces-
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TABLE Il
Errect of Tsivromectony oN Torar, Bovy axp Seruat CHOLESTEROL
ABBITS
Cholesterol
Toul | GO s
No. | Weight | _ Body cr i-ent erum
2 | Cholcsterot Sooody | Cholesterol
&m mg mg per 100ml,
1| 463 780 168 83 Normal
2| 360 525 146 98 Normal
3 | 450 738 163 203 Thyrodectomized
1] 478 780 (164 230 Thyrodectommed
s | 6s3 915 140 236 Thyroudectomized
6 | 28 600 %2 58 Thyroidectomized,
then treated with
thyroxin

sory parathyroids, succumbs to removal of the parathyroid
glands with a violent and intractable terany, in which the
mcrease in serum morganic phosphate is often more strik-
g than the decrease in serum calcium (Thomson and
Collip, 1932).

In the guinea pig prolonged treatment with gradually
increasing doses of parathyroid hormone lesds to the se-
vere resorption and decalcification of the bone character-
sstic of osteins fibrosa m human beings. Bones taken from
young guinea pigs 18 hours after injection of parathyroid
hormone alresdy show extensive resorption of the cortical
and spongy bone as a result of the removal of calicum
from the bones (Bodansky, Blair and Jaffe, 1930).

The effects of thyroidectomy on the reproductive
organs in males of the annual-breeding ground squirrel,
Citellus tridecendmentus, have been studied by Zalesky and
Wells (1937). Thyroidectomy was performed during the
peniod of sexual quiescence. The squirrels were sacrificed
during the period n which the reproductive organs are
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normally well developed. The experimental animals did
not show the same degree of sexual development attained
by the controls during the breeding period. The testes
were reduced to an essentially infantile condition and there
was no cvidence of spermatogenesis.

In the Syrian hamster, Cricetus auratus, addition of
thiouracil to the diet in 2 concentration of 0.1 per cent
produces hypertrophy of the thyroid epithelium and dimi-
nution of colloid within four weeks (Harris et al., 1946).

During hibernation the thyroid of such animals as
the hedgehog (Erinaceus europacus) undergoes atrophic
changes. These are characterized by considerable flateen-
ing of the epithelium and a diminution of colloid. De-
creased thyroid activity was thought to be a causative
factor in the onset of hibernation. However, hibernation
and awakening from hibernation occurs in thyroidecto-
mized hedgehogs. This proves that hibernation cannot be
caused primarily by changes in thyroid function (Uiberall,
1934). The chenges in the thyroid gland are most Jikely
unspecific signs of decreased activity found also in other
organs during hibernation.

Dogs are very msensitive to thyroid deficiency, Only
in dogs thyroidectomized prior to the age of 28 days
was marked lack of growth and osification obscrved and
this was transient (Binswanger, 1936). If thyroidec-
tomy was performed at an age of more than 28 days the
rate of growth was not impaired. Binswanger did very
careful autopsies of his experimental animals to make sure
that parathyroid tissze was presenr and to rule out the
presence of accessory thyroid tissue. [He weighed ti.xc
thyroid glands and found that the, "' ¢* oo
gland is 0.18 per cent of the bot® -
weeks of Iife, and only 0.02 per ~/

The marked differences
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of a dog and man have been elucidated by the studies of
Danowski et al. (1946), and of Glock (1949), The level
of circulating hormone, as measured by the concentration
of precipitable iodine in the serum is always much lower
in dogs than it is in human subj and the i
may pormally be too low to detect. The concentrations
range from zero to 2.4 micrograms per 100 ml, in the dog
as compared to a range from 3.0 to 8.0 micrograms per
100 ml. observed in normal human subjects. The dog, in
proportion to his body weight, has 2 much greater capacity
than does man to inactivate or destroy exogenous thyroid
hormone. With desiccated thyroid in daily doses of 0.77
gm. an increased consumption of oxygen and a loss of
body weight was observed despite a well-maintained intake
of food. With continued ingestion of thyroid this injtial
response was followed by 2 return of protein-bound serum
iodine, oxygen consumption and body weght towards
pretreatment level (Danowski et al,, 1946). Only with
doses of 30 gm. of desiccated thyroid given daily by mouth,
dogs lose weighe rapidly and die in less than two months
(Hesse et al,, 1933).

The “chemically thyroidectomized” dog is nearly as
insensitive to exogenous thyroid as the normal dog (Dan-
owski et al,, 1946). The author found that surgically thy-
rodectomized adult dogs could tolerate daily doses of 64
mg./kg. for many wecks without any symptoms of hyper-
thyroidism (Fleischmann et al., 1949).

Glack (1949) has studied the effects of feeding 0.1
per cent thiouracil in the diet to a litter of eight weeks old
puppies and to adulr dogs None of the dogs showed any
outward manifestations of hypothyroidism. The rate of
growth of the puppies was unaffected and the weights
of the adule dogs were maintamed at 2 fairly constant
level. The thyroids were considerably enlarged and showed
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marked hyperplasia. The toral serum cholesterol values rase
to a matimum (up to 600 mg. per 100 ml.) after several
months on the diet and then fell to values of from 250
to 300 mg. per 100 ml. These levels were considerably
higher than the cholesterol levels of the control dogs, which
ranged from 80 to 150 mg. per 100 ml,

Mayer (1947) made similar observations on beagle
puppies treated with Jarge doses of propylthiouracil from
their fifth or sixth week of age. No differcnce was noted
between the experimental dogs and the controls with re-
gard to rate of growth, appearance and behavior and ossi-
fication of tibial epiphyses and ribs. The thyroid gland
showed the typical effects of poisoning with an antithyroid
compound. Mayer’s paper is of great interest because he
worked on a pure breed of dogs instead of on mongrels
as most authors.

Difficulties in forming conditioned reflexes in thryoid-
ectomized dogs were observed by Asimoff (1928). The
ability to form and differentiate conditioned refleses is im-
paired similarly in hypothyroid children (Gantr and
Fleischmann, 1948).

Most dogs are restless one day after removal of the
parathyroid glands. Fibrillary tremors of the muscles be-
come more and more distinet and the dog may pass rapidly
into a condition in which all the muscles are in rigid spasm,
but as a rule the tremors are accompanied by chorea-like
movements of the whole limbs or segments of the limb
The dog is able to walk at first, but with a stiff and awllc-
ward gait, however, he may suddenly fall to the floor in
an epileptic form of convulsion; the legs are stretched out
rigid, the head stretched forward, all the muscles of 'thc
neck being thrown into retanic contraction, breathing
stops for a few moments and is then gradually resumed, the
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legs finally relax and the dog recovers and walks about
again. It was the main contribution of MacCallum to rec-
ognize that this condition is due to calcium deficieney and
can be relieved promptly by intravenous injection of cal-
ciam chloride or calcium gluconate. MacCallum and
Voegthn (1909) found the average serum calcium level
to be 13.3 mg. per 100 ml in normal dogs, 5.7 mg.
per 100 ml. in parathyroidectomized dogs. The tetany of
parathyroidectomized dogs could also be prevented by
injection of an extract of the parathyroid glands of the
ox (Collip, 1925). The rise in serum calcium produced by
a standard dose of this extract is more marked in the para-
thyroidectomized than in the normal dog (Collip, Clark
and Scott, 1925),

Pregnancy accelerates and intensifies the tetanic dis-
turbances following parathyroidectomy of the bitch (Carl-
son, 1913). In human beings the bone discase, osteitis
fibrosa, is a result of hyperactivity of the parathyroid
glands. In puppies, Bodansky and Jaffe (1931) produced
the characteristic generalized lesions of osteitis fibrosa by
the injection of parathyroid hormone. Injections were
started when the puppies were from six to nine weeks old
with 2 units per kg. daily. The injections were continued
for about three months staggering the dose to 6 units per
kg. The normal bone development is dependent on a nor-
mal level of caleium and inorganic serum phosphorus in
the serum. It is of little importance by which means this
level is obtamed Kozelka, Hart and Bohrstedr (1933)
found that normal bone development can occur in para-
thyrotdectomized dogs by giving sufficient vitamin D to
obtain notmal serum calcium and inorganic phosphorus
levels  Chronic poisoning with large doses of parathyroid
hormone leads to calcium deposits in the lungs, the stomach
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and the kidneys, The aortae of these dogs were relatively
free from calcium deposits (Hueper, 1927; von Brand
et al., 1932),

Following injections of parathyroid ewtract in the
young dog, a considerable decrease in the rate of reabsorp-
tion of phosphate by the renal tubules and a consequent
reduction in the concentration of phosphate in the plasma
was observed (Harrison and Harrison, 1941).

The sequence of signs after removal of the parathyroids
is the same in the cat as in the dog. Absence of severe
tetany in parathyroidectomized cats could be correlated
with the presence of accessory parathyroids. Pregnancy
has no effect on the development of tetany in the cat
(Carlson, 1913).

MecLean er al. (1935) have made careful studies of the
state of calcium in the serum of the car. Of the total serum
calcium about half js combined with protein, the ultrafil-
trable remainder is largely in the jonized form. The signs of
hypo- and hypercalcemia appear to be associated with
changes in the level of the ionized fraction (Ca**t). The
normal range of Cat* was found to be between 4.2 and
5.0 mg. per 100 ml. Acute tetany after thyro-parathyroid-
ectomy developed only when the Ca*+ in the scrum was
found to be 2.6 mg. per 100 ml. or less.

Complete thyro-parathyroidectomy had no effect on
the adulr fox; autopsies showed that no discoverable rem-
nants or accessory glands had been left behind (Carlson
and Woelfel, 1910).

The influence of the age factor on the effects of thy-
roidectomy is very marked in ruminants, In young goats
and sheep, von Eiselsberg (1895) observed signs strongly
resembling cretinism in man. Von Eiselsberg describes
sheep operated upon at the age of 10 days with a marked
retardation of growth and mental sluggishness. At autopsy
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retardation of osscous develop and ather osis of

the aorta were the most significant findings. In goats oper-
ated upon at the age of three wecks, retardation of
growth could be observed one month after operation.
Four months after operation the control animal weighed
double the amount of the thyroidectomized kid. The
growth of the extremities was more retarded than that of
the trunk. The abdomen had the appearance of being in-
flated  Sexual development was retarded, as was growth
of the homs, both in sheep and goats. The striking dif-
ference in the effects of thyroidectomy in sheep and goats
is in the effect on hair growth. In operated lambs, the hair
was scanty and short. In the thyroidectomized kids, how-
ever, the hair grew much longer than in the controls but
could be pulled our easily by hand. The only physiological
observation on the thyroidectomized kids was a lowering
of the body temperature. Pick and Pineles (1909) observed
myxedematous swelling of the skin in goats thyrodecto-
mmzed at the age of six and eight weeks.

A careful investigation of the effects of removal of
the thyroid and parathyroid glands on sheep and goats was
made by Simpson (1913). He removed the thyroid glands
together with the jnternal and exrernal parathyroid glands,
from four lambs and four adult sheep. The lambs all
showed acute signs of tetany shortly after the operation
and died. In the adult sheep such results were not noted
during the time they were under observation — three to
four months. In the adult sheep complete removal of the
thyroid and parathyroid glands produced no signs re-
sembling myxedema or tetany in the human subject. No
lowering of the body temperature and no tendency for
the wool to fall off were noted. There was no evidence
of mental impairment, the operated animals stayed alert
and brisk in their movements, They gave birth to full-term
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healthy lambs, which they suckled. Simpson published
further experiments on this subject in 1924 (a, b). In 16
pairs of twin lambs, the thyroid gland was removed from
one animal of each pair, and the other was kept as a con-
trol. The external parathyroid was conserved in these ex-
periments. When the operation was performed from three
to four weeks after birth, marked stunting resulted. In
more than one instance, the weight of the control was three
times that of the thyroidectomized animal. When thyroid-
ectomy was delayed until the third or fourth month the
retardation of growth was only slight. If thyroidectomy
with conservation of the external parathyroids was per-
formed on young adult sheep or on lambs at the age of
six to seven months, for about a half year subsequent to
the operation nothing in the general appearance of the ani-
mal would suggest that the thyroid gland had been re-
moved; if kept alive for a year or longer, chronic changes,
ovine myxedema, would appear. The hind limbs became
swollen, the movements became slow and clumsy, the
musculature flabby, the gait quite unlike that of normal
sheep. The rapidity with which symptoms develop seems
to depend on the age at which the operation is performed.
Simpson reiterated his earlier statement, that in old adult
sheep the thyroid gland may hardly be missed. Some de-
gree of slowing of the pulse may be the only sign of
thyroid deficiency.

Marston and Pierce (1932) studied the effects of thy-
roidectomy in adult merino sheep. Mature merino sheep,
operated upon at the age of 12 months, suffered little ob-
vious change in their appearance. The amount of wool
fleece grown was decreased. The basal metabolic rate be-
came markedly retarded, and dropped to — 40 per cent
in some cases. Young merino sheep showed stunted growth
and considerable changes in ¢, resembling hu-

PP
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man cretins. The wool was reduced considerably without
evident decrease in fibre diameter, and the degree or greasi-
ness of the fleece was definitely lessened. No symptoms of
edematous infileration of the integument were observed
in any of the operated animals. The external parathyroids
were left intact in these experiments.

The skulls and skeletons of the sheep on which Simp-
son made his studies on growth were studied in detail by
‘Todd et al, (1938). The authors based their report on the
study of the bones of five pairs of twin sheep, one of each
pair being thyroidectomized in early Life. The general re-
sults of thyroidectomy are deficient growth and modelling
of the epiphyses themselves, defective development of age
characteristics on both epiphyses and adjacent shaft, and
diminished velocity of the growth of the shaft. There is no
modification of bone texture, weight, thickness or model-
ling of the shaft, and no prolongation of the growth
period to compensate for diminished velocity of growth.
The point of damage to both growth and maturation pat-
terns is definitely the duaphysio-epiphysial plane. The di-
rect effect of hypothyroidism is probably restricted purely
to the modification of growth velocity. The effect on
maturation seems to be indirect, produced through dis-
turbance of the bodily endocrine pattern.

e effect upon the growth pattern of the skeleton is
0 produce what seems to be a progressively more marked
infubition but is really an inhibinon of velocity without
prolongation of the growth period. The result is to re-
duce the proportions of the limbs of the domesticated sheep
to those of the wild sheep. The effect on maturation is to
reduce velocity approvimately by one-half. Probably like
the growth mmpulse, maturation progress in the skeleton
ultimately fades out. Obvious pathological changes in
the diaphysio-epiphysial plane are not evident until the
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animal is two years old or more, The pathological features
are irregular exuberances on the shaft end, and inturned
epiphysial margins, and 2 small poorly modelled, ill-fitting
epiphysis scarcely covering the shaft end.

It is of interest that the formation of a simple tactile
conditioned reflex in adult sheep s nor affected by thyroid-
ectomy (Lidell and Simpson, 1926).

Simpson (1924b) removed the thyroids from two of
triplet female goat kids at the age of 20 days. A difference
in growth rate was detecrable on the ninetcenth day fol-
lowing operation, and from that time on the normal kid
rapidly outgrew the thyroidectomized kids. Moussu
(1892) produced the signs of juvenile hypothyroidism in
a goat operated upon at the age of 10 days; at the age
of six months this animal looked like an animal one month
old. Complete absence of cutaneous swelling (myxedema)
was noticed.

It has been known for some time that thyroidectomy
of the lactating goat causes a reduction in milk production
(Grimmer, 1918). An interesting change in the com-
position of goat’s milk following thyroidectomy was ob-
served by Fasold and Heidemann (1933). Normal goat’s
milk contains vitamin A but no carotene; even if the diet
is rich in carotene, none is excreted with the milk under
normal conditions. The milk of thyroidectomized goats
contains enough carotene to change its color to yellow;
vitamin A, however, is absent from the mill after thyroid-
ectomy. Investigations of the Missouri Agriculrural Sta-
tion (Ralston et al., 1940) showed that four weeks after
thyroidectomy of the lactating goat, milk production had
decreased 70.8 per cent, The heart rate decreased from
86 to 80 beats, which is hardly significant. In these ex~
periments the parathyroids were conserved. Complere re-
moval of the thyroids and parathyroids in goats ranging
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in age from two to 16 months does not resule in tetany.
Tetany does not supervene because the goat can maintain
a normal or nearly normal level of blood calcium in the
absence of its parathyroids. The average level of serum
calcrum before operation was 9.7 mg. per 100 ml, after
operation 8.7 mg. per 100 ml. No parathyroid tissue was
found at autopsy. The goats operated at two months showed
evidence of hypothyroidism; no evidence of thyroid de-
ficiency was found in goats operated at a later stage (Lar-
son and Elkourie, 1928).

Goats have also been used for a study of the excretion
of exogenous thyroxin. Thyroxin was injected subcuta-
neously into goats and the feces and unne were examined
for biologically active material. The biological activity was
assayed by its effect on the thyroid weights of baby chicks
treated with thiouracil. It was found that the feces con-
tained active material during the last five days of 2 10 day
injection period. No activity could be detected in the
urine, Bio-assay of the urme and feces of the control ani-
mals gave negative results (Monroe and Turner, 1948).

The influence of age on the effect of thyroidectomy
is very marked in the pig. Moussu (1892) produced the
complete picture of juvenile hypothyroidism, including
swelling of the skin, in young pigs operated at the age of
one month, In adult pigs, however, thyrodectomy had
no marked effect. According to Caylor and Schlotthauer
(1929), the signs of hypothyroidism produced in young
pigs (aged two months) are largely influenced by the diet.
On a diet low in protein, high 1n carbohydrate, the con-
trols ganed 15.3 ke. in two months, the operated animals
only 1.8 kg. The operated animals did not develop cuta-
neaus swellings (myxedema) and remained mentally alert.
On a diet high n protein, low in carbohydrates, the young
pigs developed the edema of myxedema and became stupid,
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inert, and lost their natural curiosity. Caylor and Schiott-
hauer make the interesting suggestion that the mental slug-
gishness may be duc to the pressure of edema on the central
nervous system,

Duerst (1941) has thyroidectomized adult pigs for
many years and found that this enhances far deposition.
He has advocated thyroidectomy in pigs as a means of
producing a greater amount of lard. From this angle thy-
roidectomy offers greater economical advantages than
castration. Similar results have been recently reported by
Mahrer and Hogan (1946), who fed rations conraining 0.2
per cent thiouracil to growing swine.

Sudden death from heart failure is quite common in
pigs. Tachycardia is frequently observed in these pigs for
weeks prior to death At autopsy the thyroid gland fre-
quently shows signs of extreme hyperactivity similar to
those found in toxic gorter in man (Dobberstein, 1944).

The effects of iodine deficiency in pregnant sows on
the offspring were studied by G. E. Smith in 1917. In
some sections of Montana, hairless and otherwise defective
pigs were born of apparently normal sows. They werc
strikingly weak and low in vitality. The most marked
thing in the appearance of 2 typical specimen was the ab-
sence of hair. The skin was smooth, shiny and bald. Only
a few tactile hairs were present on the nose. The skin, par-
ticularly around the shoulders, was thick and felt pulpy.
It was semi-transparent and seemed edematous, but no fluid
escaped on incision, The hoofs were thin-walled, short,
brittle, and plainly in an undeveloped condition. The heart
in every case examined had a persistent foramen ovale. The
thyroid was dark red and presented a most constant en-
largement. Microscopically a umiform hyperplasia and dis-
tension of the blood vessels was manifest. Chemical analy-
sis showed that the average iodine content of the thyroids
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of 36 affected pigs was 0.001 per cent, as against an iodine
content of 0.095 per cent in the thyroids of 44 normal new-
born pigs. Administration of iodine during the gestation
time prevented the occurrence of this condition in the
afflicted area. The author’s conclusion that jodine defici-
ency caused a lack of function and hyperplasia of the fetal
thyroid is convincing. The term “fetal athyrosis” used by
Smith for this condition is, however, hardly well chosen.

In goiter areas in the Austrian Alps a similar syndrome
has been described recently. According to Baumann
(1948) this syndrome is known as “Dickhals” (“thick
neck™). Cretinism in swine is 2 more appropriate term.
Failure of endochondral ossification is simdar to that in
human cretins. The thyroid is descnibed as hyperplastic.
The colloid-free follicles are filled with high epithelium.
A therapeutic test with thyroid feeding was successful and
resulted in complete normalcy.

Hyperplasia of the parathyroid glands was observed in
pigs fed on a diet hugh in phosphorus and low in calcium
(Licgois and Derivaux, 1944).

Brody and Frankenbach (1942) pared the rela-
tive growth and development, metabolism, general appear-
ance, and behavior of a Jersey heifer, thyroidectomized at
the age of 45 days, with a normal control. At the age of
40 months the thyroidectomized animal was abour half
normal weight, its metabolism per unit surface area about
40 per cent below normal; it was completely undeveloped
sexually. Feeding iodized milk protein following this age
stimulated growth. Her metabolic rate was increased, her
hair coat was no longer rough and coarse. There was con-

derabl of Y gland and horn. Be-
fore feedng the iodized milk protein, she had never been
in heat, but has exhibited heat twice since then.

A male calf was thyroidectomized at the age of four
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months. For approximately 60 days following thyroidec-
tomy the animal behaved normally. After that time, how-
ever, signs of juvenile hypothyroidism developed. The
skin became thick and puffy; the hair became dry, brittle
and sparse, and body fat increased. The animal was quire
apathetic; Iack of interest in females and of normal sexual
behavior was striking. Examination of the sperm revealed
normal spermatogenesis. An increase of total fat and of
cholesterol in the blood was noted. Administration of thy-
roid hormone was followed by the appearance of normal
sexual behavior (Petersen et al, 1941).

In the fetus of the calf, which has a gestation time of
sbout 285 days, thyroxin-like jodine can be detected in the
thyroid gland on the sixtieth day of intrauterine life. This
is prior to the appearance of histologically detectable folli-
cle formation, which takes place at 75 to 88 days. Since
other tissues of calf fetuses aged 62 to 70 days contain
practically no jodine, the presence of these organic jodine
compounds in the thyroid can be considered a mamifesta-
tion of jodine storage by the gland at an early stage of its
development. From the 75th to 118th day, the predomin-
ant histological features of the thyroid were the appearance
of colloid and differentration of the parenchyma; this was
not associated with a marked increase in the iodine content
of the gland (Koneff ez al., 1949).

In cotws producing grear amounts of milk (high milk-
ing cows) the level of blood calcium may decline to very
low levels. This decline is associated with hyperthermia,
“milk fever.” The calcium balance in this condition is
negative. The calcium output into the milk greatly exceeds
the mtake from feed. Compensatory hypertrophy of. ‘thc
parathyroid glands has been observed in this condition

{Brody, 1945). .
Retardation of dental development was observed in
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colts thyroidectomized at the age of two months (Houssay
and Hug, 1920).

Grafflin (1942) examined the parathyroids of the Vir-
giniz deer (Ordocoileus wvirginianus corealis) throughout
the year and did not detect any changes in these glands
corresponding with the shedding of antlers.

A review of the older literature reveals conflicting re-
ports concerning the effect of thyroidectomy on monkeys.
Horsley (1886) was the first to rcport extirpation of the
thyroid in monkeys. Besides symptoms of tetany, which
would be referred today to lesions of the parathyroid, he
observed gradual develop of “the symp of the
disease termed myxedema by Dr. Ord and ordinary cretin-
ism™ Most of Horsley's experiments seem to have been
on young monkeys (species not given), but he stated
that “an older anmmal, if kept under ordinary circum-
stances, will survive for six to seven weeks, dying at the
end of thar time of myxedema.” Horsley found that tetany
occurred much more frequently in young animals than in
older monkeys. Von Eiselsberg (1895) performed a total
thyroidectomy which obviously involved the parathyroids
in a young Barbary ape (Macaca sylvanus). This aperation
was followed by acute onset of tetany and the gradual de-
velopment of sluggishness and apathy.

Other investigators failed to find any changes after
removal of the thyroid gland in monkeys. In the older
reports (Munk, 1897, Kishi, 1904), the species used was
not stated Vincent and Jolly (1904, 1906) used both
Macaca and Cercopithecns; Halpenny and Gunn (1911),
Macaca mnidatta, Kisha stated that soon after operation
convulsions occurred which sometimes killed the animals.
The surviving ammals never exhibited symptoms of myxe-
dema or mental apathy nor any swelling of the skin. Munk
made very carful autopsies and found no traces of thyroid
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tissue or only minute amounts in seventeen animals oper-
ated on. Carlson and Woelfel (1910) found that a rhesus
monkey in which a (presumably total) thyroidectomy had
been performed showed no evidence of even “incipient
myxedema,”

Fleischmann, Shumacker, and Straus (1943) studied the
effects of total removal of the thyroid gland in rhesus
monkeys by methods used in clinical endocrinology. Total
thyroidectomy had no effect on the appearance, activity,
basal metabolic rate, or serum cholesterol level of adule
rhesus monkeys. In man, even incomplete thyroidectomy
is nearly invariably followed by hypercholesterolemia. The
rise of serum cholesterol occurs not only when toxic goiters
are removed, but when the normal thyroid gland is re~
moved in the treatment of chronic heart disesse. In six
adule rhesus monkeys no such change was observed fol-
lowing thyroidectomy. The mean of repeated serum chol~
esterol determinations was 123.9 = 2.0 mg. per 100 ml. of
serum before operation, and 123.5 = 2.0 mg. after opera-
tion. The completeness of the removal of the thyroid was
demonstrated both by anatomical search and by physio-
logic tests with thyrotrophin. The monkeys were injected
with thyrotrophic hormone of the pituitary to determine
whether any thyroid tissue capable of responding to this
factor was present. This method is useful in gathering in-
formation on the presence or absence of functional thy-
roid tissue in dwarfed children (Wilkins and Fleischmann,
1941). In this work, we had found an mcrease in creatine
excretion to be the most sensitive indicator of a response
to endogenous or exogenous thyroid hormone. Thyro-
trophic hormone produced a great increase in creatine ex-
cretion in the rhesus monkeys only when tested before
thyroidectomy. Administration of thyrexin, however, was
followed by an increased creatine output both before and
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after Operation, This indicateg thae followx'ng thyroidec.
fomy there W3 either no thyrojg left or only apn MWoune
insufﬁcient 10 cayge Measuraple cffece after Stimulagion
with thyrorrophic honnunc. In additiop o the ady}, rhe-
sus monkeys, two Young thesys Monkeys Were rhyroidec-
fomized 44 the 32€ of aboy, eighe Months, Both animg]s
showeg a sharp e of the cholcstcrol Content of the Serum
{allowing rhyroidccmmy. he leye) of serum choleszerol
in one Young Monkey, which Survived € Operation for
147 days Teached 5 peak of 354 ™g. per 100 ml, fiye weeks

after Operag;, Complere o n of h wag ob.
Served jn this an; The, 4 sugpes, the j 'POrtance of
the gge factor 0 determiy,; the effect of h mdectomy

e lack of marke.d effects of thyrmdccromy on ady}
rhesyg Monkeyg has been Confirmeq by ]adcr, Sperry, En.
gle, ang Smelser (1949), They Worked op nine female the-

sus Monkeys, two of whom had their OVarjeg Temoyed
aboy N¢ Year pe, € thyrojg, omy, Ty 0 only
showeq £ Werghe follcwmg thyroidect

tly A s Engle, , erry ¢ 1946) admipys
tered rhmuracxl Ur adule f, ‘mal, hesus Monkeys in
Increagy, 0.8 g, daily Mmon, sig-
Nifican,y changes m bod. weighe o Circulatyon time were
Observed E treatmen, No onkeyg showeq
any seri; h: nges degree of p, €Nce or of pon
Tnegyg acty Menstryg irre, Quenely
Obseryeq di ring Teatmen, sel ha!ester ! did t
exhibye 8Nificany trend g tr G bur the fuc.
tuationg Cholestero) t of ¢ TUm yeere
Breater thiourgey freated rhesyg onkey ¢ than un-
treated controls, K YPerplagy of the thy roig glang of the
rhesys Monkey: ¢, 4 10t occy, after ith 01

freatmeny yy,
and ¢, £ of thmumml daily for 13 weks The thyrorg
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gland of rhesus monkeys treated with 0.8 g. of thiouracil
daily for 10 weeks showed severe hyperplasia (Engle and
Aranow, 1946).

The rhesus monkey appears to be considerably less
sensitive to antithyroid agents than man, Estimation of the
antithyroid potencies of various compounds was made on
the basis of radiciodine collection by the thyroid after in-
jection of carrier free radioiodine (I'*1), The degree and
duration of alteration of an established rate of accumula-
tion by the thyroid gland was taken as a yardstick of sensi-
tivity to antithyroid compounds, Comparison with data
on man indicates that five to 10 times as much antithyroid
drug is required to produce comparable thyroid inhibition
in the rhesus monkey than in man (AMcGinty and Wilson,
1949).

Removal of the parathyroids without injury to the thy-
roid leads to the typical picture of tetany in the rhesus
monkey. The sequence of events — muscular tremors in-
creasing in frequency, convulsions and death — is similar
to that observed in dogs (Biedl, 1916). The rhesus monkey
is less sensitive than the dog to exogenous parathyroid
hormone. A comparison of the dosc of parathyroid hor-
mone necessary to raise the level of calcium in the serum
by § mg. per 100 ml. reveals great species differences it
sensitivity, The dose is § fu. (international units) for the
dog, 14 i.n. for the cat; 35 i.u. for the rhesus monkey, 100
to 200 i.u. for the rabbit; and 1300 iu. for the guinea pig
(von Brand et al, 1932).

In human beings removal of the greater part of the
normal thyroid gland in the treatment of chronic heart
disease induces the signs of hypothyroidism. Glligan
Volk, Davis and Blumgart (1934) have made careful stud-
ies of the risc in cholesterol and the drop in basal meta-
bolic rate after this operaion. Their series include patients
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over 60 years of age who showed not only changes in

bolism but also w d clinical symp of myx~
edema. Raab (1945) has treated eight patients over 60
years of age with thioucacil for relief of angina pectons.
In seven of these there was a marked response to the anti-
thyroid drug, as evidenced by a drop in basal metabolic
sate. Serum cholesteral showed 2 marked rise in one case,
2 woman of 67. It rose to 2 level of 619 mg per 100 ml.
Wilson and Mayo (1940) on the basis of 238 cases of post-
operative myxedema followed at the Mayo Clinic, found
that the estimated amount of thyroid tissue left at the ume
of eperation was approximately 27 per cent of a normal
lobe on either side in cases in which appreciable chyroidi-
tis was not present. In cases of thyroiditis, the amount left
was approXimately 31 per cent of 2 normal lobe on cither
side. These data prove that even a considerable amount of
active thyroid does not prevent the development of hypo-
thyroidism in human beings. Man seerns to stand alone in
showing severe deficiency symptoms after removat of the
thyroid gland in lates life. I¢ is difficult to understand why
man should be more dependent on the thyroid in later hfe
than other mamunals, According to Bolk (1921), the essen-
tisl character of the human body is a survival of fetd
conditions, This persistence of feral conditions is the re-

sult of a retard or supp of the develoy of
certam general characters in Primates. The rate of develop-
ment in man is ded, wuh the 2\ that the

infantfe or puertle phases of his life ate prolonged. Ir may
well be that the need of the adule human for thyroid hor-
mone reflects this general retardation of development chac-
actenstic for the species,
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Conclusion

I coxcrupme we wish to recapitulate some findings
which seem of general interest to the biologist.

Radioactive fodine (I'™) is stored in the endostyle of
the ammocoetes larva but not in that of lower chordates.
These experiments have furnished proof “that the endo-
style of ammocoetes is the most primitive thyroid mech-
anism which possesses a chemically functional analogy with
the follicular type of gland so characeeristic in adults of all
craniates” (Leach, 1946).

In the thyroid region of amphibian larvae storage of
jodine begins very early in life. This has been shown by
radioautographs of tadpoles of the frog, Hyla regilla, cul-
tured in medium containing I'*! (Gorbman and Evans,
19412).

In mammals the onset of thyroid function was deter-
mined by subcutaneous injection of radioactive iodine
(I'*) into pregnant rats. lodine storage could only be
demonstrated toward the end of fetal life. Iodine accumu-
lation is initiated on the eighteenth or nineteenth day of
fetal life in the Long-Evans strain of rats (Gorbman and
Evans, 1941b). Definite histological features could be
correlated with the ability to store jodine. Cells which
were previously uniformly arranged in columns begin to
arrange themselves into follicles. This work confirms
previous histological studies. Kull (1926) had shown that
follicle formation takes place with an almost explosive
unfolding in the thyroid of the albino rat berween the

(]
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cighteenth and twenty-first days of fetal life. The duration
of the fetal life in the rat is 21 days and apparently in this
species functional activity of the thyroid is delayed until
nearly the end of fetal hfe.

No general rule can be made from these experiments
on rats as to the onset of thyroid activity during the intra-
uterine Lfe of other mammals. It has been shown that folli-
cle and colloid formation takes place in the thyroid of the
pig in a much earlier stage of fetal life than in the rar.
Extracts from pig embryos just showing follicle and col-
loid formation are biologically active. They stimulate meta-
morphosis in the hypophysectomized tadpole (Rumph and
Smith, 1926).

In the human embryo, the thyroid is differentiated
histologically at the end of the third month of fetal life.
If human thyrod is transplanted into tadpoles of the com-
mon toad, Bufo vulgaris, at this stage, metamorphaosis is
induced (Schulze, 1930). These findings have recently
been corroborated by studies using radwcactive iodine
(I*1), The human feral thyroid does not collect radio-
active 1odme administered to the mother in the first 12
weeks of intrauterine life. Increasing amounts of iodine are
collected by the thyroid of the human embryo after the
14th week (Chapman et al., 1948).

The mechamsm involved in the synthesis of thyroid
hormone seems to be identical throughout the vertebrate
phylum. This is not only proven by the similar effect of
the administration of antithyroid drugs in fish, amphibia,
birds and mammals (Goldsmuth, 1949), but also by the
finding that the ratio of thyroun iodine to total iodine in
the gland remains fauly constant from species to species
(Wolff and Chaikoff, 1947). The values for thyroxin
iodine expressed as a percentage of total iodne are within
the range of 25 to 32. These values were based on the
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chemical analysis of thyroid tissue of 11 vertebrate species-
one fish, one reptile, two birds and seven mammals.

Little is known about the levels of protein-bound “hor-
monal” jodine in various species. The values obtained for
protein-bound iodine of plasma of dog, rat, mouse and
domestic fowl were found to be quite similar (3 ro 4 micro-
grams per 100 ml). The amounts contained in human
plasma were significantly higher (5 to 8 micrograms per
100 ml.} (Taurog and Chaikoff, 1946).
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