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The Relation of the Endocrine System to the 
Regulation of Calcium Metabolism 

I. L. CAMPBELL and c. w. TURNER 

The element calcium plays many important roles in the normal 
functioning of the animal body. Especially well known is its sig
nificance in bone formation, in the changes occurr ing during the 
enzymatic digestion of milk and in blood clotting, a nd its influence 
on the state of irritability of nerves and muscles. 

Possible movements of calcium within the body are illustrated 
schematically in Fig. 1. The supply of calcium to the system is 
dependent primarily upon the amount of this mineral ingested and 
conditions influencing its absorption. The presence of vit amin D 
and a relatively acid intestinal medium promote absorption, while 
more alkaline conditions and an excess of substances tending to form 
insoluble calcium compounds tend to reduce absorption. 

Within the animal approximately 99 per cent of the calcium is 
found in the bones and teeth, but all of this deposit is by no means 
immobilized; calcium may be deposited in the bony structures dur
ing growth, or in periods of storage, it may be reabsorbed and re
deposited elsewhere in the bones; reabsorbed calcium may be 
diverted to the growing fetus, to the mammary gland, or excreted 
either by way of the kidney or the intestinal tract. The blood cal
cium level represents the net result of absorption, deposition, mobili
zation, secretion, and excretion. In the blood the calcium is found 
nearly entirely in the plasma, and while the absolute values for the 
different fractions are in dispute, it is generally conceded that by 
far the greater part of the diffusible calcium is in the ionic form 
and the non-diffusible type is almost entirely protein bound calcium. 

Regulatory mechanisms have developed in the body to control, as 
far as possible, certain of these factors influencing the level of 
physiologically available calcium. Thus the body is able to maintain 
a sufficient level of this available calcium for its various functions 
despite wide variations in the requirements for this element and 
fluctuations in the amount supplied by the food. The first definite 
indication that the endocrine system was involved in this internal 
control of calcium was supplied by the observations of MacCallum 
and Voegtlin, in 19b8, whose experiments showed that the tetany 
of parathyroidectomized dogs was associated with a low calcium 
level in the blood. Further work has done much to demonstrate the 
important part played by the parathyroid glands in the regulation 
of calcium metabolism. Investigations of the function of other 
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endocrine organs, notably the pituitary, ovaries, and t~yroid, has 
shown that these glands may also influence various phases of cal
cium metabolism. Thus it is now recognized that this regulatory 
mechanism is primarily endocrine in nature. 

An understanding of the interaction of the various factors in
fluencing calcium metabolism is not only of great academic interest, 
but of importance in the fields of medicine and animal husbandry. 
What has happened to this regulatory mechanism in cases of milk 
fever in cattle? How is its activity affected during the strenuous 
periods of high production which we demand from our highly bred 
cattle, sheep, and pigs? Is it affected adversely by the therapeutic 
or stimulant use of synthetic or natural hormones known to be of 
value in other phases of metabolism? The plant breeder can pro
duce crops and pastures of widely varying mineral composition. 
The soils expert can alter the content and relationship of the min
erals of the herbage by various manurial treatments of the soil. 
What effect have these variations upon calcium metabolism within 
the animal which is offered the products of manipulations most 
frequently designed to increase the volume, rather than the quality, 
of foodstuff production? To answer these and many other relevant 
questions we need more information concerning the working of this 
hormonal calcium regulatory mechanism. 

The object of this study has been to investigate further the 
influence of the parathyroid glands, the pituitary, certain estrogenic 
compounds, vitamin D and the mineral composition of the diet on 
various aspects of calcium metabolism. In particular, an endeavor 
has been made to throw more light on the following problems: 

1. The influence of the pituitary on the parathyroid gland. 
2. The effect of low calcium diets on parathyroid activity. 
3. The influence of the dietary vitamin D level on parathyroid 

activity. 
4. The influence of estrogenic hormones on bone calcification, 

parathyroid activity, and serum calcium. 
5. The possibility of using small laboratory animals in the bio

assay of parathyroid extracts. 
The results are discussed in the light of their theoretical and prac

tical interest, and considered in relation to certain animal husbandry 
problems. 

THE PARATHYROID GLANDS AND THEIR RELATION 
TO CALCIUM METABOLISM 

HISTORICAL REVIEW 
No attempt has been made in this section to cover all the early 

investigations connected with the parathyroid glands. Instead, an 
outline is given of the more important aspects of work which in
fluenced the trend of investigation at various times up to the present. 

Sandstrom, in 1880, described the external parathyroids in man, 
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the dog, cat, rabbit, ox and horse, and most reviewers credit him 
with the first detailed report concerning these glands. Shortly 
afterward, Baber (1881) drew attention to "undeveloped portions 
of the thyroid" in his work on the minute structure of the thyroid 
glands. There is little doubt that he had observed both external 
and internal parathyroid glands, but apparently his report was over
looked for some time by other investigators. 

It is interesting to note that during this period it was recognized 
that acute nervous symptoms might follow thyroidectomy. This was 
thought to be related to the loss of the thyroid glands themselves. 
Horsley (1886) thyroidectomized a number of animals of different 
spedes. In the dog he noted that the groups of embryonic cells 
described by Baber did not develop into typical thyroid acini. He 
was impressed with a species difference in reaction to the operation. 
Whereas thyroidectomized monkeys, cats, and young dogs soon 
showed severe tetanous symptoms, two pigs showed but slight 
tremors, a donkey lived for 205 days, and two sheep apparently were 
not affected by the operation. 

Gley's work, reported in a series of papers over the years 1891-
92-93, established the physiological importance of the parathyroid 
glands. In the rabbit he found the external parathyroids at some 
distance from the thyroid which could thus be removed without 
interference with the former glands. No tetany followed the 
operation. In six dogs Gley also managed to perform this same 
operation, leaving the external parathyroids intact, and four of the 
animals survived without nervous symptoms. When both the thy
roids and parathyroids were removed, convulsions and death oc
curred. 

A notable advance was made when Kohn (1895) recognized the 
existence of parathyroid tissue deeply embedded within the thyroid 
of the cat. These distinct encapsulated nests of cells he called 
"internal epithelial bodies." Vassale and Generali (1900), working 
with dogs and cats, managed to remove both the internal and 
external parathyroids while preserving some thyroid tissue, and 
showed that this led to fatal tetany. If the thyroids alone were 
taken out, myxoedema, but no nervous manifestations developed. 
On the basis of results from this work, they offered the suggestion 
that the v:ariable appearance of tetanous symptoms in different ani
mals after thyroidectomy was due to variations in the complete
ness of the incidental parathyroidectomy which might occur during 
the extirpation of the thyroids. At this time then, the identity of 
the parathyroid glands was established, but their function and the 
reason for the hyperirritability following their removal remained 
unknown. 

Vassale and Generali (1900) suggested that the parathyroids 
played some part in detoxifying poisonous substances produced dur
ing a~tive metabolis'rn. Parhon and Urechie (1907) appear to be 
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the first to show that the tetanous condition of thyroparathyroidec
tomized dogs could be greatly improved by the injection of calcium 
salts. In 1908, McCallum and Voegtlin independently discovered 
that the "twitching, rigidity, tachypnoea, fibrillary tremors, increased 
rapidity of the heart beat, etc." following thyroparathyroidectomy 

· in dogs could be cured almost instantly by intravenous injections 
of ·a 5 per cent solution of calcium acetate or lactate. Subcutaneous 
or oral administration was also effective, but more slowly. Low 
blood calcium levels were found in parathyroidectomized animals. 
These workers put forward the theory that the parathyroid gland 
regulated calcium metabolism. In further papers in 1909, 1913 and 
1914, MacCallum and his co-workers extended these observations. 
They found (MacCallum and Voegtlin, 1909) that the level of 
calcium in the brain was lowered after parathyroidectomy, and that 
bleeding, or the infusion of saline relieved tetany. If blood from 
parathyroidectomized animals C:MacCallum and Vogel, 1913) was 
used to perfuse the vessels of a normal leg, the nerves of the limb 
became hyperirritable. Later (Maccallum et al., 1914) they re
moved much of the calcium from normal blood by dialyzing it with 
a solution containing all the inorganic diffusible constituents of 
blood except calcium. The perfusion of this blood through an iso
Jated extremity caused extreme hyperirritability of the nerves. If 
this low calcium blood was used to replace the blood of normal 
animals, there was only a slight increase in the excitability as the 
calcium was rapidly replaced from body reserves. Tetany continued 
when this. dialyzed low calcium blood was substituted for the blood 
of parathyroidectomized animals, ·but if normal blood were dialyzed 
against a similar solution with calcium added, it would relieve the 
symptoms of tetany. These cross circulation experiments supplied 
further proof that the tetany of parathyroidectomy was due to a 
lack of calcium in the blood and tissues. 

Koch (1912 and 1913) reported finding potential toxic bases, 
especially methyl guanidin, in the urine of parathyroidectomized 
dogs. Paton et al. (1915) showed that guanidin injection in rats 
would produce a tetanous condition very similar to that brought 
about by the removal of parathyroid tissue. Burns (1916) and Burns 
and Sharpe (1916) further supported the theory that tetany was due 
to the accumulation and non-detoxification of guanidin or allied 
compounds in the body when the protective activity of the parathy
roids was missing. However, later developments concerning the 
relationship between the parathyroid glands and calcium metabolism, 
and the failure of later workers to confirm an increase in the blood 
g-uanidin in parathyroidectomized animals (Major, Orr and Webe-r, 
1927) have lead to the general abandonment of the guanidin theory. 

Meanwhile the search for a stable potent extract of the parathy
roids was p_roceeding, but it was not until 1923-25 that one of proven 
value was obtained. Hanson (1923-24-25) published a series of 
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papers in which he described the preparation and use in both experi
mental animals and man of a dilute hydrochloric acid extract of the 
parathyroid glands. He claimed that this extract would relieve 
the severe nervous symptoms of parathyroidectomy and raise the 
serum calcium in normal and parathyroidectomized animals. Ber
man (1924) reported very briefly on the preparation of a crystalline 
product from the parathyroids of cattle. These glands, extracted 
with acidified alcohol, yielded an extract which would raise the cal
cium content of the blood when injected intravenously. Collip 
(1925), also by weak acid hydrolysis of the fresh glands of cattle, 
prepared an extract which afforded complete replacement of the 
parathyroid glands in dogs. In 1925 Collip, Clark and Scott re
ported that their extract brought about hypercalcemia in normal 
animals. This work \Vas extended by Collip and Clark (Hl25) when 
they described further purification of their product and suggested 
a tentative method for standardizing the potency of such extracts. 
The results of these fundamental investigations were amply con
firmed by work along similar lines by Hjort, Robison and Tendick 
(1925), Fisher and Larson (1925) and Tweedy (1926). 

Thus were the parathyroids de11cribed, their identity as separate 
glands established, the effects due to their removal recognized, and 
potent extracts of the glands rendered available. Later work has 
been mainly concerned with the development of practical replace
ment therapy, the investigation of hyperparathyroidism, the rela
tions which may exist between these glands and other members of 
the endocrine system, and the influence of various nutritional factors 
upon parathyroid activity. 

THE ANATOMY OF THE PARATHYROID GLANDS 

Review of Literature 

Developmental Anatomy.-The embryological development of the 
parathyroid glands has been described by Kohn (1895), Cowdry 
(1922), and Norris (1937). Parathyroids III (also referred to as 
the external parathyroids) develop one on each side. from localized 
differentiation of certain cells in the anterior wall of their respective 
third branchial pouches. At an early stage each group of cells is 
intimately associated with a group of thymic cells which differen
tiates nearby from the same pouch. The thymus rapidly extends 
caudad while parathyroids III remain attached to its cephalic ex
tremities. With the elongation of the embryonic neck, the thymus 
is drawn further caudad taking the external parathyroids with it 
to positions in the region of the thyroid glands. At a later stage 
in the life of the embryo, the elongated cranial portion of the 
thymus and parathyroids III tend to lose contact, although the 
separation may not always be complete. 

The two parathyroids IV (internal parathyroid glands) arise from 
cells of the dorsal wall of the fourth branchial pouches and are 
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early associated with the ultimobranchial bodies. In general the 
caudal migration of the internal parathyroids is not as marked as 
that of the external glands, so that, finally, in many animals 
parathyroids IV may be found anterior to parathyroids III. The 
ultimobranchial bodies, separated from parathyroids IV become in
corporated within the lateral lobes of the thyroid. The internal 
parathyroid glands then establish themselves within the lateral lobes 
of the thyroid or remain closely associated with the thyroid, general
ly on the dorsal or dorsomesial aspect of the lobes. 

It might be deducted from this account of the embryonic develop
ment of the parathyroids that considerable variation in the final 
position of these glands in mature animals is possible, and a study 
of comparative anatomy bears this out. 

Comparative Anatomy.-Not the least difficulty for those embark
ing upon an investigation of the activity of the parathyroids, is 
that of locating and recognizing these glands. They are small. and 
vary in position and number both within the same species and from 
one species to another. Work may also be complicated by the 
presence of accessory glandules. While this review is confined to 
a discussion of the anatomy of the parathyroids in the common ex
perimental and domestic animals, information for many other species 
may be obtained from the works of Vincent (1922), and Forsythe 
(1908). 

Birds usually have two parathyroids placed one on each side of 
the neck close to the large blood vessels. Higgins and Sheard 
(1928) and Nonidez and Goodale (1927) described the glands in the 
chick. The parathyroid tissue was usually massed into two small 
bodies lying on either side, at the posterior pole of the thyroid gland 
closely adherent to the carotid artery. The glands were occasionally 
found anterior to the thyroid. Both workers frequently found ac
cessory parath:vroid tissue in the thymus gland. 

Cristiani (1893), when serially sectioning the thyroids of the rat, 
noted the parathyroids embedded at the lateral surface of the gland. 
Hoskins (1931), after examining serial sections of the neck region, 
concluded that only 5 to 7 per cent of the rats had accessory para
thyroids in addition to the two normal glands. Strains were oc
casionally found in which the figure rose to 20 per cent. Sinclair 
(1941) reported that the two parathyroids of the rat were quite 
constant in their position on the ventro-lateral surface of the 
thyroid, being frequently found lying in a fork of the inferior thy
roid vein. 

Cristiani (1893) described the parathyroids of mice as being 
similar to those of the rat in number, and in position not quite as 
deeply embedded in the thyroid. 

Dogs and cats were commonly used by early investkators for ob
serving the effects of parathyroidectomy. The glands of the dog 
are four in. number. Parathyroid III is generally found at the 
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surface of the thyroid, while parathyroid IV is smaller and often 
embedded deeply in the substance of the thyroid~ Vincent (1922) 
showed with a series of sketches that in different dogs the glands 
might vary in their position in relation to the thyroid. Marine 
(1914a) stated that aberrant parathyroids were most frequently 
found in connection with the thymus. Parathyroid tissue uncon
nected with the thyroid lobes was present in sufficient amounts to 
maintain life in at least 5 to 6 per cent of dogs. 

The arrangement of the four parathyroids of the cat has been 
found to resemble that of the dog. Nicholas and Swingle (1925) 
made a thorough investigation of the anatomical relations of the 
parathyroids o:(' this species, and presented excellent illustrations 
showing some of the common variations in number and position of 
these glands. The external parathyroids were generally located at 
the superior pole of the thyroid lobe on the anterior surface. How
ever, they were found in practically any position upon the anterior 
surface of the thyroid. The smaller internal glands could be located 
anywhere upon the tracheal surface of the thyroid lobe or enclosed 
within its substance. Nicholas and Swingle (1925), after examin
ing 77 cats, concluded that in 6 per cent of the animals there were 
more than four glands present in the normal position, while 35 per 
cent of the animals had accessory glands with no intimate anatom
ical relation to the thyroid lobes. 

Vincent and Jolly (1904) reported that the number and position 
of the parathyroids in the guinea pig were extremely variable. Each 
thyroid lobe usually contained a parathyroid more or less embedded 
within its substance. The external glands were located distinct 
from the thyroid substance at varying distances and levels. Two 
and three parathyroids were found within the thyroid lobe in some 
cases. Vincent (1922) has illustrated diagrammatically the situa
tion as he found it in the guinea pig .. 

Kohn (1895) and Vincent and Jolly (1904) have published de
scriptions, and Vincent (1922) illustrations of the parathyroids of 
the rabbit, which are normally four in number. The external glands 
may be at some little distance from the thyroid. Each lobe of the 
thyroid has an embedded parathyroid. 

Descriptions of the parathyroids in sheep have been given by 
Maccallum et al. (1907), Meyer (1909), Rossi (1911) and Simpson 
(1913). Two glands were reported, one on each side, associated 
with the thymus, most commonly at the level of the thyroid cartilage 
of the larynx. The bright red color of these glands served to dis
tinguish them from adjacent thymic, salivary and lymphatic tissue. 
The internal glands were found within the thyroid. Meyer (1909) 
and Rossi (1911) found accessory parathyroids along the whole 
length of the thymus. 

According to MacCallum et al. (1907) and Rossi (1911), the 
anatomy of the parathyroids of the goat is quite similar to that of 
the sheep. 
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Hanson (1924) reported the external parathyroid g land of cattle 
as lying beneath "the upper pole of the Jobe of t he thyroid and 
underneath the apposition of the upper portion of t he thymus and 
the anterior portion of the parotid gland." Youngken ll!.l39) de
scribed these glands as small, red or yellowish, oval, elliptical, or 
pyriform bodies situated in connective tissue near the ventral border 
or toward the middle of the posterior surface of the lateral lobes 
of thyroid. Hanson described the internal parathyroids as smaller 
than the external glands and lying one on each side, near the mid 
line beneath the thyroid isthmus. 

In the pig the internal parathyroid is stated to be absent (Vincent, 
1922), and the external glands placed as in the sheep. 

In the horse, Estes (1907) observed that the external parathy
roids· were found in association with the branching of the thyroid 
artery, usually close to the superior pole of the thyroid, but oc
casionally adherent to the lateral margin and rarely at the inferior 
extremity of the thyroid. The glands were yellowish grey to 
salmon pink in colour. The internal glands were distributed irregu
larly in the thyroid tissue occurring often near the superior pole 
in ·rather a superficial position. 

Vincent and J oily (1904), examining the Macacus monkey, found 
four parathyroids, two on each side, all embedded in the substance 
of the thyroid. However, Forsythe (1907) examined five species of 
monkey and reported a considerable variation in number and posi
tion between the different animals. 

In man there are usually four parathyroids, an external and 
an internal gland on each side. The anatomical relations have been 
deRcribed by Collip (1926a), Shelling (1935), and Norris (1937). The 
latter author gives illustrations of the more usual positions of these 
glands together with certain anomalies. The "superior," "internal" 
glands or parathyroids IV are situated in areolar tissue on the 
mesial aspect of the dorsal surface of the lateral lobes of the 
thyroid. The "inferior," "external" parathyroids III are reported 
less constant in position, situated similarly, but somewhat caudal 
to parathyroids IV. Norris (1937) observed no case with less than 
four parathyroids; approximately 2 per cent of the cases had five 
glands. 

Microscopical Anatomy.-In general the parathyroid glands are 
composed of masses or cords of epithelial cells arranged without 
definite alveolar structure and surrounded by a connective tissue 
capsule which may send inward fibrous supporting strands. 

The human glands have received most attention from histologists. 
Welsh (1898) described two main types of epithelial cells: (1) prin
cipal or chief cells-those possessing a relatively clear and small 
protoplasmic body with a relatively large and clear nucleus; (2) 
oxyphil cells-acidophilic cells wfth a relatively large and granular 
protoplasmic body, and a relatively small and dark nucleus. The 
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chief cells constituted the greater part of the gland tissue. Various 
subdivisions of these two main types of cells have been suggested 
on the basis of differences in size and staining quality. Thus 
Marine (1928) described clear chief, dark chief, and oxyphil cells; 
Hunter and Turnbill (1931) principal cells, dark, and pale oxyphil 
cells; Castleman and Malory (1935) normal chief, "water clear," 
pale oxyphil, and dark oxyphil cells; Morgan (1936) pale principal, 
dark principal, pale oxyphil and dark oxyphil cells. It would seem 
likely that the.re is no sharp line of demarcation between these 
different cell types, and that cells of different sizes and qualities 
represent stages in some transition which occurs in the life of the 
epithelial secretory cells. 

In the rat (Hoskins, 1924 and Rosof-Jacob, 1934), the dog, horse, 
cow and cat (Maccallum, 1907), and in infants and young children 
(Morgan, 1936), oxyphil cells are not normally found. There is 
little doubt, therefore, that the chief cells are the main functional 
elements of the gland, although the other types of cells may have 
activities yet undetermined. Castleman and Mallory (1935) and 
Morgan (1936) express the belief that the chief cells are the basic 
type from which all others develop, or to which they degenerate. 

Up to the present time histological studies have provided little 
information about the mode of secretion, or factors affecting the 
functional regulation of these glands. 

Experimental 

The Location of the Parathyroid Glands in Certain Experimental 
Animals.-The difficulties involved in locating, recognizing and dis
secting the parathyroid glands are probably responsible in no small 
part for the fact that there are less data available concerning 
normal parathyroid size and weight, and the variation therefrom, 
than for any other well recognized endocrine gland. 

During the course of these investigations, the parathyroids of 
many chicks, rats, mice, guinea pigs, rabbits and goats have been 
located, their identity checked histologicaJly, typical anatomical 
relations illustrated and in the case of rats, rabbits and goats, data. 
on the weight of the glands have been accumulated. The results 
of these studies are presented in the following sections. 

Chick.-The White Leghorn birds examined in this study were pro
cured from a commercial hatchery as. day old chicks, killed and 
dissected at seven days of age. The parathyroids, one on each side, 
were found as light pink, rounded glands lying caudal to the thyroid 
and closely associated with the jugular vein. Fig. 2 illustrates the 
position of these glands in the chick. Freouently thymus tiRRue or 
small lymph nodes were found adjacent to the parathyroids, but 
the former could often be distinguished by their lighter coloring. 
The thyroids from four chicks were sectioned serially, but no trace 
of internal parathyroid glands was found. 
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' 'THYMUS 
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Fig. 2.-Location of the parathyroid glands in the seven day old chick. 
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Fig. 3.~Location of the parathyroid glands in the .albino rat . 
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Rat.-The position of the parathyroids in the rat is well known 
and needs only brief mention here. Fig. 3 shows the glands typically 
lying partly embedded later,ally in the lobes of the thyroid and 
easily distinguished from the thyroid tissue by reason of their 
lighter color. 

Mouse.-Under the dissecting microscope at 21.25 magnifications, 
the parathyroid glands, one on each side, were distinguishable as 
lighter colored tissue embedded · in the darker · thyroid lobes in 
positions similar to those in the rat. Histological examination 
showed that the parathyroids were more deeply embedded in the 
thyroid than was the case in the rat. The exposed surface of the 
glands scarcely protruded from the surface of the thyroid. A very 
fine connective tissue capsule separated the bulk of the gland from 
the surrounding thyroid alveoli. 

Guinea pig.-One or two external parathyroid glands on each side 
were identified in this species. The two main spindle-shaped glands 
were found in supporting connective tissue separate from the thy-

Fia-. 4-Location of the external parathyroid a-lands in the a-uinea Pia-. 
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roid, but in close proximity to it in lateral or somewhat anterio
lateral situations. Frequently a smaller external parathyroid gland 
was located adjacent to each larger gland. Blood vessels supplying 
these parathyroids often were helpful in dissection as guides to the 
location of the glands. Fig. 4 illustrates the situation of the 
parathyroids in a guinea pig in which two external glands were 
identified. 

Examination of serial sections revealed a small internal para
thyroid embedded somewhat superficially in each lateral lobe of 
the thyroid. Grollman (1941) included the guinea pig in a list of 
animals in which parathyroid IV is absent ("pig, hedgehog, mole, 
guinea pig, mouse, rat and seal"). However, the observations re
ported here do not support this statement, but rather confirm the 
work of Vincent and Jolly (1904), who reported finding internal 
parathyroids in this species. 

Rabbit.-Fig. 5 illustrates a characteristic position for the external 
parathyroids in rabbits. The glands were generally located close 
to the lateral aspect of the thyroid lobes, but were frequently found 
at some distance caudally in supporting connective tissue ventral 
to the carotid arteries. The usually ellipsoidally shaped glands 
were occasionally found with a constriction at their mid-point, giv
ing a bilobular appearance. A small internal parathyroid gland was 
found in each lateral lobe of the thyroid close to the lateral surface. 

Goat.-The position of the internal parathyroid glands of this species 
is clearly illustrated in Fig. 6. On each side, a globular bright pink 
gland was found lying dorsally to the thyroid and level with, 01~ a 
little anterior to the cephalic end of the lateral lobe of the thyroid. 
In young goats the external parathyroids were closely associated 
with thymus lobules, but in older animals the glands lay distinct, 
supported by connective tissue. In serial sections of the thyroid 
of a kid, the internal parathyroids were located as two small groups 
of cells surrounded with connective tissue capsules and completely 
embedded in thyroid tissue. · 
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Fig. 5.--Loca.tion of the parathi:roid glands in the rabbit. 
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Fig. 6.- Photograph showing the location of the left external parathyroid 11:la.nd in 
the goat. Pt--external parathyroid gland; T-thyroid: Tr-Trac)lea. 
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Factors Affecting the Weight of the Parathyroid Glands in the 
Rat, Rabbit and Goat. Source of da,ta.-As a basis for determining 
the effect of various factors on the weight of the parathyroid glands, 
satisfactory control data, collected under clearly defined conditions, 
are . necessary. Information concerning the collection of such data 
should at least include statement of the species, sex, body weight, 
diet and reproductive activity (in females) of the animals involved, 
and details of the number of glands dissected and the technique 
of weighing. Lack of this definition has resulted in data reported 
by so:tne investigators being of little value for comparative purposes. 

In this study the technique of killing and dissection was of neces
sity varied from species to species, but in all cases the weights 
recorded for the parathyroids represented the combined weight of 
the left and right external or internal glands taken from animals 
immediately after their death. 

TABLE I. THE WEIGHT AND SIZE OF THE PARATHYROID GLANDS OF RATS 

Mg. Para-
thyroid 

Number per kg. Size of Parathyroids 
Body of Parathyroid Body 

I Weight Animals Weight Weight Lenirth Breadth 
gm. mg. mg. mm. mm. RemarKS 

Normal Males 

189±11.7• 14 0.31±0.090• 1.65 0.94±0.121 * 0.69±0.101• 
225±11,9 31 0.40±0.148 1.78 1.01±0.166 o. 77±0.133 
271±12.2 17 0.43±0.069 1.59 1.09±0.102 0.80j:0.101 
320:±13.5 8 0.64±0.211 2.00 1.17±0. 155 0.83±0.134 

Normal Females 

172±11.3 19 0.38±0.093 2.21 I 1.08±0.127 0.80±0.099 Size 32 glands only 
214± 8.6 10 0.52±0.074 2.43 1.16±0.101 0.86±0.113 

Females 10 days in Lactation 

180:±24.6 15 I 0.44±0.118 2.44 

I 
1.07±0.097 0.83±0.126 Ave. 5.8 young 

suckling . Size 16 
glands only 

Female Virgin Controls 

167±14.8 12 0.34±0.070 2.04 1.07±0.123 0.78±0.094 Size 18 glands only 

•rn this and in all following tables, means are given± standard deviation. 

The data presented here for the rat were gathered from albino 
animals fed a mixed ration constituted as follows: corn 20 per cent, 
oats 15 per cent, shorts 22 per cent, linseed oil meal 15 per cent, 
cottonseed oil meal 5 per cent, soybean meal 5 per cent, skim milk 
powder 15 per cent, sodium chloride 1 per cent arid steamed bone 
meal 2 per cent, with the addition of cod-liver oil, together with 
commercial dog chow pellets containing 2 per cent steamed bone 
meal and 2 A. 0. A. C. units of vitamin D per gm. The animals 
thus received a diet adequate in calcium, phosphorus al;ld vitamin D. 
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The data for normal animals were accumulated from groups of rats 
serving as untreated controls for various experiments throughout 
the year, while that for the lactating animals and their virgin con
trols resulted from an experiment set up for this particular study. 
The parathyroid glands were dissected out on moist filter paper 
with fine iris scissors from the excised thyroid lobes, measured and 
immediately weighed together on a precision balance to 0.05 mg. 
Although the parathyroids in the rat are extremely small, it was 
found possible, after some practice, to make with the aid of the 
dissecting microscope what were histologically checked as clean dis
sections, and it is believed that this part of the procedure intro
duced little error. The main errors probably resulted from variation 
in. the amounts of. moisture adhering to the surface of the glands 
and the limitation in the sensitivity of the balance. The maximum 
length and breadth of the glands were measured to the nearest 0.05 
mm. by i:neans of a calibrated eyepiece in the dissecting microscope. 
It was recognized that this measurement gave, of itself, only an 
approximate indication of the size of the glands, but the extra 
data did offer .some check on the results of weighing such small 
bodies when the figures were used for comparative purposes. Table . 
I summarizes the rat data. 

The parathyroid data summarized in Table II concern New 
Zealand white albino rabbits. These animals were fed good quality 
alfalfa hay ad lib. and a meal mixture consisting of oats 38 per cent, · 
bran 20 per cent, ,wheat 15 per cent; corn 15 per cent, linseed oil 
meal 10 per cent, sodium chloride 1 per cent and steamed bone 
meal 1 per cent. The external parathyroid glands were dissected 
out and weighed together. Because of their small size and difficul
ties of dissection, the internal glands were neglected. 

Parathyroid glands were collected from a group of grade Toggen
burg goats. The diet of these animals was made up of liberal 
quantities of good quality alfalfa hay and limited amounts of a 
concentrate mixture of the following composition: oats 38 per cent, 
corn 30 per cent, bran 20 per cent, linseed oil meal 10 per cent, 
sodium chloride 1 per cent and steamed bone meal 1 per cent. The 
dissection and weighing of the external glands presented no diffi
culty. ·When the thyroids of these animals were cut transversely 
into thin slices, the internal parathyroid tissue could be dis
tinguished readily under the dissecting microscope. This tissue was 
dissected out and the combined weight of the two internal glandl'l 
recorded. A number of these goats had been used previously in 
mammary growth studies, receiving, over extended periods, varying 
doses of synthetic estrogens. However, in work with rabbits and 
rats to be reported later in this publication, long term injection of 
estrogenic hormones was shown to have little effect on the weight 
of the parathyroid glands. It seems probable, therefore. that thP. 
treatment had little influence upon the goatparathyroid data which 
are presented in detail in Table III. 
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TABLE II. THE WEIGHT OF THE EXTERNAJ. PARATHYROID GLANDS OF 
NEW ZEALAND WHITE RABBITS 

Mg. Para-
thyroid 

Number Weigm of per kg. 
Body of External Body 

Weight Animals Parathyroid Weight Remarks 
gm. mg. 

Normal Males 

554± 86.6 16 4.16±1.02 7.51 
986± 97.8 22 5.04±1.53 5.11 

1540± 2 7.75± 5.03 
2036±127.6 13 9.10±3.89 4.47 
2540±144.6 18 12.60±4.69 4.96 
2978±115.8 12 11. 99±4.39 4.03 
3455± 54. 7 6 15. 73±3.30 4.55 

Normal Females 

546± 57.1* 11 3. 78±0.92 6.92 
974± 68.6 14 4.83±1.22 4.96 

1511± 46.1 17 7.47±1.82 4.94 
2044±107.2 14 12.39±7.22 6.06 
2562±119.5 14 14.00±6.89 5.46 
3038±129.5 12 14.24±4.98 4. 69 
3497± 95.2 9 15.66±7.73 4.48 
3942±142.8 16 17. 98±7.58 4.56 
4490±140.7 11 11.44±3.60 2.55 

Ovariectomized Females 

2790±204.3 I 14.60±3.36 5.23 ·1 

Pseudopregnant Females 

2627± 77.2 7 8.21±1.29 

I 
3.13 

3005±139.0 11 8.89±2.28 2.96 
3493±113.1 11 11.96±6.06 3.42 

Pregnant Females 

3537±314. 9 6 13.07±5.23 3.70 110 days pregnant 
3491±423.0 9 11.10±2.52 3.18 20 days pregnant 

Lactating Females 

3399±490.5 33 15. 70± 6.08 4.62 0-5 days in lactation 
3500±388.4 3 23 .47± 1.08 6.71 1 O days in lactation 
3299±728. 5 19 29. 70±12.56 9.00 20 days in lactation 
3334±591.5 5 26.68± 6.85 8.00 30 days & over in lactation 
3907±385.9 10 12.82± 3.34 3.28 Litter reduced to 2 at birth 

Animals killed after 20 days 
in lactation. 
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Animal 
No. 

2b 
4 

107 
833 
119 

la 
3c 

355 

27 
231 
369 

367 

371 

Date 
Killed 

Mo.Da.Yr. 

12- 9-41 
10-18-41 
12- 6-41 

9-27-41 
12- 6-41 

1
12- 9-41 
12- 9-41 

10- 4-41 

10-18-41 
9-27-41 
9-27-41 

10-11-41 

9-27-41 

Average 

176 

373 
370 
360 
258 
198 
195 
444 

51 
588 

I 

10-18-41 

10- 4-41 
10-11-41 
10- 4-41 
10-18-41 
10-18-41 
10-18-41 
11-15-41 
11-15-41 
11-15-41 

ill 12- 6-41 
Averag_e __ 

443 10- 4-41 
351 10- 4-41 
843 11-15-41 
826 10-11-41 
569 10-11-41 
433 11-15-41 

Average 

'!'ABLE III. THE WEIGHT OF THE PARATHYROID GLANDS OF GOATS 

Body 
Wela ht 

kg. 

9.1 
25.9 
48.6 
51.4 
54.1 

9,1 
11.4 

29.1 

29.5 
32.7 
35.5 

40.9 

44.5 

31.8 

32.3 
33,2 
37,3 
40.9 
44,5 
45,9 
47.7 
48.2 
52.3 

~ 
42.4 

38.2 
39,l 
42.3 
43.6 
50.5 
2Q.i! 
44.1 

Weight 
Internal 
Para-
thvroids 
m. g 

10.0 
17.1 

9.5 
15.6 

12.2 
10,7 

14.8 

6,7 
2.3 
9.5 

9.1 

21.2 

12.0 

7.9 
38.9 
15.5 

29.5 
30.7 
11.7 
18.8 
15.5 

Weight 
External 

Para-
thvroids 
m. g 

68.6 
53.4 

115,5 
117.4 

90.7 

Males 

Total 
Weight 
Para-

thyroid 
Tissue 
m, g 

78.6 
70.5 

125.0 
133.0 

90.7 

Young Females 

189.2 I 201.4 
47.4 58.1 

Virgin Females 

67,1 

58.8 
94.4 
78.1 

92.4 

,196.4 

81.9 

65.5 
96.7 
87.6 

101.5 

217.6 

Mature Females 

73.5 

85.7 
90.9. 
98.8 

114.2 
191.l 
173.l 
82.9 

115.4 
149.2 

85.5 

93.6 
129.8 
114.3 
114.2 
220.6 
203.8 

94.6 
134.2 

' 164. 7 

~ lia.l liM 
140.15 20.37 121.63 

13.6 
12.6 
20.4 
45.4 
11.3 
.eM 
21.67 

L~ctating Females 

71.9 
129.6 

71.9 
443.3 

87.0 
188.1 
165.30 

85.5 
142.2 

92.3 
488.7 

98.3 
.lli..a 
186.97 

Mg. 
Para-
thyroid 
per kg. 
Body 

Welvht 

8.64 
2.72 
2.57 
2,59 
1.68 

22.13 
5.10 

2.81 

2.22 
2.96 
2.47 

2.48 

4.89 

2.69 

2.90 
3.91 
3,06 
2.79 
4.96 
4.44 
1.98 
2,78 
3.15 

Mi 
3.31 

2.24 
3.64 
2.18 

11.21 
1.95 
~ 
4.24 

Remarks 

Thyroldectom!Zed 

I Weakling kid 

Diethylstilbestrol 
treated 

" " 
" " " Diethylstilbestrol 

dlproplonate treated 
Ovariectomized diethyl

stilbestrol dlproplonate 
treated 

Diethylstilbestrol · 
treated 

Diethylstilbestrol 
treated 

" " " • 
" " " Thyroidectomized 

Pregnant 65 days 

Diethylstilbestrol 
treated 

Pregnant 55 days 

Relation of parathyroid weight to body weight.-Tables I and II 
give the average figures for grouped body and parathyroid gland 
weight data on the normal rat and rabbit respectively. Table III 
shows similar, but more detailed data for the goat. In these three 
tables, the figures given under the heading "Mg. Parathyroid per kg. 
Body Weight" do give some indication of the general relation of para
thyroid weight to body weight. 



RESEARCH BULLETIN 352 23 

For the study of this relationship, a much clearer presentation of 
the data was given when parathyroid weight was plotted against 
body weight on logarithmic paper, as shown in Fig. 7. This method 
has several advantages. The use of logarithmic paper facilitates 
the plotting of figures of widely differing magnitude, thus making 
possible the presentation of data for the rat, rabbit and goat on one 
graph. On this type of paper, constant percentage differences at 
all levels are represented by the same spatial measurements, 
although absolute values may be read off from the chart. The 
relative growth equation Y = aXb, which has been shown by Brody 
and Kibler (1941) to be applicable to the relationship between 
organ weight and body weight in growing animals and in mature 
animals of different species, represents data which are linear on 
logarithmic paper. 
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Fig. 7 .-The relation of parathyroid weight to body weight. The continuous lines rc'oresent 
the equation Y = aX" fitted by the method of least squares to the data from each soecies 
studied. The' broken lines represent the standard error of estimate and between these lie 
two-thirds of the data points. Detailed data points are shown for the rabbit and goat, but 
mean values only for the rat. For certain other species values recorded in the literature 
are' clotted for comparison with the original date. 

The equation Y = aXb, in which Y = parathyroid weight in 
milligrams and X = body weight in kilograms, was fitted by the 
method of least squares to the individual data points for 99 normal 
rats,· 207 normal rabbits, and 20 goats, some of which had been 
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treated with synthetic estrogens. The standard error ·of estimate 
and index of correlation were calculated in each case . 

. As a sex difference was apparent in the rat parathyroid weights, 
separate equations were fitted for male and female data. Fig. 7 
shows the lines of regression for the rat, but for the sake of 
clarity in a small space the individual data points and indications 
of the standard error of estimate are not drawn in. Instead, group 
averages have bee:ri plotted. The regression equations were: for the 
females Y = 3.733XL315 ; for the males Y = 2.264Xi. 218• Two-thirds 
of the data fell between +23.4 and -19.0 per cent in the females 
and between +38.4 and -27.8 per cent in the males. The respective 
indices of correlation, 0.612 and 0.545, were significantly high. 
These lines of regression are not considered as representing the 
average relationship between parathyr oid weight and body weight 
over the whole growing period of the rat, as the range of the data 
for body weight was not sufficient to warrant this assumption. The 
fact that the values for b, the slope of t he line, are in bot h instances 
well over 1.00 does indicate that over the body weight r ange covered 
by these. two groups of animals, a doubling of the body weight is 
characterized by more than a 100 per cent increase in parathyroid 
weight. This might suggest that as the animals matured some factor 
other than proportional growth was responsible for the relatively 
rapid increase in parathyroid weight. 

No significant sex difference was noted in the weights of male 
and female rabbit parathyroid glands, therefore, one equation was 
fitted to both male and female data. The equation Y = 5.541X0· 718 

resulted from the calculation with a standard error of estimate of 
+ 45.3 and -31.2 per cent and 0.786 as a satisfact ory index of cor
relation. The line of regression, indication of the standard error 
of estimate and the individual data points are shown in Fig. 7. 
As a large number of rabbits with body weights ranging from 0.45 
to 4.66 kg. were involved in this study, these results should give 
a good indication of the parathyroid-body weight relationship 
throughout growth and maturation. The data showed that the weight 
of the parathyroid glands in these rabbits increased with an increase 
in body weight, but at a lesser rate. ·From the value of b, 0.718, it 
was calculated that with a body weight increase of 100 per cent, a 
parathyroid weight increase of 64.5 per cent could be expected. 

For the goat calculations, body weight and total parathyroid 
tissue data in Table III were used with the omission of figures for 
lactating females, two thyroidectomized animals and goats 2b and 
la which appeared to have abnormal parathyroid g lands. The 
equation for the line of regression was found t o be Y = 5.618X0•835 , 

with a stanaard error of estimate of +31.5 and -24.0 per cent, and 
an index of correlation of 0.741. The number of goats involved was 
small with practically no animals in the lower weight levels so the 
line of regression cannot be claimed as an accurat e representation 



RESEARCH BULLETIN 352 25 

of the average relationship over the period of rapid growth. How
ever, for the range of data covered, the results indicate that goats 
with greater body weights have proportionally less parathyroid 
tissue. 

It is of interest to compare the weights of the parathyroid glands 
in this study with those reported by other workers. In the rat, 
most investigators have estimated the volume from serial sections 
for comparative purposes alone, so that little actual weight data are 
available. Chang and Chen (1940) reported results from direct 
weighing of rat parathyroids; 11 males with body weights averaging 
448 mg had glands of 0.2 to 0.5 mg. and 11 females weighing 304 
gm. had glands weighing 0.2 to 0.6 mg. Sinclair (1941) calculated 
the volume of 'the parathyroids from outlines of histological sections 
of the glands, and by applying average factors for specific gravity 
and shrinkage, arrived at figures of 0.224 mg. for fourteen ' 278 gm. 
male rats, and 0.172 mg. for 100 females with a mean body· weight 
of 174 gm. These weights are much lower than those obtained by 
direct weighing in this study. 

In 1924, Grant and Gates reported that the average external para
thyroids of male rabbits fed hay, oats and cabbage, with body 
weights of over 1600 gm., varied from 5.11 to 6.9 mg. per kilogram 
body weight throughout the year. Drake et al. (1937) gave a figure 
of 12.7 mg. as the average weight of the parathyroids from 18 
rabbits of mixed sex with a mean body weight of 1900 gm. Baumann 
and Sprinson (1939) stated that parathyroids of rabbits fed alfalfa 
hay, oats and occasional greens seldom weighed more than 10 to 
15 mg. The above data give similar or higher weights compared 
with those of this study. On the other hand, Eisler (1938) reported 
the average parathyroid weight for a group of 23 rabbits· with a 
mean body weight of 2495 gm. was 4.6 mg. While it is probable 
that differences in feed and environment influenced the results re
viewed, it may be possible that different strains of rabbits have 
different sized parathyroid glands. ·No previous reports have been 
found recording the weight of goat parathyroids. 

Sex differences in the weight of the parathyroid glands have been 
reported by Jackson and P'An (1932), Pappenheimer (1936) and 
Blumenfeld and Rice (1938) for the rat; Juhn and Mitchell (1929) 
for Brown Leghorns; Pappenheimer and Wilens (1935) and Gilmour 
and Martin (1937) for man. All these workers found relatively 
heavier parathyroid glands in the female. Sinclair (1941) in the 
rat and Leonard and Righter (1936) in the Bantam fowl found no 
sex differences in the relative parathyroid weight. In the animals 
reported in this study, rats, but neither rabbits nor goats were found 
to have relatively larger parathyroid glands in the female. 

Brody and Kibler (1941) have shown that the equation Y = aXb 
gives a reasonably good fit when applied to data relating the 
weights of certain endocrine organs to body weight in mature ani-
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mals of different species. These investigators showed that the 
pit~itary, thyroid and adrenal weights varied with . a fractional 

gland weight 
power of body weight. Thus the ratio b d . decreased with o y we1gnt 
increasing body weight for mature animals of different species. 

When the average parathyroid weights of the mature animals in 
the three species studied were considered, it was evident that the 
rabbit had the highest parathyroid weight per unit body weight, 
followed by the goat and rat in that order. The fact that the rat, 
the smallest of the three animals studied, had the smallest para
thyroids in relation to body weight does not support any suggestion 
that parathyroid gland·s fall in line with the principles established 
by Brody and Kibler (1941) for the relationship between the pitu
itary, thyroid and adrenals, and body weight. Accurate additional 
parathyroid data for mature animals of other species are required 
to determine whether or not the rat is just an isolated dissenter 
to such a relationship. 

For comparison with the original data accumulated in the course 
of these studies, average values from data for the Bantam fowl 
(Leonard and Righter, 1936), Brown Leghorns (Juhn and Mitchell, 
1929), dairy cattle (Swett et al., 1936) and man (Pappenheimer and 
Wilens, 1935, and Gilmour and Martin, 1937) have been plotted in 
Fig. 7. The weights of parathyroids from both male and female 
birds appeared relatively high. Human data were somewhat similar 
to that presented for the goat. Cattle glands showed up as being 
relatively small. Only the weight of the external glands of cattle 
was recorded in the publication by Swett et al. (1936), so that 
weights for total parathyroidi tissue would be somewhat above the 
values shown. ' 

The influence of ovariectomy on the weight of the parathyroid 
glands.-'rhe average parathyroid weight for a group of nine ovariec
tomized New Zealand white rabbits is given in Table IL This mean 
value is also plotted in Fig. 8. These animals were acting as un
treatM ovariectomized controls in an experiment to be reported in 
a later section. They were operated upon at. weights ranging from 
730 to 1420 gm. and killed 225 to 248 days later at an average weight 
of 2790 gm. The mean parathyroid weight at death was 14.6±3.36*. · 
Comparing this latter weight with that of normal females of ap
proximately the same body weight given in Table II, i. e., the para
thyroids of 14 normal female rabbits with a mean body weight of 
2562 gm. average 14.0±6.89 gm. and of 12 animals, mean body 
weight 3038 gm., average 14.24-+-4.98 gm., it was obvious that ovari
ectomy, under the circumstances of this work, had no effect on 
parathyroid weight in the rabbit. 

It is interesting to note that Overholser (1929) found castration 
to be without effect in the male rat on the volume of the parathyroid 
glands. 

*Here. and in all similar case' in the fnllowin« text. means are given ± standard deviation. 
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The influence of pseudopregnancy, pregnancy and lactation on the 
weight of the parathyroid glands.-In a long pseudopregnant period 
such as occurs in the rabbit, many of the conditions of pregnancy, 
such as the retention of corpora lutea and development of the mam
mary glands, are existent without the presence of a fetus. It was 
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of interest to see whether these phenomena were accompanied by 
any abnormal cnanges in the size of the parathyroid glands. When 
a rather large group of young, but mature, female rabbits which had 
been injected 15 to 20 days previously with 75 to 100 I. U. of "Koro
trin,'' a commercial preparation of chorionic gonadotropin, were 
being killed in a pseudopregnant condition for mammary growth 
studies, the external parathyroid glands were removed and weighed. 
Unfortunately none of this group of animals had been left untreated 
for control purposes, so comparisons had to be made with the ac
cumulated data for normal female rabbits. Reference to Table II 
and Fig. 8 shows that the weights of the parat hyroid glands from 
these pseudopregnant rabbits averaged considerably lower than 
expected from the average values for normal animals. The signifi
cance of these low parathyroid weights is not entirely clear. Either 
pseudopregnancy brings about a suppression of parathyroid activ
ity, or this one group of animals, for some unknown reason, had 
unusually small parathyroid glands. 

Average figures for the data collected from 15 pregnant and 70 
lactating rabbits during the course of these investigations are re
corded in Table II and plotted in Fig. 8. Neither after 10 nor 20 
days of pregnancy, nor at 5 days postpartum was there any indica
tlon of an increase in parathyroid weight beyond the average values 
recorded for normal females. Thr.ee animals killed after 10 days 
in lactation had abnormally heavy glands, while the mean weight 
of the parathyroids of 19 females in lactation 20 days was 29.70 mg. 
in comparison with 15.66 mg. for a normal group of nine animals of 
comparable body weight. Five females still in lactation after 30 
or more days also had heavy parathyroid glands, averaging 26.68 
mg. There seems little doubt that in these rabbits abundant lacta
tion was accompanied by an increase in the size and presumably 
in the activity of the parathyroid glands. 

That the amount of milk being secreted by the rabbit was the main 
factor determining the weight increase of the glands was shown ·by 
results from ten females whose litters were reduced to two sucklings 
each at birth. These rabbits were killed 20 days postpartum. Their 
parathyroids averaged 12.82 mg. in comparison with the 29.70 mg. 
previously mentioned for rabbits whose litters had not been reduced 
in size. 

To determine whether the striking results for lactating rabbits 
could be confirmed in another species, the weight and size of t he 
parathyroid glands in lactating rats were compared with those of 
virgin controls. F emale rats of about 120 gm. were divided into 
two groups so that the average weights of the animals in each group 
were approximately the same. One group was bred; the other re
mained virgin. Lactating rats were killed 10 days after parturition 
along with animals from the virgin group. The parathyroids were 
dissected out a:rid weighed, and the majority measured for maximum 
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length and breadth (unfortunately the eyepiece micrometer was not 
available when the first animals were killed). The results for 15 
lactating and 12 virgin animals ai·e included in Table 1. The mean 
weight of the parathyroids from the lactating rats, 0.44 mg., was 
significantly greater (t = 2.488; P <0.02) than that from the control 

. virgin ~imals, 0.34 mg. The measurement of length confirmed this 
difference. It is to be noted that the mean body weight of the 
lactating animals was 12 gm. heavier than that of the virgins at 
death, and part, at least, of the difference in parathyroid weight 
m{l-y have been due to tnis body weight difference. Reference to the 
line of regression in Fig. 7 for normal female rats showed that the 
average parathyroid weight for lactating rats was still somewhat 
higher than expected. It was concluded that the experiment indi
cated some increase in parathyroid size in lactating rats, but the 
results were not as striking as those in the rabbit. 

The influence of partial parathyroidectomy on the remaining para
thyroid tissue.-Rosof (1934) made cytological studies of the remain
ing gland following the removal of one parathyroid in the rat. He 
reported finding no significant compensatory hypertrophy of the 
parathyroid cells. This observation, often cited, has been explained 
by assuming that the parathyroid gland has, in normal animals, 
a large margin of potential activity held in reserve. Tweedy and 
Chandler (1929) found that unilateral par.athyroidectomy did not 
appreciably affect the plasma calcium level of rats, indicating that 
sufficient hormone could be produced by one gland to meet normal 
requirements. 

As the rabbit parathyroids had been found to increase in size 
during lactation and apparently more readily than those of the rat, 
the effect of partial parathyroidectomy on the remaining gland was 
contrasted in these two species. 

A group of 14 New Zealand white rabbits of mixed sex had one 
of their external parathyroids surgically removed. The gland was 
taken out under ether anesthesia from the left side of half the 
animals and from the right side of the remainder. The weights of 
these single glands were recorded. At no time after the operation. 
were the rabbits noticed showing any abnormal behavior. The 
second external parathyroid was dissected out and weighed in 
seven animals kille'd 25 days, and seven 50 days following the loss 
of the first gland. It was assumed that at the time of the first 
operation the glands removed were of a size equal to those remain
ing in the animal. On this basis the mean difference in weight 
between the first and second glands removed in each class of seven 
animals was expressed as a percentage of the ·average weight of 
the first glands, giving figures for the relative increase of the 
parathyroids between operations. Control values were calculated 
from the equation Y = aXb fitted to the mean values of normal 
male and female rabbit data collected during the study. The 
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Group 

Partially para-
thyroidectomized 

Calculated con-
trol values• 

Partially para-
thyroidectomlzed 

Calculated con-
trol values• 

TABLE IV. THE EFFECT OF REMOVING ONE PARATHYROID GLAND ON 
THE WEIGHT OF THE REMAINING GLAND IN GROWING RABBITS . 

Weight Weight 
Interval of of 
between Body First Second 

Number Operation Weight Final Body Para- Para-
of and at Body Weight thyroid thyroid 

Animals Kill!ng Operation Weight Gain Removed Removed 
days gm. gm. % mg. mg. 

25 1301 1471 13.1 . 3.21 4.41 

106 3.29 3.56 

50 996 1711 71.9 3.29 6.47 

106 2.78 3.92 

D!fferenc 
In 

Para-
thyroid 
Weight 
% 

37.1 

8.2 

96. 7 

41.0 

*The control values were calculated from the equation: Y = axb, in which Y • parathyroid weight in mg., 
and x - body weight in kg. This equation, fitted to data from 106 rabbits within a body weight range of 
0.450-2.250 kg., gave the relationship: 

y D 5.565x0•637 

equation used, Y = 5.565X0· 637, (Y = parathyroid weight in milli
grams and X = body weight in kilograms) was obtained by employ
ing all the data shown in Table II from rabbits of body weight 450 
to 2250 gm., omitting three animals with the abnormally high para
thyroid weights of 21.5, 26.3 and 29.0 mg. 

The results are shown in Table IV. In one group of seven rab
bits the mean body weight at the time of the first operation was 
1301 gm. and 25 days later at death had increased to 1471 gm. The 
average parathyroid gland during the same period increased from 
3.21 to 4.41 mg., a 37.1 per cent increase. Calculating from the 
control equation Y = 5.565X0• 637 , it was found that for a body 
weight increase from 1301 to 1471 gm. a single normal rabbit para
thyroid would be expected to increase from 3.29 to 3.56 mg., a per
centage increase of 8.2. A similar comparison was made with the 
seven animals having a 50 day interval between operation and death. 
The body weight of this experimental group increased from a mean 
of 996 to 1711 gm. 50 days later. In the same period the single 
parathyroid glands increased from 3.29 to 6.47 mg., an increase of 
96.7 per cent. For the same body weight increase, normal rabbit 
parathyroids were expected-'to increase from 2.78 to 3.92 mg., or 
41.0 per cent. These results indicated that in · the rabbit, for at 
least 50 days after the removal of one external parathyroid, the 
remaining gland showed a compensatory hyperactivity which was 
re:fl.ected in an abnormally large increase in parathyroid size. 

Two aspects of the effects of partial parathyroidectomy were in
vestigated in the rat. In the first experiment, 10 days after the 
operation the mitotic activity of cells in the remaining parathyroid 
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was compared with that of cells in glands of the intact rats. A 
comparison was made in the_ second experiment of the size and 
weight of remaining parathyroids 95 days after operation with 
corresponding measurements in control intact animals. 

Ten young healthy male rats weighing 80 to 100 gm. were divided 
into two groups of five rats each. One group was kept untreated 
for control purposes. In the other group the right parathyroid 
glands were surgically removed from two and the left gland from 
three animals. The operation was performed using tribromethanol 
(Avertin) as an anesthetic, by cutting out a minimum amount of 
thyroid tissue but yet sufficient to insure that all of the parathy
roid gland on that side was excised. The animals quickly recovered 
from this treatment and no ill effects were observed. Ten days later 
the animals of both groups each received a subcutaneous injection 
of colchicine (2 micrograms per gram body weight), and were killed 
after a further 9.5 hours. Colchicine is well known for its disturb
ing effect on the process of cell division. Its action results in the 
accumulation of mitoses. This property of the drug provides a 
technique for comparing the hyperplastic activity of tissues. (For 
further discussion of the method see Worthington and Allen, 1939, 
and Dustin and Chodkowski, 1937). The parathyroid glands, to
gether with adhering thyroid tissue, were fixed in Bouin's solution, 
embedded in paraffin, cut at 7 microns and stained with Delafield's 
hematoxylin arid eosin. Sections of the parathyroids were examined 
under the microscope at 880 magnifications and the number of 
mitotic figures in 30 fields for each gland counted. The results are 
shown in Table V. In the control group, where the figure for each 
animal was derived from averaging the counts on two glands, the 
mean mitotic count was 17.0+5.45. The corresponding mean for 
the glands remaining after partial parathyroidectomy was 27.2±8.49, 

TABLE V. THE EFFECT OF REMOVING ONE PARATHYROID GLAND 
ON THE MITOTIC ACTMTY OF THE REMAINING GLAND IN YOUNG MALE RATS 

Average 
Mitotic Mitotic 

Body Weight count in Count in 
Group Animal of Animal Parathyroid Parathyroid 

Number .. m. 

Untreated con- 1 120 14.0* 
trol rats 2 131) 20.5 

3 88 26.0 
4 121 11.5 
5 120 13.0 

Rats with one 1 99 21.0 
parathyroid 2 120 25.0 
removed 10 days 3 123 28.0 
prior to killing 4 133 43.0 

5 115 19.0 
n.1 

*The mitotic counts in the control group represent the mean of counts for the two glands of each animal. 
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a figure 60 per cent above the control value. On the surface, this 
appeared good evidence that mitotic activity in the remaining para
thyroid gland had increased, but further calculation indicated that 
the difference was not statistically significant (t = 2.024, P>0.05). 

In the second experiment, 20 young male rats were divided into 
two groups at random and the nine animals of one group partially 
parathyroidectomized in the manner already described. All ani
mals were then kept for 95 days under similar conditions, receiving 
the stock rat diet previously outlined. At th~ end of this period all 
rats were killed, their parathyroids dissected out, measured and 
weighed. Table VI gives the average results. The operation had 
little effect on the growth rate of the rats. The mean initial body 
weights of control and experimental groups were 119 and 118 gm. 
and the mean final weights 255 and 250 gm., respectively. The 
average weight of single parathyroids from the partially parathy
roidectomized rats was 0.28 mg. as contrasted with an average of 
0.20 mg. for the contr.Ql animals. This difference was statistically 
significant (t = 2.666 P <0.02). The difference favoring the oper
ated group in parathyroid measurements were slight. 

TABLE VI. THE WEIGHT AND SIZE OF THE PARATHYROID GLANDS 95 DAYS 
AFTER PARTIAL PARATHYROIDECTOMY IN THE YOUNG MALE RAT 

Weight of 
Number Initial Final a Single 

of Body Body Parathyroid Size of Parathvrolds 
Group Animals Weight Weight Gland Length Breadth 

gm. gm. mg. mm. mm. 

Control 11 119 255 0.20±0.042 1.10±0.153 0.79±0.117 

Partlatly para- 9 118 250 0.28±0.082 1.18±0.201 0.80;::0.141 
thyroldecto-
mi zed I 

The combined evidence obtained from the two rat experiments 
was interpreted as showing that a certain degree of compensatory 
activity as expressed by increased mitotic activity and increase in 
gland size occurred following partial parathyroidectomy, but on the 
diet used, which liberally supplied calcium and vitamin D, the 
degree of compensation required was not great. 

HYPOP ARATHYROIDISM 
Review of Literature 

Following recognition of the parathyroid glands as organs distinct 
from the thyroids, investigators began to study the effects of para
thyroidectomy in various species in an endeavor to determine the 
normal function of these newly discovered endocrine glands. The 
results of much of the earlier work are difficult to interpret, as 
factors such as nutrition, now known to be of prime importance in . 
such experiments, were not adequately controlled. The necessity 
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for rigidly defining the conditions before and after parathyroidec
tomy is now recognized. In the following review, the abnormalities 
following parathyroidectomy will be described as found in an animal 
suffering acutely from parathyroid deficiency, and thereafter, fac
tors affecting the severity of the symptoms and metabolic disturb
ances will be discussed. 

Symptoms of tetania parathyropriva.-The onset of acute symp
toms following parathyroidectomy has been described for dogs by 
MacCallum and Voegtlin (1909), Simpson (1922) and Shelling 
(1935). According to these authors, the animals' appetite failed 
and they became restless. Fibrillary twitching gradually appeared 
and increased in intensity in various muscles, especially fo those of 
the face, shoulder, back and tail. Tremors over the whole body 
and clonic movements of the limbs developed. Some animals passed 
into a condition in which all the muscles were in rigid spasm. 
During tetany the rectal temperature, which previously had been 
normal, was somewhat elevated. Respiration was described as rapid. 
Death frequently occurred at the height of the spasm, probably 
from respiratory failure. On the other hand, some dogs recovered 
from the first attack, but were subject to further violent tetany at 
varying intervals. This clinical picture is fairly typical of that 
found in severe cases of parathyroid insufficiency in other species. 

Calcium and phosphorus metabolism after parathyroidectomy.
Among the metabolic changes which occur in animals severely 
affected by the loss of their parathyroid glands, four deserve special 
attention. These are: (1) a fall in serum calcium, (2) a fall in 
urinary calcium excretion, (3) a fall in urinary phosphorus excre
tion, (4) a tendency for serum inorganic phosphorus to rise. 

Maccallum and Voegtlin (1909) first showed that blood taken 
from parathyroidectomized dogs during tetany was abnormally low 
in calcium. Since that time ample confirmation of this hypocalcemia 
has been reported in many species suffering from severe parathyroid 
deficiency, so. that this condition is now recognized as the most 
striking. metabolic change associated with parathyroidectomy. How
ever, an explanation for this abnormality has not been as readily 
forthcoming. MacCallum and Voegtlin (1909) found an increased 
loss of calcium in the urine and feces on the development of tetany. 
Later work has failed to confirm this. Cooke (1910) found that 
the urinary excretion of calcium in fasted dogs was unchanged 
after parathyroidectomy. Greenwald and Gross (1925a), using dogs, 
reported a decrease in the urine calcium. Albright and Ellsworth 
(1929) confirmed this in a young human patient suffering from 
idiopathic hypoparathyroidism. These authors suggested that there · 
was a threshold for urinary calcium excretion just below the normal 
value for serum calcium. When the serum calcium level fell below 
this threshold after parathyroidectomy, urinary calcium excretion 
would thus be diminished. Robertson (1941) studied seven patients 
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with parathyroid deficiency. The diet contained 0.28 gm. calcium 
and 1.55 gm. phosphorus. Caicium excretion, in both. the urine and 
feces, was diminished during periods of tetany, but this investigator 
believed that some of the results did not support the theory of a 
threshold for calcium, as one of the patients with a serum calcium 
level of 5.5 mg. per cent excreted a normal proportion of calcium 
in the urine. 

The reduced urinary excretion of phosphorus is more marked than 
that of calcium. Greenwald (1911) first drew attention to the very 
great decrease in the urinary elimination of phosphorus after para
thyroidectomy in dogs. This decrease was not accompanied by an 
in~reased excretion in the feces, so the net result was a marked 
retention of phosphorus. In later work, Greenwald (1926) con
firmed his earlier results. Without a corresponding increase in 
fecal excretion, the failure of phosphorus excretion in the urine of 
parathyroidectomized animals should lead either to an increase in 
the blood phosphorus level, or to a deposition of phosphorus in the 
tissues; or possibly to both. Salvesen (1923) found an early rise 
in the serum inorganic phosphate of the dog after parathyroidec
tomy. He reported that after the first rise, the phosphate might fall 
somewhat, but to a level still above the normal value. Greenwald 
(1913), in early work, found significant increases in the "acid
soluble" phosphorus of the blood, but later (Greenwald, 1924) re
ported that this rise was not so marked, and expressed the opinion 
that the retained phosphorus had been deposited in the tissues. 
Evidence has accumulated, however, establishing the tendency for 
an increase in serum inorganic phosphate in cases of parathyroid 
insufficiency. Hastings and Murray (1931), Weaver and Reed (1929) 
and Evans et al. (1937) in the dog, Shelling (1932), Jones (1934) 
and Bodansky and Duff (1941a) in the rat, Gates and Grant (1927) 
and Collip (1926b) in the rabbit, and Albright and Ellsworth (1929) 
in a young human patient, all report abnormally high phosphate 
values. In general, it appears that the tendency for serum inorganic 
phosphate to rise is definite, but not as strikingly expressed as that 
for the fall in calcium. 

As total fecal calcium and fecal phosphorus represent both un
absorbed food and endogenous calcium and phosphorus, the tech
niques for determining the amount of these minerals excreted into 
the intestine from the blood stream are more complicated and sub
ject to more errors than those covering other excretory paths. 
This may e:x:plliiin in part the lack of agreement in the results of 
various workers. Cooke (1910) found that the -total calcium contents 
of the feces of normal and parathyroidectomized dogs were very sim
ilar. Salvesen (1923) reported that calcium, injected intravenously 
into parathyroidectomized dogs, was rapidly excreted in the feces. 
He believed this result showed that there was a lowered threshold 
for the excretion of calcium through the intestine in these animals. 
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Greenwald (1926), working with parathyroidectomized dogs fed a 
moderately low calcium diet, found that after the injection of 

calcium salts the animals retained increased amounts of both cal
cium and phosphorus, although after several days the amounts of 

these elements in the feces increased somewhat. Taylor and Fine 
(1930) determined the excretion of calcium into the isolated small 
and large bowels of normal and parathyroidectomized cats. Their 
results supported those of Salvesen (1923). The excretion of in
jected calcium through both the large and small bowels was several 
times greater in parathyroidectomized cats than in the normal ani

mals. 
Investigation of the factors affecting the severity of parathy

roprivic tetany has thrown some light on these metabolic changes. 
Factors affecting the condition of an animal after parathyroidec

tomy. 1. Completeness of the opera,tion.-A study of the comparative 

anatomy of the parathyrpid glands emphasizes the difficulty of in

suring removal of the main glands together with all possible scat
tered accessory glandules. At the time when the question of the 
indispensability of the parathyroid glands was being actively de

bated, some workers believed that the survival of an animal after 
parathyroidectomy proved conclusively that the operation had not 
been complete. Since it has been demonstrated that by the manipu

lation of other fa.ctors ~he condition of a parathyroidectomized ani
mal may be changed at will, lesser importance has been attached 
to the influence of possible small parathyroid accessory glandules. 

Another surgical complication occurs in animals such as the dog 
and cat, in which it is usually not possible to remove the parathy
roids without also performing a thyroidectomy, due to the intimate 
association of these two glands. As the thyroid glands are known 

to influence calcium metabolism under certain conditions, the rat, 
in which simple parathyroidectomy can be performed easily, has 

largely replaced the dog as an experimental animal for this type 
of work. 

2. Nutrition.-MacCallum and Voegtlin (1909) showed that the 
administration of calcium, either subcutaneously, intravenously, or 
by stomach tube, rapidly alleviated the symptoms of tetany in para
thyroidectomized dogs, and that by further similar treatments as 

signs of the onset of convulsions appeared, the dogs could be kept 
in an apparently normal condition for a considerable length of time. 
Marine (1914a) reported that meat aggravated tetanous symptoms, 
and milk, bone and other foods rich in calcium were protective. 
However, this worker befieved that the effects of calcium were palli
ative only and if the dog were completely parathyroidectomized, 
calcium would not permanently prolong life. 

Oral administration of large amounts of calcium lactate together 
with reneated intravenou~ injection of Ringer's solution was claimed 

by Luckhardt and Blumenstock (1922) to preserve the life of para
thyroidectomized dogs indefinitely. 
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In 1922, Dragstedt reported that completely thyroparathyroidec
tomized dogs could be kept alive for periods greater than one year 
by diets containing large amounts of lactose. The feeding of large 
quantities of meat, or the administration of phosphorus resulted 
in the return of tetany. In 1923, Dragstedt and Peacock reported 
further work of this nature and claimed to have confirmed the 
previous work with lactose feeding. To account for their results 
they advanced the theory that the function of the parathyroids was 
to detoxify poisonous compounds which might arise from the activ
ity of the proteolytic group of intestinal bacteria and be absorbed 
into the blood stream. They suggested that in the parathyroidec.
to:r:nized animals these compounds were not destroyed and caused 
tetany. Large quantities of lactose in a diet without meat inhibited 
bacterial proteolysis in the intestine and the production of intestinal 
poisons. An examination of the records of these experiments shows, 
however, that the dogs, even though receiving up to 125 gm. of 
lactose per day, were by no means free from tetany. The diet merely 
prolonged their lives somewhat. Milk feeding also gave improved 
results which the authors believed were due to the lactose content 
of this food. 

Salvesen (1923) managed to keep four dogs alive indefinitely by 
feeding them on milk (not less than 500 ml. per day) and porridge 
or bread after a preliminary period when calcium chloride was in
jected to relieve tetany. Five untreated dogs died within three and 
one-half days after parathyroidectomy. Meat feeding always pro
duced tetany. If calcium was removed from the milk, the latter no 
longer prevented the occurrence of tetany. On the other hand, if 
the same amount of calcium that was present in the milk was fed, 
the dogs remained normal, even if meat was fed also. The author 
concluded that beneficial results from feeding milk to animals with 
a deficiency of parathyroid hormone were due to the high content 
of calcium in the milk. 

Confirmation of the beneficial effects of lactose feeding came from 
the work of Inouye (1924), who found that feeding either galactose 
or lactose served to prevent the onset of tetany in dogs. Parenteral 
administration of those sugars was of no value in preventing tetany, 
suggesting that the site of the beneficial action was somewhere in 
the intestinal tract. 

In 1926, Dragstedt claimed that milk fed in amounts of 500 to 
1000 ml. per day would not protect dogs on a diet of milk and white 
bread from tetany, without the addition of extra calcium. Green
wald and Gross (1929) found that thyroparathyroidectomized dogs 
on low calcium diets consisting mainly of shredded wheat and dried 
meat, were not protected by lactose feeding. If sufficient calcium 
was added to the diet tetany was prevented. These authors sug
gested that any benefit from the lactose must be through an action 
rendering calcium more available to the animal. 
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The tavorable effect of lactose on calcium metabolism has been 
demonstrated since that time in several species, including the rat 
(Bergeim, 1926; Mitchell et al. 1937; Outhouse et al. 1937; Outhouse 
et al. 1938), the dog (French and Cowgill, 1937), the calf (Robinson 
et al. 1929), the chick (Kline et al. 1932) and man (Mills et al. 1940). 

Despite the fact that phosphorus metabolism was known to be 
profoundly disturbed by parathyroidectomy, little attempt had been 
made to investigate, in any comprehensive manner, the effect of 
systematically varying both the level and the ratio of calcium and 
phosphorus in the diet of parathyroidectomized animals until the 
work of Shelling (1932). Rats were used in these experiments to 
avoid undue disturbance of the thyroid during parathyroidectomy. 
All diets were low in vitamin D. Farathyroidectomized rats offered 
diets low in calcium, 0.012 to 0.040 per cent, and containing 0.250 
to 0.475 per cent phosphorus, developed severe tetany. The serum 
calcium levels ranged from 2.5 to 7.2 mg. per cent and serum inor
ganic phosphorus was high, ranging from 4.7 to 20.8 mg. per cent. 
Other groups of similarly operated rats were placed on a rachi
togenic diet with a calcium content of 1.240 per cent and a phos
phorus content of 0.250 per cent. The serum calcium of this group 
ranged between 8.2 and 14.0 mg. per cent and the serum inorganic 
phosphorus between 3.4 and 6.2 mg. per cent. This latter diet was 
most effective in relieving tetany. Continuing their work, these 
investigators tested diets low in both calcium and phosphorus, 
optimum in calcium and phosphorus and very low in calcium and 
high in phosphorus. They concluded that not only was the absolute 
amount of dietary calcium of importance, but that the phosphorus 
content was equally important since it appeared to determine whether 
or not a given amount of calcium would be efficacious in relieving 
tetany. Shelling suggested that conflicting conclusions drawn from 
previous work could be explained on the basis of differences in the 
phosphorus content of diets to which calcium or calcium containing 
foods had been added. Shortly afterward, Ellsworth (1933) and 
Shelling and Goodman (1934) reported successful results from plac
ing patients suffering from parathyroid deficiency on a low phos
phorus, high calcium dietary regime. 

In 1934, Jones confirmed part of Shelling's (1932) work .. He 
showed that the level of calcium was normal and inorganic phos
phorus low in the serum of young parathyroidectomized rats on a 
low phosphorus rachitogenic diet. These rats developed rickets as 
readily as normal rats. On a diet lower in calcium, high serum 
phosphorus and low serum calcium values were found in the oper
ated animals, but there was a normal per cent ash in the femurs. 

The addition of 4 per cent of basic aluminum acetate to diets low 
in calcium protected rats from tetany over short experimental periods 
following parathyroidectomy (Jones, 1936) . The serum inorganic 
phosphorus remained low. Serum calcium was normal or slightly 
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low. The results of Bodansky and Duff (194lc) from s'imilar work 
with pregnant rats agreed well with those of Jones for nonpregnant 
animals. The aluminum salt had presumably reduced absorption 
of phosphorus from the food by the formation of insoluble phos
phates in the intestine. This work again emphasizes the important 
role of phosphorus in the appearance of tetany after parathyroidec
tomy. 

Hoskins (1935), after a study of the relation between diet and 
tetany, concluded that diets with high calcium phosphorus ratios 
protected parathyroidectomized rats from tetany, but a gradual re
duction in this ratio did not bring about a corresponding increase 
in the percentage of animals suffering from tetany. After the 
operation no symptoms of tetany developed in any of 57 rats fed a 
diet with a calcium-phosphorus ratio of 1.66. Thirty per cent 
mortality occurred with a diet in which the calcium-phosphorus ratio 
was 0.83 and this death rate was not exceeded on a diet almost 
devoid of calcium. Tetany was not present when serum calciul-.l 
values were normal, but low calcium levels did not necessarily 
bring about a tetanous condition. In this work no determinations 
of serum inorganic phosphate were made. 

Templeton et al. (1937) drew attention to the importance of food 
intake immediately following parathyroidectomy. In an environ
mental temperature of 88 to 92° F., the percentage of animals that 
survived without tetany up to 24 hours after the operation was 
only 15 per cent in the fasted group as compared to 65 per cent in 
the group receiving feed. Bodansky and Duff (194la, b and c) 
carried out experiments similar to those of Shelling (1932), but 
extended the work to pregnant rats. Their results again empha
sized the paramount significance of both the absolute and relative 
amounts of calcium and phosphorus in the diet as factors influencing 
the condition of animals following parathyroidectomy. 

It is interesting to notice how this factor, the mineral composition 
of the diet, has been accorded more and more importance through
out these series of investigations. The importance of other dietary 
factors is now being assessed largely in terms of the effect they 
may have upon the metabolism of calcium and phosphorus. 

8. Species.-There is a marked difference in the reaction of differ
ent species to parathyroidectomy. How much of this variation is 
due to differences in the natural diets of these animals and how 
much to the inherent differences in resistance to tetany, is not 
known. With appropriate feeding and therapy, investigators appear 
to be able to extend the lives of a large variety of parathyroidec
tomized animals indefinitely. There ~eem to be no available reports 
of experiments comparing the mortality of groups of parathyroidec
tomized animals of different species on . the same diet in the same 
environment. Disregarding the diet factor, it would appear from 
reports in the literature, that dogs, cats and rabbits have a high 
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mortality, that humans, monkey, rats and guinea pigs are somewhat 
more resistant, and goats and sheep most resistant to tetany. 

4. Age.-Young rapidly growing animals are more susceptible to 
tetany than older, mature animals. This has been reported for 
several species: for the rat (Hammett, 1927) ; for the dog (Marine, 
1914a) ; for sheep (Simpson, 1913). 

5. Tempera,ture.-Genitis et al. (1935) found that at temperatures 
of 80 to 93° F. during the first 24 hours after parathyroidectomy 
under fasting conditions, 60 per cent of the rats died, while at 
temperatures from 54 to 70° F., only 9 per cent of the rats succumbed. 

6. Sex.-In the cat, Nicholas and Swingle (1925) and in the rat, 
Hammett (1927) reported sex differences in reaction to parathy
roidectomy were not significant. Overholser (1929) could find no 
difference between castrate and normal male rats in their suscepti
bility to tetania parathyropriva. 

7. Pregna,ncy a,nd lactation.-Numerous workers have noted in 
para'thyroidectomized animals an increased susceptibility to tetany 
toward the end of pregnancy. In dogs this has been reported by 
Carlson (1913), Marine (1914a), Dragstedt et al. (1924), Larson 
and Fisher (1927) and Kozelka et al. (1933). Carlson (1913) found 
no difference between non-pregnant and pregnant cats, but all ani
mals quickly succumbed after the operation. Chandler (1932), N el
son and Tobin (1937), Folley (1938) and Bodansky and Duff (1941b) 
all reported an increased incidence of tetany in the parathyroidec
tomized rat as the time for parturition approached. 

Dragstedt et al. (1924), Chandler (1932) and Kozelka et al. (1933) 
found that during lactation, tetany might again become severe. 
The two tatter workers obser ved that lactating animals with large 
sucking litters were more likely to suffer than those with smaller 
litters. Folley (1938) found few signs of tetany in lactating rats; 
however, milk production was much reduced in his thyroparathy
roidectomized a_nimals. 

The parathyroidectomized animal.-There seems little reason to 
doubt that a fall in serum calcium following parathyroidectomy is 
the main factor bringing about a hyperirritable condition of the _ 
nerves and muscles. McLean et al. (1935), using the frog heart 
method for determining the concentration of calcium ions, showed 
that when the level of total calcium in the serum was low, the con
centration of the physiologically important calcium ions- was also 
low. These investigators could not determine exactly at what con
centration of calcium ions tetany occurred. It is possible, however, 
that differences in the concentration of other ions such as sodium, 
potassium, magnesium and hydrogen in the fluids bathing the tissues 
might account for such variability. 

Phosphorus retention could possibly increase the severity of 
tetany in two ways. An increase in the phosphate ions in the serum 
may tend to decrease ·the concentration of calcium ions. McLean 
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and Hinrichs (1938) showed that when phosphate at the pH of the 
plasma was administered intravenously, or orally, so as to raise the 
inorganic phosphorus of the plasma appreciably, a colloidal calcium 
compound was formed at the expense of both protein bound cal
cium and calcium ions. According to Gersh (1938), this colloidal 
calcium phosphate was quickly phagocytized by the macrophages of 
the liver and spleen. 

Again, when the parathyroidectomized animal has difficulty in 
excreting excess phosphate through the kidneys, the excretion path 
may shift to the intestine, where a loss of both calcium and phos
phorus may occur with the excretion of some insoluble calcium 
phosphate. Shelling (1935) stresses the importance of this rela
tionship and presents considerable evidence in support of his views. 
In parathyroidectomized rats, when extra calcium was added to the 
stock diet containing about 0.5 per cent each of calcium and phos
phorus, retention of phosphorus was averted by an increased excre
tion of both calcium and phosphorus in the feces. This brought 
about a diminution in the concentration of inorganic phosphorus in 
the serum, an increase in the level of serum calcium and an allevi
ation of tetany. According to Shelling (1935), the explanation for 
the large supply of dietary calcium required by the parathyroidec
tomized animals was that this added calcium facilitated the excre
tion of excess retained phosphate. It is also possible that the high 
calcium phosphorus ratio of the diet resulted in less phosphorus 
being absorbed from the intestinal tract. 

To sum up: The animal with its parathyroids removed is less likely 
to survive certain changes in its environment, especially those rad
ically affecting the metabolism of calcium. The lives of such animals 
may be preserved by varying the dietary mineral supply to meet 
their varying mineral requirements, but this fact does not detract 
from, but rather emphasizes, the vital importance that must be 
attached to the functioning of the parathyroid glands in a normal 
animal facing changing conditions of mineral metabolism. 

Experimental 

Parathyroidectomy in the Goat.-MacCallum et al. (1907) para
thyroidectomized eight goats with the result that two showed no 
symptoms at any time, four were seen with twitching muscles and 
two animals suffered violent attacks of tetany. Five sheep were 
similarly treated, but showed practically no ill effects following the 
operation. In two animals very slight muscular twitchings were 
noted. Simpson (1921) claimed to have parathyroidectomized three 
pregnant ewes. No acute symptoms were observed in two cases, 
while in the third a dead fetus was aborted some months after the 
operation and acute tetany developed. The results of these experi
ments have led to the belief that herbivora may be relatively toler
ant to the removal of the parathyroid glands. In this connection, 
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the results obtained with three young goats during the present 
studies are of special interest. 

A male and female goat each weighing approximately 9 kg. and 
a young hermaphrodite weighing about 15 kg. were used in this 
experiment. These animals had been receiving a ration of milk, 
grain and alfalfa hay. Blood samples were drawn from the jugular 
vein and the calcium content determined by the method of Clark 
and Collip (1925). After a short preliminary period during which 
the normal calcium levels in the blood were checked, the male and 
female goats were parathyroidectomized. The animals were given a 
local anesthetic and the external parathyroid glands located and 
removed along with minimal amounts of the lateral lobes of the 
thyroids sufficient to insure complete removal of the internal para
thyroids. The hermaphrodite was similarly treated with the excep
tion that the external parathyroid glands were left intact. 

The wounds healed rapidly and cleanly in all three animals and 
as none showed any acute symptoms on the original diet, a low 
calcium diet of corn and wheat straw was fed from the sixth to 
the nineteenth day after the operation. On the thirteenth day the 
female parathyroidectomized goat was found with its legs so stiff
ened that it was unable to rise. Within a few hours normal use of 
the legs was recovered. This was the only acute symptom of this 
type noted during the experiment. The parathyroidectomized ani
mals be.came progressively weaker; therefore, on the nineteenth day 
alfalfa hay was added to the ration. On the morning of the twenty
fourth day both male and female goats were found dead. The ap
pearance of the lungs suggested that pneumonia was the immediate 
cause of death. All three goats appeared to suffer from cold weather 
after the operation, probably due to the loss of a major portion of 
their thyroid glands. Apart from this, the hermaphrodite goat ap
peared to be in normal health. 

The results of the determinations of serum calcium are plotted 
in Fig. 9. Although no acute symptoms occurred during the first 
six days after the operation, the serum calcium levels dropped 
sharply in the two parathyroidectomized animals. After 14 days 
of corn and straw feeding, the calcium content was not much lower 
than at the sixth day after loss of the parathyroids. Calcium values 
continued to fall slowly until the death of the goats. After a slight 
post-operative drop, the serum calcium values of the control goat 
were maintained at the pre-operative level throughout the experi
ment. 

The results of this experiment leave little doubt as to the important 
role played by the parathyroid glands in regulating calcium metab
olism in the young goat. A significant feature of the work was the 
finding that even though calcium metabolism was profoundly dis
turbed by parathyroidectomy, acute symptoms did not necessarily 
follow. It is possible then, that in the animals reported by Mac-
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Fig. 9.-Effect of parathyroidectomy on the serum calcium of young goats. 

Callum et al. (1907) and Simpson (1921) as showing no abnormal
ities after parathyroidectomy, changes in calcium metabolism might 
have been demonstrated by blood analyses. 

THE PARATHYROID HORMONE 
Review of Literature 

·After having considered literature concerned with certain of the 
effects of removing the parathyroid glands, it is logical to pass on 
to a discussion of what is known about the hormone by means of 
which these ductless glands exert their influence upon mineral 
metabolism. Although parathyroid extracts which have been pre
pared up to the present time contain certain substances other than 
the hormone itself, their use has thrown much light upon the action 
of that hormone. 
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Effect of parathyroid hormone upon calcium and phosphorus 
metabolism.-Experiments with parathyroidectomized animals have 
indicated what might be expected of potent parathyroid extr acts. 
Parathyroidectomy tends to bring about a fall in serum and urinary 
calcium, a fall in urinary phosphorus, a rise in serum inorganic 
phospnorus and a hyperirritable condition of nerves and muscles. 
An active extract containing parathyroid hormone raises serum 
calcium, promotes an increased urinary excretion of calcium and 
phosphorus, tends to bring about a fall in serum inorganic phos
phorus and establishes normal nerve and muscle irritability. 

The ability of parathyroid extracts to raise the level of serum 
calcium in both normal and parathyroidectomized animals was early 
demonstrated by Collip (1925), Fisher and Larson (1925) and Ber
man (1926) and the results of these workers have been confirmed 
many times since. 

Later work has been designed to determine what changtis may 
take place in the relationship between different fractions of blood 
calcium under the influence of varying concentrations of parathy
roid hormone. In hyperparathyroidism in dogs, Benjamin and Hess 
(1933) reported approximately proportionate increases in all the 
fractions of calcium determined by their ultrafiltration and absorp
tion method. Greenberg and Gunther (1932) found that the serum 
calcium rise in dogs after parathyroid administration was about 
equally divided between both diffusible and non-diffusible fractions. 

Gilligan et al. (1933), working with human patients, found that 
the increase in calcium content of edema fluid following the injec
tion of parathyroid extract was quantitatively similar to that of 
the serum calcium. The edema fluids were considered by. these 
workers to be simple dialysates in equilibrium with the blood plasma, 
so that the investigators inferred from their results that it was 
mainly the diffusible calcium fraction of the plasma which was 
increased by the parathyroid hormone. Cantarow et al. (1937) 
induced a state of acute hyperparathyroidism in six dogs by repeat
edly injecting parathyroid extract. The total serum calcium level 
rose to maximum values of 20.3 to 23.6 mg. per cent. Determina
tions of the diffusible calcium fraction indicated that both total and 
diffusible serum calcium increased proportionally. In 1938, Canta
row et al. reported the calcium of the serum and that of peritoneal · 
fluid increased to the same extent after the injection of parathyroid 
extracts. There was at first a proportionate increase in these two 
values, but the increase in the diffusible fraction continued for some 
hours after the non-diffusible fraction had begun to diminish. They 
suggested that the hormone might facilitate the diffusion of calcium 
from the blood to the tissue fluids. 

McLean et al. (1935) studied the concentration of calcium ions in 
cat serum by the frog heart method over a range from parathy
ropriv~::! hypocalcemia to hypercalcemia following the injection of 



44 MISSOURI AGRICULTURAL EXPERIMENT STATION 

parathyroid extract. They concluded that changes in the state of 
calcium were simply those predicted by the mass law equation 

[Ca••] X [Prot.=] 
-------=K 
Ca Prot. 

In hyperparathyroid conditions, the serum protein level did not 
change and calcium ions were increased in concentration. 

Studies of the urine have shown that as the serum calcium rises 
after the administration of parathyroid extracts, the excretion of 
calcium by the kidneys increases. Results on fecal excretion of 
calcium are more irregular. Albright et al. (1929), studying cal
cium and phosphorus metabolism in human patients on a low 
calcium diet, found parathyroid extracts gradually increased urinary 
calcium excretion, but fecal calcium excretion was not affected. 
Dyer (1932) and Logan (1939) report increases in the urinary cal
cium t:or the rat. Pugsley (1932), using the rat, found an increase 
in both urina'ry and fecal excretion. ·Stewart and Percival (1927) 
and Taylor and Fine (1930) were unable to show that parathyroid 
extract caused any increase in the excretion of calcium into the 
intestinal lumen of cats. 

Many workers have demonstrated and established the fact that 
the parathyroid hormone brings about a striking increase in phos
pho.rus excretion in the urine. Among these are Greenwald and 
Gross (1925b) working with dogs, Pugsley (1932) and Logan (1939) 
with rats, and Albright et al. (1929) and. Ellsworth (1932) investi
gating human reactions to the hormone. 

With a marked increase in phosphorus excretion, a fall in serum 
inorganic phosphorus might be expected. Such a reduction does 
occur, but is not necessarily a constant finding according to liter
ature reports. Collip (1926a), reporting on experiments in which 
parathyroid extracts were injected into dogs, observed little lower
ing of the serum inorganic phosphorus level, but with the same 
species, Greenberg and Gunther (1932) and Cantarow et al. (1938) 
found a consistent, if rather slight, initial depression of the in
organic phosphorus level. Similar small decreases are reported for 
the rat by Logan (1939). In the hum an, Ellsworth (1932) reported 
that parathyroid extracts caused a definite drop in the serum in
organic phosphorus of patients suffering from post-operative hypo
parathyroidism. Similar decreases in the serum inorganic phos
phorus were found by Albright et al. (1929) and Gilligan et al. 
(1933) in a variety of human patients after the administration of 
parathyroid extracts. 

It is well established that the hormone brings about the resorp
tion of calcium and phosphorus from the bony tissues. Fibrous 
bone lesions, indicative of mobilization of calcium and phosphorus 
from the skeletal reserve, have been described in the dog by Jaffe 
and Bodansky (l930) and Johnston (1932b), in t he rat by Johnston 
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(1932a) and Shelling (1932) and in the guinea pig by Jaffe et al. 
(1930). In the rabbit, Bauer et al. (1929) observed a reduction of 
the bony trabeculae after injecting the animals with parathyroid 
extract. 

The concentration of the enzyme phosphatase in the blood may be 
raised in conditions of hyperparathyroidism. Shelling (1935) cited 
20 Bodansky units per 100 cc. serum as an average figure for ad
vanced cases of von Recklinghausen's disease, contrasting it with 
that of 1.5 to 4.0 units for 100 cc. of normal adult serum. Hansen 
et al. (1938) injected parathyroid extracts into patients with os
teogenesis imperfecta in whom the plasma phosphatase was within 
normal limits. The enzyme content of the plasma was greatly de
pressed. Taylor et al. (1931) observed that parathyroid extracts 
reduced the plasma phosphatase in rats and dogs, but not in fowls. 
In cases of acute hyperparathyroidism produced artificially in dogs, 
a rise in serum phosphatase was recorded by Cantarow et al. (1937) . 
It seems likely that differences in the reaction of animals to varying 
doses of the hormone may have lead to these contradictory results. 

Factors affecting the action of the parathyroid hormone. 1. Mode 
of administration.-According to the reports of Collip (1926a) and 
Tweedy and Torigoe (1932), the parathyroid hormone is either a 
protein or a substance closely allied to proteins. Since its potency 
is destroyed by the action of pepsin and trypsin, it is not surprising 
that oral administration was found to be ineffective by Collip et al. 
(1925). Allardyce (1931) showed that intravenous injection in dogs 
gave a miximum elevation of serum calcium in 4 to 8 hours in con
trast with 15 to 24 hours for intramuscular or subcutaneous admin
istration. The response was definitely less following the intravenous 
injection. 

2. Species.-Collip (1926a) ranked the dog as the most sensitive 
animal to injections of parathyroid extracts. Cats were quite sensi
tive, but rats and rabbits required proportionately very high doses 
of hormone before the serum calcium was elevated. Taylor et al. 
(1931), on the basis of extensive experimental work and a review of 
other data then available, concluded that dogs were most sensitive. 
to the effects of the hormone, cats somewhat less sensitive, guinea 
pigs, rabbits and chickens more resistant and rats and mice most 
resistant. Since that time, no evidence has been produced which 
would radically change these rankings. · 

8. Parathyroidectomy.-Collip et al. (1925) reported that the rise 
in serum calcium was a little greater in parathyroidectomized than 
in normal dogs after the injection of a single dose of potent extract, 
but later, Collip and Clark (1925) could find little difference in re
sponse. Hanson (1928) maintained that parathyroidectomized dogs 
responded more uniformly to the hormone. 

4. Size of dose and period of administration.-The effects of single 
subcutaneous injections of parathyroid extracts on serum calcium 
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in dogs were studied by Collip and Clark (1925), Allardyce (1931) 
and Logan (1939). The calcium rise was found to be gradual, with 
the maximum value reached in from 12 to 18 hours. Thereafter, the 
serum calcium slowly returned to normal. According to Logan 
(1939), the urinary phosphate excretion and serum calcium level 
increased and the plasma inorganic phosphate decreased during the 
first hour after the injection of hormone. The increase in urinary 
excretion of calcium occurred somewhat later in some cases. 

SeriOus overdosage effects can be produced by repeated injection 
of large doses of parathyroid extracts. The condition has been 
studied most extensively in dogs. When injections of parathyroid 
extract were repeated at short intervals, Collip et al. (1925) found 
that the serum calcium rose steadily to maximum values around 20 
mg. per cent. Many animals suffered from vomiting spells. Con
tinued injection resulted in no further increase in serum calcium, 
but high serum inorganic phosphorus values were recorded. Some 
animals died. Cantarow (1937) reported a terminal rise in blood 
non-protein nitrogen, serum protein and inorganic phosphate and a 
diminution in corpuscular ester phosphorus in dogs in which a 
state of acute hyperparathyroidism had been induced. Shelling et 
al. (1938) suggested that the symptoms of parathyroid overdosage 
were due to extreme dehydration. They found that injections of 
parathyrofd extract, repeated every 4 hours, at first produced a great 
loss of water, sodium, chlorine, calcium and phosphorus from the 
body by way of the kidneys. Later, the loss of water and elec
trolytes diminished and death occurred generally at 40 to 60 hours 
from the start of the injections. The ill effects of the overdosage 
were overcome when the water and electrolytes were replaced by 
injecting saline solutions intravenously every 4 hours. 

Calcification of the soft tissues in animals suffering from acute 
hyperparathyroidism has been described by Collip (1926a), Hueper 
(1927), Learner (1929) and Chown et al. (1939). 

As mentioned above, characteristic resorptive and fibrotic changes 
are found in the bones of various ep:perimental animals after the 
administration of parathyroid hormone. However, this bone picture 
is a constant finding only within a short time after the injection of 
moderate doses of parathyroid extracts, or after high doses. In 
these cases, the amount of extract which constitutes a moderate or 
a high dose depends largely on the sensitivity of the animal being 
used. Small doses of extract, or moderate doses for a long period 
of time, lead finally either to little bone change, or to a stimulation 
of new bone formation. 

Bauer et al. (1929) found that the serum calcium was raised and 
bone trabeculae depleted in rabbits receiving parathyroid extract 
daily for 91 days, but in rats similar treatment resulted in a diminu
tion in bone length and an increase in the density and number of 
trabeculae. Histological examinations of the long bones of rats 



RESEARCH BULLETIN 352 47 

treated with various doses of parathyroid extract for different 
periods of time were made by Selye (1932). Acute hyperparathy
roidism produced a bone picture typical of ostei.tis fibrosa, i. e., 
marrow fibrosis, numerous osteoclast cells and the disappearance 
of osteoblasts and trabeculae. After continued injection of mod
erate doses of the extract, an entirely different picture was pre
sented. After a period of typical resorptive changes, osteoblast 
cells increased, osteoclast cells decreased in number, bone formation 
was stimulated and an increase in the trabeculae finally resulted. 
This worker claimed that very small doses of the extract stimulated 
osteoblast formation and led to bone apposition directly without first 
producing the stage of bone resorption. Burrows (1938) confirmed 
much of Selye's (1932) histological work, but carried out no study 
of the effects of very small doses of the extract. 

Albright et al. (1929) noticed that some of their patients, after 
first responding to parathyroid injections, later showed no effects 
from continued large doses. Pugsley (1932) reported that the serum 
calcium and calcium excretion in rats receiving daily injections of 
parathyroid hormone was markedly increased during the first 4 days 
of administration, but returned to normal within 8 to 10 days despite 
continued injections. It was assumed that an immunity was de
veloped against the hormone. Pugsley and Selye (1933) then 
checked the changing bone picture against urine and serum calcium 
levels in rats injected with parathyroid extract daily for 17 days. 
During the first few days osteoclast cells increased in number and 
many spindle snaped osteoblasts appeared in the boRe marrow. The. 
urinary and serum calcium rose during this period. In the later 
stages of hyperparathyroidism the return of the calcium values to 
normal coincided with the disappearance of osteoclast cells. Further 
treatment increased the osteoblast cells and led to the formation 
of more bone tissue. Selye (1932) suggested that no active immun
ity was developed to the hormone, but the treated organism reacted 
differently to the extract during the two phases-it responded with 
osteoclast cell formation in the first and osteoblast cell formation 
in the second phase. Shelling et al. (1933) and Burrows (1938) were 
able to demonstrate in the rat either resorption or increased bone 
formation by varying the period of injection and the dose of extract. 

In any consideration of these varying responses to parathyroid 
extracts, it must be remembered that pure hormone is not injected. 
Impurities in the extracts may be responsible for the development 
of so-called "immunity," or change in the response of the organism. 

5. Nutri.tion. In his early work, Collip (1926a) noted that chang
ing the diet of dogs from lean meat to bread had little effect upon 
the response of the animals to injection of parathyroid extracts. 
The results of Allardyce (1931) indicated that dogs on a meat diet 
responded little better when calcium lactate or codliver oil was 
added to the diet. With an oatmeal diet less response was obtained. 
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Bodansky et al. (1930) found that young guinea pigs, although rela
tively resistant to the hormone, would respond to sufficient doses 
of extract more readily if previously starved for 70 hours than if 
fed normally. Morgan (1933) reported a more marked response to 
parathyroid extracts in dogs fed diets containing such quantities of 
vitamin D, calcium and phosphorus as allowed the building up of 
readily mobilizable calcium reserves. Morgan et al. (1934) obtained 
similar but somewhat less convincing results in rats. 

Kozelka (1933) found rachitic dogs less responsive to parathyroid 
extract than normally fed animals. Jones (1935) showed that large 
doses of parathyroid extract injected into young dogs made rachitic 
by the addition of beryllium to the diet produced relatively small 
rises in serum calcium as compared to those produced in normally 
fed dogs. Addition of vitamin D to the diet, or irradiating the 
animal did not improve the response. The results of Shelling et al. 
(1933) from rats on diets varying in calcium and phosphorus and 
lacking in vitamin D showed no outstanding influence of the dietary 
variations. The only generalization possible was that when diets 
high in calcium were used, parathyroid extracts tended to give a 
little greater elevation of serum calcium than when rations deficient 
in calcium were fed. 

Effect of parathyroid extracts on growth.-According to Burns 
(1929), rather small graded doses of parathyroid extracts did not 
retard the body weight increase of r ats. Jaffe and Bodansky (1930) 
noted retarded growth in young dogs in which osteitis fibrosa had 
been produced by prolonged treatment with parathyroid extracts. 
Robinson and Thompson (1932) were able to prepare an extract of 
the parathyroid glands which, when injected into rats and rabbits, 
markedly retarded growth. This extract had no effect upon the 
calcium metabolism of the animals and extracts prepared similarly 
from other tissues did not adversely affect growth. Shelling et al. 
(1933) and Burrows (1938) found that the growth rate of rats 
injected over long periods with parathyroid extracts was less than 
that of control animals. The retardation was especially marked 
with higher doses .. 

Mode of action of the parathyroid hormone. The ability of para
thyroid extracts to raise serum calcium has been demonstrated in 
the absence of certain other endocrine glands. Pugsley and Collip 
(1936) showed that adrenalectomized rats, maintained on a 1 per 
cent sodium chlbride solution, responded to parathyroid extracts 
with a greater increase in serum calcium and in urinary calcium 
excretion than normal rats given identical treatment with saline 
and extract. Riddle and Dotti (1934) found that in hypophysec
tomized and in thyroidectomized pigeons, parathyroid extracts raised 
the serum calcium level. Removal of the parathyroid glands in dogs 
generally requires the removal of the thyroid as well. Numerous 
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workers have demonstrated the effectiveness of parathyroid extracts 
in these . thyroparathyroidectomized animals. It seems well estab
lished, therefore, that the parathyroid hormone does not function 
by affecting the activity of the pituitary, adrenal or thyroid glands. 

The assumption that the parathyroid hormone facilitates the up
take of calcium from the intestinal tract might seem to offer an 
attractive explanation for some of the effects of the hormone. There 
is little direct evidence either for or against this assumption. The 
results of Stewart and Percival (1927) indicate that any intestinal 
action is not alone responsible for hyperparathyroid effects. In cats, 
in which the alimentary tract had been entirely removed from the 
level of the oesophagas to the rectum and along with it the liver, 
spleen and pancreas in some animals, the level of serum calcium 
was raised to the same extent as in normal animals by the intra
venous injection of parathyroid extracts. After a series of mineral 
balance experiments carried out on human patients treated with 
parathyroid extracts, Albright et al. (1939), finding no consistent 
changes in fecal calcium excretion, concluded that these extracts, 
in contrast with vitamin D and dihydrotachysterol, had no primary 
action on calcium absorption from the gut. 

Collip et al. (1934), following the above mentioned work of Selye 
(1932) and Pugsley and Selye (1933), supported the theory that the 
parathyroid hormone exerted its effects J:>y a direct action on the 
bones. Changes in calcium metabolism were considered secondary 
to the direct action of the hormone in stimulating changes in the 
cellular composition and cellular activity of the osseous system. 

Other workers, notably Albright et al. (1929), Shelling (1935) 
and Albright ~t al. (1939) have placed more emphasis upon changes 
in phosphorus metabolism in general, and in particular upon the 
increased urinary excretion of phosphorus after the injection of 
parathyroid extracts and the corresponding decrease after parathy
roidectomy. Albright (1941) suggested that the hormone affected 
phosphorus in the circulating body fluids in such a way that its 
excretion in the urine was increased. Because of the resulting 
lowered level of serum phosphorus, it was contended that the serum 
would be less saturated with respect to calcium phosphate and there 
would be an increased tendency for calcium and phosphorus to enter 
the serum either from the intestinal tract, or from the bones. Bone 
changes were regarded as secondary effects resulting from the pri
mary action of the hormone on phosphorus metabolism. 

Collip et al. (1934) removed the kidneys of rats and injected the 
animals with parathyroid extract. All the femurs, when examined 
histologically, showed marked signs of osteoclastic bone resorption. 
No studies were made of the calcium or phosphorus content of the 
blood. Thompson and Pugsley (1932) claimed to have produced a 
ri~e in the ~erum c::i.lcium of fasted dogs without a preceding or 
accompanying fall in serum inorganic phosphorus by the intra-



50 MISSOURI AGRICULTURAL EXPERIMENT STATION 

venous injection of parathyroid extract. Ellsworth and Futcher 
(1935) found that in three nephrectomized dogs injected with para
thyroid extract the rise in serum calcium level was significantly 
greater than the slight rise recorded in control uninjected nephrec
tomized dogs. They concluded that the increased elimination of 
inorganic phosphorus by the kidneys was not a necessary prelim
inary to the rise in serum calcium produced by parathyroid hormone. 
Goadby and Stacey (1936) injected parathyroid extracts into patients 
suffering from chronic nephritis. Although the serum calcium rose 
in all five cases, the hormone failed to cause an increased excretion 
of phosphorus in the urine. The authors suggested that the actions 
of. parathyroid hormone in raising blood calcium and in causing an 
increas-ed excretion of phosphorus were independent phenomena. 

Parathyroid extract was found by Tweedy et al. (1936 and 1937) 
to have no effect on the serum calcium level in nephrectomized dogs. 
In both injected and non-injected, operated animals, the serum cal
cium rose to approximately the same extent. Later, Neufeld and 
Collip (1942) confirmed this work in rats, cats and dogs. An exam
ination of the bones was not included in these last three investiga
tions. Neufeld and Collip (1942) reported that the maintenance of 
a constant serum inorganic phosphate level by repeated intravenous 
injection of sodium acid phosphate prevented the ·usual response of 
serum calcium to parathyroid extract in normal dogs. The experi
ments in 1942 led Collip to change his views on the action of the 
hormone. The authors concluded that the results favored the 
theory that the primary action of the parathyroid hormone was 
stimulation of phosphate excretion through the kidneys and not an 
activation of certain bone cells. 

It is noticeable that when rises in serum calcium of nephrectom
ized animals have been claimed after the injection of parathyroid 
extract, these _ were comparatively small compared with possible 
res_ults in normal animals. On the other hand, in control animals 
nephrectomy of itself caused a marked increase in the serum in-; 
organic phosphorus and other fundamental blood changes, so these 
abnormalities might well influence the results obtained with the 
hormone. 

Harrison and Harrison (1941), by studying the phosphate and 
creatinine clearances in the dog, were able to estimate the rate of 
reabsorption of glornerular filtered phosphate by the re_nal tubules. 
Their results showed that following the injection of parathyroid 
extract, there w;as a decrease in the rate of phosphate reabsorption 
by the tubules and a reduction in serum inorganic phosphorus. 
This work lends further support to the theory that the parathyroid 
hormone acts by influencing urinary phosphate excretion. 

It has to be admitted that at the present time the exact mode of 
action of the parathyroid hormone is unknown. The changes brought 
about by the hormone in the composition of the blood, tissue fluids 
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and urine and in the histological picture of the bones are well 
known, but that these result from either one specific, several related, 
or several unrelated reactions, is not yet established. 

THE BIOASSAY OF PARATHYROID HORMONE 

Review of Methods Used and Proposed for the Assay of Parathyroid 
Hormone 

It is generally accepted that of the animals tested, the dog is most 
sensitive to the administration of parathyroid hormone.. Collip and 
Clark (1925) first proposed that this animal should be used to 
standardize the potency of parathyroid extracts. They provision
ally defined a unit as one one-hundredth of the amount of extract 
which would produce, over a period of 15 hours, an average increase 
of 5 mg. per cent in the serum calcium of normal dogs of approxi
mately 20 kg. weight. Hanson (1928) reported that parathyroidec
tomized dogs responded more uniformly than normal dogs, and there
fore proposed as a unit one one-hundredth the amount of extract 
required to produce 1 mg. per cent rise in the serum calcium of 15 
kg. dogs 24 hours after parathyroidectomy. 

The U. S. Pharmacopoeia XI defines the present accepted unit as 
representing one one-hundredth of the amount of extract required 
to raise the calcium of 100 ml. of the blood serum of not less than 
five normal dogs :weighing between 10 and 12 kg., 1 mg. within 16 
to 18 hours after administration. This definition a ssumes that the 
response is directly proportional to the dose. Miller (1938) has 
shown that this holds within a rather narrow range of dosages. 
Bliss and Rose (1940) studied experimental designs which .would 
allow satisfactory statistical analysis of the bioassay results, and 
suggested that the use of a laboratory or 'house standard would 
insure greater uniformity in the potency of a given brand and 
extract. 

The use of dogs for this assay is fraught with several disadvan
tages. The animals are expensive to house and feed. The variability 
of individual response to parathyroid extracts is great, so that large 
numbers of dogs are required for the assay of any one lot of 
material. Suitable animals are not always readily available in 
laboratories requiring only occasional assays. 

Suggestions for alternative more convenient methods of bioassay 
have not been lacking. Stewart and Percival (1927) reported that 
intravenous injection of parathyroid extract significantly raised the 
serum calcium of cats in 2 hours. Herxheimer (1927) found a 30 
per cent rise in the serum calcium of the same species in'2 minutes. 
Allardyce (1931) could not confirm these claims. 

Hamilton and Schwartz· (1932) developed a technique using ma
ture rabbits. These animals were given oral doses of 276 mg. of 
calcium chloride at 0, 1, 3, and 4 hours, and curves for serum 
calcium were established from values determined 10 to 15 minutes 
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after each dose. If the animals were previously injected with para
thyroid hormone, the treatment was found to alter the shape of the 
curves, bringing about greater rises in serum calcium in a manner 
roughly proportional to the dosage of hormone. This method has · 
been used to indicate the presence of abnormal amounts of para
thyroid hormone in biological fluids, but not in the more exacting 
task of assaying parathyroid preparations. Baumann and Sprinson 
(1940) reported that New Zealand white or chinchilla rabbits were 
less sensitive than the Dutch or Belgian breeds for use in the 
Hamilton-Schwartz test. 

An assay based upon a comparison of the urinary calcium excre
tions of control rati;i and rats injected with test material was pro
posed by Dyer (1932). Shelling (1935) suggested that the various 
bone changes observed by Shelling et al. (1933) in immature rats 
treated with parathyroid extracts offered bioassay possibilities. 

In experiments with frog leg muscle preparations, Gellhorn (1935) 
found that the addition of active parathyroid extracts to the per
fusing fluids regularly increased the height of muscular contrac
tions. This action, attributed to the parathyroid hormone, was · 
recommended as a criterion for the assay of parathyroid extracts. 

The calcium appetite of rats was shown by Richter and Eckert 
(1937) to be greatly increased following parathyroidectomy. Im
plants of parathyroids or injection of parathyroid extract (Richter 
and Birmingham, 1941) tended to bring the appetite back to normal. 
These later investigators suggested that this technique could be 
adapted for assay purposes. 

Matthews and Austin (1927) reported that dogs in which hyper~ 
calcemia had been induced by the injection of parathyroid extract, 
tolerated toxic doses of magnesium sulphate much better than 
normal dogs. Following on from this work, Simon (1935) and Dyer 
(1936) proposed that parathyroid extracts be assayed according to . 
their antagonistic action on the narcotic effect of magnesium sul
phate in mice. 

Kochman (1934a and b) found that mice pre-injected with suffi
cient amounts of active parathyroid extract, survived doses of 
sodium oxalate or sodium :fluoride which were fatal to normal ani
mals. This author believed tha.t parathyroid preparations could be 
standardized on this basis. 

Thus far none of these alternative proposed assay methods has 
been extensively used. Possibly the fact that only relatively small 
amounts of parathyroid extracts are being produced accounts for 
the lack of progress. However, the advantage of being able to 
assay a parathyroid preparation by the use of such a readily avail
able and economically kept animal as the mouse would be great, 
and the possibilities indicated by previous workers seemed to war
rant further investigation. 
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Experimental 
It is well known that the introduction of sufficient sodium citrate 

into the blood stream of an animal will bring about convulsions due 

to the conversion of ionizable calcium salts in the blood to much 
less ionizable calcium citrate or calcium sodium citrate. The fol

lowing work was carried out to determine whether parathyroid 
extracts would significantly decrease the incidence of citrate induced 
convulsions, and in that event, whether such a technique might be 
used in assay work. 

Investigation of the Mouse for Possible Use in the Bioassay of 
Parathyroid Hormone.-Normal male mice weighing between 18 and 

22 gm. were procured from a commercial breeding establishment for 

this work. They were fed at this laboratory ad libitum on a stock 
mixed grain ration and commercial dog chow pellets for at least one 
week prior to use. In all work the animals were allotted at random 
to various experimental and control groups. 

To determine a dose of citrate which would not be fatal, but 
which would give violent convulsions in about 50 per cent of the 
animals, mice were injected intraperitoneally with varying amounts 

of a 25 per ceIJt solution of sodium citrate dihydrate. The tests 
were carried out at room temperatures and the effect of the injec
tion was manifest within 20 minutes. The behavior of each animal 
was rated according to the following system : 

+++ Mice completely lost control of their movementsi heads 
were often bent back, and animals rolled over in violent 
convulsions. 

++ Mice which had severe muscular spasms, but did not lose 
all control of their movements. 

+ Milder symptoms, muscular twitchings. 
0 None of the above symptoms. 

As an aid in judging the effect of any given treatment applied to 
a group of mice, the sum of the points for the individuals was 

expressed as a percentage of the possible points (number of mice 
X 3). This figure, designated "percentage incidence of convulsions," 

has been used for comparative purposes. The percentage of mice 

giving a +++ response was also calculated. 

Number 
of 

Mice 

5 
15 
76 
27 
8 

TABLE VII. THE EFFECT OF VARY1NG DOSES OF SODIUM CITRATE 
ON THE INTENSITY OF THE CONVULSIONS PRODUCED IN MALE MICE 

Dose of 
25% 

Sodium 
Citrate 

ml. 

0.025 
0.035 
0.050 
0.075 
0.100 

+++ 

0 
0 

44 
24 

8 

Intens ity of Convulsions 

I 
<No. of Mice) 

++ 

1 
3 

29 
3 
0 

I + 

2 
6 
2 
0 
0 

I 0 

2 
6 
1 
0 
0 

lnci-
dence 
of Con-

vulsions 
'ib 

27 
27 
84 
96 

100 

Mice 
Showing 

+++ 
Condition 

'ib 

0 
0 

58 
89 

100 
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Table VII summarizes the results for all mice given sodium citrate 
alone. Doses of 0.025 ml. and 0.035 ml. of citrate solution had a 
mild effect, while 0.075 ml. and 0.100 ml. brought about a very high 
incidence of convulsions, leading to the death of some mice. An 
injection of 0.050 ml. caused violent convulsions in 58 per cent of 
the mice, obvious effects in practically 99 per cent of the animals, 
but no deaths. This latter dose was therefore chosen as a satis
factory standard treatment for mice in further work. 

The influence of parathyroid hormone on the incidence of citrate 
induced convulsions was determined by subcutaneous injection of · 
parathyroid extract (Lilly) into a group of mice, and 17 to 18 hours 
later testing this group, together with a similar untreated group, 
with the standar d intraperitoneal injection of sodium cit rate. Three 
separate experiments were carried out . 

In Experiment I, 20 control untreat ed mice were compared with 
10 mice, each of which had previously received a subcutaneous in
jection of 0.20 ml. (20 units) of parathyroid extract. 

In Experiment II, 0.50 ml. (50 unit s) of the extract was given t o 
each of a group of 13 mice which were then t ested against 13 
co11trol untreated animals. 

Para-
thyroid 

Hor mone 
per 

Mouse 
units 

Control 
20 

Control 
50 

Control 
10 
20 
35 
50 
75 

Control 
10 
20 
35 
50 
75 

TABLE VIII. THE INFLUENCE OF PARATHYROID HORMONE ON THE 
INCIDENCE' OF CITRATE-INDUCED CONVULSIONS IN MALE MICE 

Dose of 
25% 

Sodium Intensity of Inci-
No. Citrate Convulsions dence 
of per I I I of Con-

Mice Mouse +++ ++ + 0 vulsions 
ml. "lo 

Experiment I 

20 0.05 14 4 0 2 83 
10 0.05 2 4 1 3 50 

Experiment II 

13 0.05 6 7 0 0 82 
13 0.05 0 2 3 8 16 

Experiment III 

21 0.05 11 8 1 1 79 
11 0.05 4 6 1 0 76 
11 0.05 1 5 4 1 52 
11 0.05 0 6 4 1 48 
11 0.05 1 3 1 6 30 
11 0.05 1 2 1 7 24 

Summary of all experiments 

54 0.05 31 19 1 3 81 
11 0.05 4 6 1 0 76 
21 0.05 3 9 5 4 51 
11 0.05 0 6 4 1 48 
24 0.05 1 5 4 14 24 
11 0.05 1 2 1 7 24 

Mice 
Show-

ing 
+++ 
Con-

dition 
"lo 

70 
20 

46 
0 

53 
36 

9 
0 
9 
9 

57 
36 
14 

0 
4 
9 
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In Experiment III, graded doses of the extract were given to five 
experimental groups. The dose per mouse in five groups of 11 mice 
each was 10, 20, 35, 50 and 75 units, respectively. These mice were 
tested along with a group of 21 untreated animals. 

The results are shown in Table VIII. Considering Experiments 
I and II, 0.20 ml. (20 units) of the extract appeared to reduce the 
effect of the citrate considerably, while 0.50 ml. (50 units) decreased 
the incidence of convulsions most significantly. In Experiment III 
the percentage incidence of convulsions decreased with increasing 
do~es of the parathyroid extract in a fairly regular manner. 

As the results from the three experiments ·appeared reasonably 
consistent, the data were pooled as shown at the bottom of Table 
VIII. In Fig. 10, Chart l, the percentage incidence of convulsions 
is plotted against the dose of parathyroid extract, and in Chart 2, 
the percentage of mice showing a +++ response is related to the 
dose. Probably the first method, which represents more nearly the 
condition of all mice within the group, gives a more accurate pic
ture of the results. The differences between the results within the 
three pairs of groups receiving 0 and 10 units, 20 and 35 units, and 
50 and 75 units do not appear significant. With more mice in the 
three small groups the results would possibly have given a smoother 
picture. However, the general trend of the results is quite clear. 

The data supports the conclusion that under the conditions of 
this experiment, the administration of active parathyroid extracts 
tended to protect mice from the effect of intraperitoneal injections 
of sodium citrate. While with increasing doses of parathyroid ex
tract a greater measure of protection was obtained, Fig. 10 indicates 
that 20 to 35 units of parathyroid hormone per mouse gave sig
nificant responses . As a basis for bioassay of parathyroid extracts, 
the technique has advantages of economy and convenience, and 
appears to have useful possibilities. Investigation of such factors 
as temperature, diet, number and type of mice, which may influence 
the results of the test, and standardization, are required. 

Investigation of the Chick for Possible Use in the Bioassay of 
Parathyroid Hormone.-Young chicks are relatively cheap and easily 
obtainable, so their sensitivity to parathyroid extracts was investi
gated. To determine whether a dose of parathyroid extract which 
would give a significant response in the mouse-citrate test would 
aff.ect the serum calcium level of chicks, month-old male White Leg
horns were injected subcutaneously with 0.25 ml. (25 units) of 
parathyroid extract (Lilly), and 17 to 18 hours later the serum 
calcium was determined by the method of Halverson and Bergeim 
(1917) as modified by Peters and Van Slyke (1932). The diet of 
these birds contained cod liver oil and 2 per cent of st,eamed bone 
meal. Twelve chicks were divided into two groups of six chickR 
each, one group receiving parathyroid extract and the other re
mi:iinini? aR a control group without treatment. Both groups were 
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killed at the same time, blood being collected from the carotid 
arteries and heart. The serum from two birds in each group had 
to be pooled to give a 2 ml. sample of serum but otherwise the 
analyses were carried out on single 2 ml. samples from each bird. 

The results are shown in Table IX. There was no indication that 
the given dose of parathyroid hormone had raised the serum calcium 
in the injected birds. The values for the injected group actually 
gave a lower average calcium figure than that of the controls. 

For further experimental work with chicks, 2 to 3 day-old male 
White Leghorn birds weighing about 40 gms. were used. These 
were obtained from a commercial hatchery in one batch, and allotted 
at random to varfous experimental groups. 

TABLE IX. THE EFFECT OF PARATHYROID EXTRACT ON THE SERUM 
CALCIUM OF 30 DAY-OLD CHICKS 

Bod 
gm. 

142* /154 9.2 
206 10.0 
186 8.5 
162 9.4 
176 6.9 

Mean 171 8.8 

•Analysis run on the pooled serum of two chicks. 

Chicks Receiving 25 Units of 
Parath roid Extract 

Bod Wei ht Serum Calcium 
gm. mg. 

146 6.5 
191 * /156 8.9 

177 6.4 
167 8.0 
186 7.8 

171 7.5 

As with the mice, so groups of chicks were given intraperitoneal 
injections of 25 per cent solution of sodium citrate dihydrate and 
observed for conclusive effects. These birds, however, reacted some
what differently from mice. There was little violent struggling. 
The affected birds appeared to have trouble in breathing, some
times fluttered their wings a little and stretched their legs out be
hind, often lay down in what appeared to be a comatose condition, 
and if the dose was fatal, died rather quickly. The behavior was 
rated as follows: (1) Death +++; (2) coma ++; (3) mild symp
toms +; (4) no symptoms 0, and the percentage incidence of con
vulsions calculated as before. In a group of 10 chicks, each bird 
was given a subeutaneous injection of 0.5 ml. (50 units) of para
thyroid extract (Lilly) 17 to 18 hours prior to the citrate treatment. 

The results of this work are shown in Table X. In contrast with 
the results in 18 to 22 gm. mice, chicks of approximately twice the 
body weight required relatively much heavier doses of citrate to 
seriously affect half the birds in any group. A dose of 0.45 ml. of 
citrate solution resulted in 50 per cent of 10 birds either dying, or 
suffering in a coma. This level of citrate injection was then used 
to test those birds pretreated with parathyroid extract, but the 
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results showed that 50 units of hormone gave no protection what
soever to these chicks. 

Number 
of 

Chicks 

5 
10 

6 
10 
10 
10 
10 
10 

TABLE X. THE EFFECT OF VARYING DOSES OF SODIUM CITRATE ON 
THE CONDITION OF 2 TO 3 DAY-OLD CHICKS, AND THE INFLUENCE OF 
. PARATHYROID EXTRACT ON CITRATE-TREATED BIRDS 

Condition of Chicks Incidence Chicks Dying 
Mild No of or 

Died Coma S m toms Effect Convulsions In Coma 

0.10 0 1 0 4 13 20 
0.20 0 2 0 8 13 20 
0.30 1 1 0 4 28 33 
0.35 1 2 0 7 23 30 
0.40 2 2 2 4 40 40 
0.45 4 1 0 5 47 50 
0,50 2 4 2 2 53 60 

50 0.45 4 2 0 4 53 60 

Following these studies it was concluded that the chick is rela
tively less sensitive than the mouse to treatment with sodium citrate 
or with parathyroid extracts. The effects of the citrate are more 
difficult to interpret in the chick than in the mouse. In general, 
the chick offers neither advantages of convenience nor sensitivity 
over the mouse for use as a bioassay animal for the parathyroid 
hormone. 

THE RELATION OF THE PITUITARY GLAND 
TO CALCIUM METABOLISM. 

Review of Literature 
The pituitary gland has many functions. It not only produces 

hormones which influence metabolism directly, but also regulates 
the activity of other endocrine organs. Various investigators have 
sought to show a relationship between some phase of pituitary ac
tivity and calcium metabolism. 

Effect of Hypophysectomy on Blood Calcium.-A number of work
ers have been unable to find any change in the serum calcium level 
after hypophysectomy. Mazzoco (1927) reported normal serum 
calcium levels in five dogs tested at 30, 31, 51, 55 and 113 days, 
respectively, after the operation. Gerschman (1931) found that the 
average plasma calcium value for eight hypophysectomized dogs 
examined 20 to 117 days after the operation was 10.67 mg. per cent. 
Thirteen normal dogs gave an average control value of 10.7 mg. per 
cent. In similar experiments, Marenzi and Gerschman (1934 and 
1935), Houssay (1936) and Speranskaya-Stepanova (1936) using 
dogs, and Collip (1934), Wallace (1935) and Al'1derson and Oastler 
(1938) using rats found no significant change in serum or plasma 
calcium. levels after hypophysectomy. 

In the toatl, hypophysectomy produced a marked fall in the serum 
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calcium level (Hogben et al. 1931 and Shapiro and Zwarenstein 
1933). This may have been related to a decrease in the activity of 
the ovaries. Riddle and Dotti (1934) noted a slight decrease in 
the serum calcium of pigeons following the removal of the hypo
physis. Kusunoki (1927) claimed that hypophysectomy in rabbits 
was followed by some increase in serum calcium. 

Effect of Hypophysectomy on the Parathyroid Glands.-N o changes 
were found by Aschner (1912) in the parathyroids of hypophysec
tomized dogs. Collip (1935) stated that the parathyroids of rats 
and dogs showed no consistent degenerative changes up to several 
months after hypophysectomy. Fugo (1940) removed the anterior 
region of the head, including the pituitary primordium, of young 
chick embryos after 33 to 38 hours of incubation. The embryos 
were examined at intervals up to the 29th day of incubation. The 
parat!:yroids showed no consistent characteristic abnormality, but 
in some cases the cords of epithelial cells appeared narrower than 
in control glands. 

Smith (1927) referred briefly to an observed atrophy of the para
thyroids of hypophysectomized rats, but gave no further details of 
the nature of this degeneration. Koster (1930) found that in hypo
physectomized dogs the parathyroids were significantly smaller than 
those of control dogs. He could not, however, detect any striking 
histological differences. In the rabbit, a decrease in size of the 
parathyroid cells after removal of the pituitary was reported by 
White (1933). Houssay (1936), in summing up the results ob
tained 'from a comparison of 42 normal and 46 hypophysectomized 
animals, described cellular atrophy in the parathyroids of the oper
ated animals. The changes included a decrease in the size of the 
cells, disappearance of the protoplasm of some cells, increasing 
prominence of connective tissue and appearance of structureless 
zones. The changes appeared to a greater or less degree in 65 per 
cent of the operated dogs and were found in scattered locations 
throughout the giand, leaving larg~ portions showing little or no 
alteration. The administration of anterior pituitary extract did not 
correct these lesions and no hypocalcemia developed in the animals. 
Houssay (1936) suggested the changes were either the result of a 
general nutritive alteration or due to the lack of a parathyrotropic 
hormone. 

Baker (1942) studied the parathyroid glands of normal and hypo
physectomized monkeys. Volumetric determinations, nuclear counts 
and cell measurements all indicated a slight atrophy of the para
thyroids after hypophysectomy. The structure of the cells and dis
tribution of cell types were normal, indicating that there had been 
no impairment of function. The investigator concluded that if a 
hypophyseal parathyrotropic factor existed, it was not comparable 
in significance in the adult animal with those principles governing 
the activity of the thyroid, adrenal cortex and gonads. 
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Effect of the Administration of Pituitary Extracts on Blood Cal
cium.-Cannavo (1931) found no change in the blood calcium level 
in humans and dogs after the injection of an anterior pituitary lobe 
extract rich in "prolan." Intramuscular injection of increasing 
doses of the anterior lobe preparation "Antophysan" in rabbits, 
according to the report of Cattaneo (1938), caused a very slight 

· increase in the blood calcium as compared with the initial values. 
Dixon (1933) administered an extract of bovine anterior pituitary 
daily to three rats for 5 days. On the seventh day, the ovaries were 
found to be luteinized but the serum calcium values were not ap
preciably different from those of control animals. Snyder and 
Tweedy (1941) injected 1 ml. of an alkaline (pH 8.25) extract of 
the anterior pituitary lobe (Squibb) per day into each of 20 mature 
rats for 6 to 7 days. The serum calcium values of the experimental 
animals averaged 9.62 mg. per cent as against 9.63 mg. per cent for 
18 litter mate controls. Fourteen younger rats injected similarly 
foi· 3 days likewise showed no change in serum calcium. 

Anselmino et al. (1933) reported that a rise in blood calcium 
occurred in dogs and rats after the injection of extracts of the 
pituitary gland. In 1934, Hoffman and Anselmino injected rats with 
200 mg. of a dried anterior lobe extract. The average serum calcium 
value of eight control rats was 10.6 mg. per cent. Four and 6 hours 
after the injection, the average serum calcium values in three and 
four rats were 11.9 and 12.0 mg. per cent, respectively. In dogs 
receiving extract equivalent to 3 gm. of anterior lobe, the serum 
calcium rose from an initial level of 10.7 mg. per cent to 12.5 mg. 
per cent at 8 hours. 

Thompson and Cushing (1934) reported that a single dog, to which 
an extract of sheep pituitary had be.en administered subcutaneously 
for 90 days, showed sernm calcium values consistently above those 
of the control animal. Decalcification of the bones could not be 
demonstrated. Marenzi and Gerschman (1935) injected an alkaline 
extract of bovine anterior pituitary lobes into six dogs for 6 to 8 
days. At the end of that time the mean plasma calcium value was 
12.8 mg. per cent. Nine control animals gave an average value of 
11.2 mg. per cent. Shapiro and Zwarenstein (1933 and 1934) found 
that a crude anterior lobe extract would raise slightly the serum 
calcium of hypophysectomized and ovariectomiz·ed toads. Extracts 
of the posterior lobe lowered the calcium values in hypophysectom
ized, ovariectomized and normal toads. 

A partly purified alkaline extract of the anterior pituitary lobe 
gave some elevation in the serum calcium of rats and guinea pigs 
in preliminary studies by Friedgood (1936). Friedgood and McLean 
(1937) continued this investigation. Nineteen guinea pigs were 
injected for 9 days and killed on the 10th along with 15 control 
animals. The respective mean serum calcium values were 12.0 and 
11.1 mg. per cent. The authors believed this difference was sig-
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nificant and that it demonstrated the parathyrotropic activity of 
the extract. 

Following the intraperitoneal injection of adult dogs with potent 
growth promoting, neutralized, alkaline extracts of the anterior 
lobes of cattle, Teel and Watkins (1929) frequently, but not always, 
observed a drop in the serum calcium in 7 to 14 hours. Hogben and 
Charles (1932) intraperitoneally injected normal and ovariectomized 
rabbits with saline extracts of fresh anterior pituitary lobes. The 
results from the equivalent of 4 gm. of fresh tissue indicated a fall 
in serum calcium beginning about the fourth hour and still evident 
at 19 hours. 

Effect of Pituitary Injections on the Parathyroid Glands.-No ab
normal histological features were observed by Thompson and Cush
ing (1934) when they examined the parathyroids of a dog injected 
with sheep pituitary for 90 days, although the serum calcium values 
were high. Cattaneo (1938) reported that histological examination 
of the parathyroids of rabbits injected with "Antophysan," an an
terior pituitary extract, revealed no variation from the normal 
picture. 

In 1933, Anselmino et al. reported that they had produced an 
increase in the size of the parathyroids of rats by the injection of 
an alkaline extract of cattle anterior pituitary lobes. Doses of 20 
to 50 mg. of dried extract, injected over a period of 3.5 days, gave a 
size increase of the order of 100 per cent 'and occasionally up to 
300 per cent over controls, as judged by observation of sections of 
the glands. The active substance in the extract was thermolabile, 
non-ultra-filtrable and not potent in parathyroidectomized animals. 
The histological changes associated with this gross change in size 
were described by the same workers in 1934. The light principal 
cells became predominant over the dark principal cells, oxyphil cells 
and intracellular fatty droplets disappeared and the vascularity of 
the gland increased. These workers claimed that macroscopic en
largement of the parathyroids could be produced in the rat and 
rabbit, but not in the cat, dog, or guinea pig, although in all these 
species the above histological change could be demonstrated (Ansel- . 
mino et al., 1935). 

Hertz· and Kranes (1934) reported a positive stimulation of the 
parathyroids in 10 to 22 week old' rabqits of either sex injected 
over 1 to 28 days with the following : a saline emulsion of cattle 
pituitary, an acid extract of pituitary, an alkaline extract of pitui
tary, "Progynon," "Antophysin," a so-called "thyr eotrophic h or
mone," a so-called "growth hormone" and pregna ncy urine. Many, 
but not all of the glands from animals treated with heavy doses of 
the above materials appeared larger than those of control animals. 
Histological evidences of an increase in cell size, enlarged alveoli, 
more numerous mitoses, large vacucles in the cells and increased 
vascularity were taken as indicating a positive result. Brain tissue, 

" 
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boiled pituitary extracts and urine from non-pregnant individuals 
gave negative results. 

In the course of histological study of the effects of injecting dogs 
with "diabetogenic anterior pituitary extracts," Ham and Haist 
(1939) noted many mitotic figures in sections of the parathyroid 
glands. These investigators suggested that this was evidence of 
the presence of a parathyrotropic principle in the extract. Neither 
mitotic counts nor control observations were reported. 

Blumenthal and Loeb (1942), using guinea pigs of both sexes 
weighing between 150 and 250 gm., found that intraperitoneal injec
tions of an acid extract of anterior hypophysis or subcutaneous 
implants of fresh bovine anterior pituitary increased the mit~tic 
activity in the parathyroid glands. The feeding of potassium iodide 
also increased the mitotic activity, while desiccated thyroid de
creased it. In these experiments there was a remarkable parallelism 
between changes in the mitotic activity of the thyroid and para
thyroid glands. 

Other Possible Actions of the Pituitary Gland Affecting Calcium 
Metabolism.-The gonadotropic and thyrotropic principles of the 
pituitary stimulate the production of the appropriate hormones from 
the gonads and thyroid gland respectively. Variation in the amount 
of these latter hormones may then influence calcium metabolism. 
The role of sex hormones will be taken up in a later section. An 
abnormally high calcium excretion associated with a condition of 
hyperthyroidism has been reported by many investigators, including 
Aub et al. (1929), Hunter (1930), Pugsley and Anderson (1934a), 
Puppe! and Curtis (1936) and Beaumont et al. (1940). 

Bauer and Aub (1941) studied the calcium balances of five cases 
of acromegaly. They found an abnormally high urinary excretion 
of calcium, but normal values for fecal and s-erum calcium. These 
calcium levels were not dependent upon an elevated basal metabolic 
rate. As the fecal excretion of calcium was not increased, they 
believed the condition might be different from that of hyperthy
roidism in which both urinary and fecal calcium excretion had been 
shown to be increased and blood values normal. 

It seems logical to expect that the pituitary would affect calcium 
metabolism by reason of its growth promoting function. Pugsley 
and Anderson (1934b) fou;nd that hypophysectomized rats on a low 
calcium diet were in negative calcium balance. Upon the injection 
of a pituitary extract, the calcium balance became positive concur
rent with the resumption of growth. Silberberg and Silberberg 
(1941a) demonstrated histologically that anterior hypophyseal ex
tracts accelerated and intensified the processes of skeletal aging. 

From this brief review, it is clear that the pituitary gland is one 
of the factors which may markedly influence calcium metabolism. 
There are various possible modes of direct or indirect action. The 
evidence for a parathyrotropic hormone is suggestive, but inconclu
'sive. 
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Experimental 
In order to obtain further information on the pituitary-parathy

roid relationship, studies were made of the inti uence of pituitary 
extracts on the mitotic activity of parathyroid cells in the chick 
and rat, and of the influence of raw pituitary material on the 
mitotic activity in the chick, rat and mouse, and on the size and 
weight of the parathyroid glands in the rat. 

Effect of Pituitary Extract on the Mitotic Activity and Weight of 
the Parathyroid Gland. In the chick.-Thirty-four day-old male 
White Leghorn chicks obtained from a commercial hatchery were 
used in this experiment. The pituitary material tested was the 
initial extract of cattle pituitaries as prepared by Bergman and 
Turner (1938). Excellent recovery of hormones, including the 
lactogenic, thyrotropic, gonadotropic, adreno_tropic and mammogenic 
principles was obtained by this method, indicating that the extract 
would probably include any parathyrot ropic hormone should it exist, 
unless the chemical nature of the latter was radically different from 
that of other well recognized pituitary factors. For injection the 
dry extract was dissolved in a weakly alkaline solution, brought to 
the isoelectric point with dilute HCI and administered subcut ane
ously each day over a period of six days. The total doses varied 
from 12 to 48 mg. in different groups of chicks as shown in Table XL 
As it appeared possible that the concentr::ition of the parathyro
tropic factor might be higher in the pituitaries of pregnant animals, 
extract from the anterior lobes of pregnant cattle was injected into 
two groups of chicks. Birds from each group were chosen at random 
to provide untreated control chicks. On the seventh day, one day 
after the last dose of extract,. both control and experimental birds 
were subcutaneously injected with 0.1 mg. of colchicine in aqueous 
solution and killed 9.5 to 10 hours later. The parathyroid glands 
were dissected out, fixed, sectioned at 7 microns, stained with Dela
field's hematoxylin and examined at 880 magnifications. The num
ber of mitotic figures found in 30 fields, 15 from each gland, was 
counted. Unless otherwise specified, this technique was followed 
in making mitotic counts in subsequent experiments wit h chicks. 

The results are recorded in Table XL Growth of the chicks was 
somewhat retarded by these high doses of pituitary material. The 
mitotic count varied widely from chick to chick, both in the injected 
and control groups, but there was no consistent influence of the 
extract on mitotic activity in the parathyroid glands. The differ
ence of 11 mitotic figures between the mean counts of ] 99 for the 
injected and 188 for the control groups was not significant. No 
increase in the size of the parathyroid glands was noted. That the 
extract was not without effect on other endocrine glands was clearly 
demonstrated by the huge thyroids, ·adrenals and gonads which 
were found on dissection. The magnitude of the doRes of extr:ict 
cRn be gauged from the figures supplied by Mr. Bergman of thiR 
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TABLE XI. THE EFFECT OF PITUITARY INITIAL EXTRACT ON THE 
MITOTIC ACTMTY IN THE PARATHYROID GLANDS OF THE CHIC!<" 

Chicks Injected with Pituitary Control Chicks 
Extract · ·ected 

Total Extract 
Injected Body Mitotic Body Mitotic 

Over 6 Days Weight Count Weight Count 
mg. gm. gm. 

12 35 230 
12 45 395 40 648 
12 45 205 45 252 
12 47 737 42 135 
12 42 838 

24 47 136 
24 42 101 46 97 
36 35 38 51 102 
36 49 142 52 266 
36 40 90 

36 40 150 
48 49 162 60 153 
48 53 96 61 168 
48 37 99 

24* 38 72 52 75 
24* 55 78 62 324 
24* 53 96 50 126 
24* 61 24 53 81 

36* 46 138 52 156 
36* 45 ill il __!§. 

Average of all 
chicks 45 199 51 188 

*Extract made from pituitaries of pregnant cattle. 

laboratory on the potency of this ordinary cattle initial extract 
which represents a concentration of material 70 times that of raw 
pituitary. It required only 0.33 mg. to give a 50 per cent increase 
in the weight of ·chick thyroids, 1.0 mg. to give the same increase 
in the gonads; approximately 0.25 mg. was equivalent to 1.0 I. U. of 
lactogenic hormone, and in guinea pigs 4.0 mg. 'Was required to 
raise the blood sugar level 50 per cent in eight hours. The effec
tiveness of colchicine was checked in two ways. Counts made in two 
control chicks which were killed without an in·jection of colchicine, 
amounted to 11 and 15 mit otic figures as compared with the average 
count of 188 in control birds receiving colchicine. The enlarged 
thyroids of several pitl,\itary-injected chicks were examined histo
logically. Here the effects of the thyrotropic hormone and colchicine 
were dramatically demonstrated in a tremendous accumulation of 
mitotic figures. 
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Jn the rat.-It seemed possible that the negative results in the chick 
might be due to a very low concentration of parathyrotropic hormone 
in the pituitary extract, too low a concentration to give effects in the 
chic-ks at the highest dose level used. This injection could not be 
increased in the young birds because of lethal effects. As the rat 
was known to be able to survive extremely large doses of the 
extract, the effect of such doses on parathyroid weight was deter
mined in this spe<:ies. Twelve mature males were divided into 
three equal groups on a weight basis. Animals of one group were 
kept as untreated controls. The second group received, twice daily, 
subcutaneous injections amounting to a total dose of 250 mg. of 
pituitary extract over five days. The third group similarly received 
500 mg. of extract. It was intended that in addition to weighing 
the glands, counts should be made of the mitotic figures in the para
thyroid glands after the administration of colchicine. On the sixth 
day, injection of 2 micrograms of cokhicine per gram body weight 
proved very toxic to the extract-injected rats, most of which died 
prior to the time set for killing. All rats were killed or died on the 
sixth day and the parathyroids, thyroids and adrenals were dissected 
out and weighed. 

TABLE XII. EFFECT OF PITUITARY INITIAL EXTRACT ON THE 
WEIGHT OF. THE PARATHYROID GLANDS IN THE MATURE MALE RAT 

Total Extract Initial 
Injected Animal Body 

Over 5 Days Number Weight Parathyroid Thyroid Adrenals 
mg. mg. mg. mg. 

1 287 0.60 25.5 34'.9 
2 220 0.55 22.2 41.2 
3 182 0.50 22.0 43. 9 
4 ill ~ lW a.a. 

Average 260 0.60 26.3 42.6 

250 5 23() 0.65 39.9 85.8 
250 6 233 0. 75 62.8 55.9 
250 7 279 0.50 67.5 67.5 
250 8 ill .Q..1Q 1Ll ~ 

Average 275 0.65 61.4 70.2 

500 9 229 0.40 65.4 75.0 
500 10 234 0.40 59.8 69.4 
500 11 287 0.55 65.0 65.9 
500 12 llQ ~ M...i w 

Average 265 0.45 63.7 72.7 

The results are shown in Table XII. Parathyroid glands from 
control anim~Is average 0.60 mg., which, in the light of average 
rat parathyroid weights given in a previous section, appeared some
what above normal. The corresponding averages for rats receiving 
250 and 500 mg. of pituitary extract were 0.65 and 0.45 mg., re-



66 MISSOURI AGRICULTURAL EXPERIMENT STATION 

spectively. Thus there was no evidence from this weight data to 
indicate that the size of the parathyroid glands had been increased 
significantly by what must be regarded as tremendous doses of 
pituitary extract. The thyroids responded to 250 and 500 mg. of 
extract with average weight increases of 133 and 142 per cent, and 
the adrenals likewise with 64.8 and 70.7 per cent increases. As 
only one pituitary treat.ed animal (No. 8) survived a full 10 hours 
after colchicine injection, no general comparison of mitotic counts 
was possible. In the parathyroid glands of rat No. 8, which was 
treated with 250 mg. of pituitary extract, no mitotic figures were 
observed in an examination of 30 fields· at 880 magnifications. In 
this animal at least there had been no abnormal stimulation of cell 
division. 

In this experiment ·as in the preceding one, the results supported 
the conclusion that there was little, if any, parathyrotropic potency 
in the anterior pituitary extracts used. • 

Effect of Raw Anterior Pituitary Tissue on the Mitotic Activity, 
Weight and Size of the Parathyroid Glands.-Conclusions drawn 
from the work with parathyroid extracts might be criticized on the . 
grounds that a concentrated preparation, not whole pituitary tissue, 
was used. Therefore, further experiments were carried out using 
fresh pituitary material. The anterior pituitary lobes were kept 
frozen until used. As required, they were ground to a paste through 
a very fine screen and made up to the required volume with distilled 
water. The bulk of this suspension was then frozen, only amounts 
required for daily injections being kept in a refrigerator. The 
influence of this pituitary preparation was checked in chicks, rats 
and mice using the mitotic count method, and in rats employing 
weights and measurements of the parathyroid glands as criteria. 

Four male day-old chicks were injected subcutaneously with a 
total of 435 mg. of pituitary tissue from pregnant cattle over 7 days. 
Three birds were kept as untreated controls. On the eighth day the 
chicks were injected with colchicine, killed, the parathyroids sec
tioned and mitotic figures counted as described previously. The 
detailed data are shown in Table XIII. The counts were of the 
same order as found in previous work with this type of bird (Table 
XI). Obviously, no burst of mitotic activity had been stimulated 
by the pituitary tissue administered. 

Four healthy young sexually mature rats, three males and one 
female, were injected subcutaneously with 446 mg. of pituitary tissue 
from pregnant cattle, twice daily for 5 days, this amounting to a 
total dose of 4460 mg. Two similar males and one female were left 
untreated as controls. On the sixth day all animals received a 
subcutaneous injection of colchicine, 1.5 micrograms per gram body 
weight, 9.5 hours. prior to their death. The mitotic figures in 60 
fields, 30 from each parathyroid gland at 880 magnifications, were 
counted except in the case of one rat, No. 2 of the injected group, 
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TABLE XIII. EFFECT OF ANTERIOR PITUITARY FROM PREGNANT 
CATTLE ON THE MITOTIC ACTIVITY OF THE PARATHYROID 

GLANDS IN THE CHICK, RAT AND MOUSE 

Total Dosage 
Pituitary Days 
Material Injected 

mg. 

Control Untreated 

" 
11 " 

435 7 
435 7 
435 7 
435 7 

Control Untreated 
n " 
n " 

4460 5 
4460 5 
4460 5 
4460 5 

Control Untreated 
n 

n " 
" " 300 10 

300 10 
300 10 
300 10 

Animal No. 
and Sex 

Chicks 
1 M 
2 M 
3 M 
1 M 
2 M 
3 M 
4 M 

Rats 
1 M 
2 F 
3 M 
1 M 
2 F 
3 M 
4 M 

~ 
1 F 
2 F 
3 F 
4 F 
1 F 
2 F 
3 F 
4 F 

I Body 
Weight 

gm. 

63 
60 
59 
55 
57 
60 
51 

173 
196 
169 
198 
180 
Hl3 
163 

15 
18 
17 
16 
16 
15 
16 
17 

I Mitotic 
Count 

320 
194 
251 
82 

514 
37 

276 

15 
54 

255 
40 

115 
69 

142 

26 
10 

9 
19 

9 
0 
0 
2 

67 

where only 45 fields were available, and in this instance the count 
was corrected to a 60 field basis for comparative purposes. Table 
XIII shows the results which are in agreement with those for the 
chick. There was no , evidence of stimulat~on of cell division by the 
pituitary injection. 

The test with mice was carried out with eight virgin female mice 
weighing 15 to 18 gm. Four of these animals served as controls, 
while four others each received 300 mg. of pregnant cattle pituitary 
tissue over a period of 10 days. On the eleventh day all animals 
were injected with colchicine, 1 microgram per gram body weight, 
and killed 9.5 hours later. Due to the small size of the parathyroid 
glands in the mouse, counts were made in 30 fields at 950 magni
fications. The pituitary tissue injection obviously caused no increase 
in the number of dividing cells accumulated in th.e parathyroid glands 
by colchicine (Table XIII). An increased height of the cells lining 
the thyroid acini and evidence of marked absorption of colloid demon
strated' strikingly the action of this pituitary material on the thyroid 
gland. . 
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It is emphasized that no comparison of the mitotic counts in the 
chick, rat and mouse can be made on the basis of figures shown in 
Table XIII for the different species because of differences in the 
doses of colchicine employed and in the areas. of parathyroid sec
tions counted. The results for all three experiments are in agree
ment, however, for no trial demonstrated any parathyrotropic activity 
in the fresh pituitary tissue preparations tested. 

The possibility that measurable hypertrophy of the parathyroid 
glands might occur without increased mitotic activity was investi
gated in the rat. Twenty normal mature male rats were divided into 
two similar groups of nine experimental and eleven control un
tr~ated animals. Each animal in the former group received a da.;ily 
subcu~aneous injection of 520 mg. of cattle anterior pituitary tissue 
for 7 days, making a total dose of 3640 mg. The rats of both groups 
were killed on the eighth day, the parathyroids measured and 
weighed, and the ~eight of the thyroid, adrenals, testes and pitui
tary recorded to check the activity of the injected material. The 
data are summarized in Table XIV. The parathyroid glands of the 
pituitary-treated animals actually weighed an average of 13.7 per 
cent less than the glands from untreated control rats. While the 
data for parathyroid length and width also favored the control 
glands, the weight difference was not statistically significant (t = 
f.320, P>0.05). The weights of the thyroid and adrenals were in
creased c;m the average by 88.6 and 136.5 per cent, respectively, but 
neither th!'\ weights of the testes nor of the pituitaries appeared 
affected by the injection. 

In all the pituitary work reported thus far in this study, pituitary 
glands from cattle had been used, so two experiments were carried 
out employing the anterior pituitary lobes of sheep. The pituitary 
material was handled and prepared for injection in the same manner 
as described for cattle anterior lobes. 

A batch of 22 young sexually mature ma~e rats was divided into 
control and experimental groups. The ten animals of the latter 
group were each injected twice daily for six. days with doses of 
sheep pituitary amounting to 2420 mg. over the whole period. Both 
groups of tats were killed on the seventh day and the parathyroids 
measured and weighed. The weights of the thyroids, adrenals, 
testes, pituitaries and kidneys were also determined. Data for these 
rats are set out in Table XV under "Experiment I." The mean 
weight of the parathyroids from the pituitary-treated animals, 0.38 
mg., was significantly higher than that of the control untreated ani
mals, 0.28 mg. (t = 2.857, P <0.01). Measurement figures confirmed 
this difference. The mean weight of the thyroids of injected animals 
was 101.6 per cent, and of the adrenals 158.1 per cent above the 
corresponding mean weights in the control group. The testeq and 
pituitary weights were not significantly different in the two groups, 
but 'the kidney weights were decidedly heavier (45.4 per cent) in 



TABLE XIV. THE EFFECT OF CATTLE ANTERIOR PITUITARY TISSUE ON MATURE MALE RATS 

Bodv Wei1rht 
Begin-
ning End 

Number of of Parathyroids 
of Exper- Exper-

Treatment Animals iment iment Weight Length Width Thyroid Adrenals 
gm, gm, mg, mm, mm, mg, mg, 

Control 
uninjected 11 263 264 0.51±0.131 1.115±0.176 0,800±0.111 18,88 26,93 

3,64 gm. anter-
!or lobe inject-
ed over 7 days 9 273 267 0.44±0.083 1.088±0.142 o. 787±0.062 35.60 63.69 

Difference betweer 
control and inject-
ed as percentage 
of control -13. 7 -2.4 -1.6 +88.6 +136.5 

Pituitary Testes 
mg. gm, 

7,62 2,987 

7.66 3.190 

+0.5 +6.8 
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Body 
Begin-
nlng 

Number of 
of Exper-

Treatment Animals iment 
gm. 

Control 
untreated 12 184 

2,42 gm, 
anterior lobe 
over 6 days 10 183 

Dillerence be-
tween control 
and Injected 
as· percentage 
control 

Control 
untreated 9 205 

~.o gm, an-
terlor lobe 
over 6 days 8 198 

Difference 
between 
control and 
Injected as 
percentage 
control 

TABLE XV, THE EFFECT OF THE INJECTION OF SHEEP ANTERIOR PITUITARY TISSUE INTO MATURE 
MAIE RATS 

Wel~ht 

End 
of Parathyroids 

Exper-
tment Weight Length Width Thvroid Adrenals Pitultarv Testes 
gm. mg. mm. mm. mg. mg, mg. gm. 

Experiment L 

198 0.28±0.087 0.902±0.116 . 0.661±0.077 11.61 23.54 6.03. 2.574 

181 0.38±0.075 .0.955±0.112 0.690±0.071 23.41 60.75 6.39 2.567 

~5.7 +5.9 +4.4 +101.6 +158,l +6.0 +0.5 

Experiment II 

210 0,39±0.086 1.059±0. 096 0.821±0.075 15.72 26.76 5.93 2.783 

n8 0.46±0.074 1.128±0.073 0.868±0.051 23,58 57.98 6.30 2.493 

+17.9 +6.5 +5.7 +50.0 +116. 7 +6.2 -10.4 

*Values were obtained from slx control and seven injected animals. 

Kidnevs Serum Calcium 
gm. mg.~ 

1.778 

2.585 

+45.4 

1.529 9.60±0.869 

2.091 8.69±0.420 

+36.8 -9.5 

Serum• 
Inorganic 
Phosnhate 
mg.~ 

7.43±0.772 

9.89±0.824 

+33.1 
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0 
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the group receiving anterior pituitary injections. This involvement 
of the kidneys possibly has an important bearing on the interpre
tation of data reJated to the parathyroid glands, for it has been 
show'n by Pappenheimer and Wilens (1935) and Jarrett et al. (1935) 
that kidney damage may lead through derangement of mineral 
metabolism to an enlargement of the parathyroids. 

In the second experiment with sheep pituitary, a fresh lot of 
anterior lobes was used, the dose increased and the serum calcium 
and inorganic phosphorus levels checked. Seventeen sexually ma
ture male rats were involved; eight received 250 mg. of sheep pitui
tary subcutaneously injected twice daily for six days, making a total 
dose of 3000 mg.; nine rats were held untreated as control animals. 
On the seventh day after the start of the injections, all rats were 
bled to death under light ether anesthesia. The glands were meas
ured and weighed as in the previous experiment, and in addition 
the serum calcium was determined on a single 2 ml. sample for 
each rat by the method of Clark and Collip (1925). In six control 
and seven injected .animals there was available sufficient serum to 
determine the inorganic phosphorus content using the method of 
Fiske and Subbarow (1925). 

The results of this experiment are shown in Table XV under the 
heading "Experiment II." Again heavier parathyroids were found 
in the pituitary-injected animals and somewhat higher figures for 
length and breadth. The mean parathyroid weight difference, 
amounting to 17.9 per cent of the mean control value, was not, 
however, statistically significant (t = 1.662, P>0.05). The thyro
tropic and adrenotropic potencies of the pituitary material were 
demonstrated by the 50.0 and 116.7 per cent greater average weights 
of the thyroids and adrenals of injected animals. Testes and pitui
tary weights were not markedly affected by the -injection, but the 
kidneys of the animals treated with pituitary material were 36.8 
per cent heavier than those of control rats. Average serum calcium 
values of 9.60 and 8.69 mg. per cent were obtained, the lower value 
for the injected group. In contrast, seven animals from the group 
receiving pituitary tissue had a mean serum inorganic phosphorus 
level of 9.89 mg. per cent, 33.1 per cent above the 7.43 mg. per cent 
average figure for si:ll'. control animals. 

The data supplied by the two experiments in which sheep pituitary 
material was injected represent the only evidence suggestive of sup- ' 
port for the existence of a parathyrotropic hormone. In evaluating 
this evidence the following considerations should be taken into ac
count. In the first experiment the mean parathyroid weiQ"lit in the 
control animals, 0.28 mg., was remarkably low. Four of the animalR 
had weights of 0 .. 20 mg. or less, the lightest pairs of .1<iands ever 
recorded in this study for rats of this weight. The mean parathy
roiil wei,R"ht of the injected animals in thiR exuerime11L. 0.38 mg., 
although 35.7 per cent above the control mean weight, was not an 
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abnormally high value, being almost exactly the same as that for 
the slightly heavier control animals in the second experiment. In 
both experiments the enlarged kidneys of the injected animals sug
gested some abnormality caused by the injection of huge doses of 
foreign proteinaceous material. The figures from the blood analyses, 
showing high inorganic phosphorus and somewhat low calcium 
levels in the injected animals, were not those expected from animals 
with hyperactive parathyroids. Rather they . were such as would be 
expected to be a primary cause for parathyroid hyperactivity irre
spective of the introduction of any outside source of parathyrotropic 
hormone. 

During this study of the relation of the anterior pituitary to the 
parathyroid glands, chicks, rats and mice have been used as experi
mental animals. While this 'species range has been limited, it is 
noteworthy that all the well recognized anterior pituitary hormones 
have demonstrable effects in one or the other of these species. 
Fij.rlhermore, what appeared to be the most convincing claim to 
the demonstration of a parathyrotropic hormone was made by 
Anselmino et al. (1934), who used the rat in their work, and pub
lished photographs of glands from animals treated with pituitary 
extracts for 3.5 days in which parathyroids were depicted to be 100 
to 300 per cent larger than control glands. The doses of pituitary 
material injected in this study were high-in most cases very much 
higher than required to demonstrate the effects of other pituitary 
hormones. These high d6ses of foreign :material bring about un
desirable complications in the test animals and render difficult the 
task of interpreting the data from such experiments. If clear-cut 
results are not obtained with reasonably high doses of pituitary 
material in one of a variety of species, it seems highly improbable 
that a parathyrotropic hormone plays a significant role in calcium 
metabolism. 

It may be possible that a most labile parathyrotropic factor was 
destroyed in the handling of the pituitary tissue in spite of the care 
taken with this material. If so, it is evident that the nature of the 
factor is different from that of other pituitary principles which are 
successfully preserved by the same methods. Direct stimulation of 
the parathyroid glands by the injection of pituitary preparations has 
been claimed by several workers whose results have been reviewed 
in this publication, but it is noteworthy that there is a singular lack 
of reports from independent investigators attempting to repeat 
exactly the previous positive work. Until this confirmation is forth
coming, it appears safer to conclude from the present study th at 
the existence of a parathyrotropic factor is extremely doubtful. 
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THE INFLUENCE OF DIETARY FACTORS 
ON PARA THYROID ACTIVITY 

Review of Literature 

73 

It is well established that physiological hypertrophy or hyper
plasia (or both) of the parathyroid glands may be induced byfeeding 
diets causing abnormal calcium and phosphorus met abolism. Erd
heim (1914) found unusually large parathyroids in rachitic rats 
and Ritter (1920) and Pappenheim-er and Minor (1921) observed 
enlarged glands in rachitic human patients. Hamilton and Schwartz 
(1933) claimed to have demonstrated an abnormally high content of 
parathyroid hormone in the serum of rabbits fed a high-calcium iow
phosphorus rachitic diet. 

Marine (1914b) reported finding marked enlargement of the 
parathyroid glands of fowls which had been given a r ation of corn 
and wheat for 2 to 6 months. In birds whose diet was supplemented 
with calcium salts the glands were uniformly smaller. Luce (1923) 
fed young rats a diet low in calcium (0.04 per cent) , but containing 
2.5 per cent cod-liver oil, for periods up to 21 weeks. Control ani
mals received added calcium in their ration. The parathyroids of 
the low calcium rats, as judged by volumetric calculations, showed 
a consistent enlargement which Luce deduced from hist ological ob
servations was due to hyperplasia, not hypertrophy, of the cells. 
The parathyroids of rabbits fed a diet of carrots and oats for over 
3 months were found by Baumann and Sprinson (1939) to be en
larged to two or more times the size of glands from rabbits on a 
stock diet of alfalfa, oats a nd occasional greens. These workers 
believed that the hypertrophy was due to the low calcium and high 
phosphorus content of the oats and carrot ration. Serum calcium 
and inorganic phosphorus values were somewhat low, but within 
the normal range in the experimental group. 

Chang and Chen (1940) reported that rats fed a vegetarian diet 
had much heavier parathyroids than glands from rats receiving a 
mixed omnivorous ration. Their calculations indicated that the 
vegetarian rats had received an adequate intake of calcium and 
phosphorus, but the serum calcium values were found to be low, 
so the authors concluded the low vitamin D content of t he vegetarian 
ration must have been a limiting factor necessitating some com
pensatory increase in parathyroid activity. 

Ham et al. (1940) concluded that parathyroid hypertrophy in 
r ats was not necessarily associated with rickets, for in rats it 
occurred only in rickets produced by low-calcium diets and not in 
eases of low-phosphorus rickets. Hypoealcemia, not hyperphospha
temia, was the primary cause of the hypertrophy. The relative 
volume of the glands was calculated from section measurements. 
On the other hand, De Robertis (1941) found evidence of hyper
trophy and hyperplasia in the parathyroids of rats suffering from 



74 MISSOURI AGRICULTURAL EXPERIMENT STATION 

either low-calcium or low-phosphorus rickets. The evidences of 
hyperactivity were more marked in the low-calcium rachitic rats. 
No serum calcium or phosphorus determinations were reported in 
this study. 

Drake et al. (1937) injected rabbits with a buffered sodium phos
phate solution, giving 25 mg. of phosphorus daily for up to 108 
days. Rabbits injected for more than 21 days had inferior para
thyroids weighing more than 20 mg. The glands from control un
injected animals averaged 13 mg. The results did not show whether 
this hyperplasia was due directly to hyperphosphatemia or to an 
accompanying hypoca.lcemia. Pierre et al. (1939) extended the 
work of Drake et al. (1937) by comparing in three groups each of 
10 rabbits and 5 dogs the parathyroid weights of animals receiving 
(1) injections of sodium phosphate, (2) injections of calcium glu
conate, (3) no treatment. In the rabbits, phosphate injection in
creased the parathyroid weights but calcium gluconate had little 
effect. In dogs, phosphate injection had little effect, but calcium 
injection appeared to have decreased the weight of the parathy
roids. The data published for this work were too scanty to judge 
the significance of the results, but they did provide some confirma
tion of the work of Drake et al. (1937) with rabbits. 

Nonidez-Josee and Goodale (1927) studied the parathyroid glands 
of chickens deprived of ultra-violet light. Groups of birds were 
given a basal diet containing 2 per cent bone and kept under glass. 
The parathyroids of these chickens became greatly enlarged. Other 
chickens-were given in addition .cod-liver oil, or sunlight, or ultra
violet light, and normal sfaed parathyroids resulted. Higgins and 
Sheard (1928) grew chickens under glass of different colors. The 
birds received a basal diet containing 5 per cent limestone grit, but 
low in vitamin D. Hyperplasia of the parathyroids was recognized 
within the first few we1eks in chicks growing under amber and blue 
glass. Two per cent of cod-liver oil added to the basal diet main
tained the parathyroids at approximately normal size. In later work, 
Wilder, Higgins and Sheard (1934) found that in chickens deprived 
of vitamin b, the injection of parathyroid extracts inhibited the 
hyperplasia of the parathyroids which had been shown to follow 
from the vitamin deficiency. After reviewing their own work and 
that of Nonidez-Josee and Goodale (1927), Wilder, Higgins and 
Sheard suggested that the function of the parathyroid hormone was 
to condition the tissues so that they functioned normally with a 
l".ubnormal supply of vitamin D. 

Experimental 
The Relation of Vitamin D to Parathyroid Activity.-Early work 

with parathyroidectomized animals demonstrated that factors favor
ing an :increase in the physiologically available calcium tend to offset 
the effects of loss of the glands. It thus seems reasonable to suggest 
that the same factors operating fo the normal animal will enable 
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calcium metabolism to proceed normally with a minimum of para
thyroid activity and tend to lead to the existence of relatively small 
parathyroid glands. Vitamin D is one of these factors. A more 
likely explanation than that of Wilder et al. (1934) for the influence 
of vitamin D on the size of chicken parathyroids might be based on 
the above suggestion. Without vitamin D, the available calcium of 
the blood was kept at or near normal levels only by the increased 
activity of the parathyroid glands. When vitamin D was supplied, 
the conditions for calcium absorption and utilization were so im
proved that parathyroid activity was minimal and size normal. 

To further test the proposed relationship between vitamin D and 
parathyroid activity, an experiment was carried out in which the 
parathyroids of rats fed low and high levels of calcium, with or 
without vitamin D, were weighed and measured. 

TABLE XVI. DIETARY DETAILS 

Basal Diet Variations 

Ingredient I Per Cent Designation I Composition 

Yellow corn 56.9 
F1 

Basal + 2.0% caces 
+ 0.5% Irradiated yeast 

Wheat gluten 20.0-1 +calcium 
+vitamin D 

Casein <acid washed> 10.0 

10.0 -I F2 
Basal + 0.5% irradiated yeast Brewers yeast -calcium 

+vitamin D 
Sodium chloride 0.5 

o.s-1 F3 
Potassium chloride -calcium Basal 

-vitamin D 
Magnesium sulphate 0.5 

1.5 -I F4 
Basal + 2.0% cac03 Seconclary sodium ortho- +calcium 

phosphate -vltamln D 

Ferric citrate 0.1 

The basal diet which was constituted so as to be low in calcium 
and vitamin D, is shown in Table XVI. This ration contained by 
analysis 0.056 per cent calcium and 0.648 per cent phosphorus. To 
obtain an adequate control diet, designated F 11 2 per cent calcium 
carbonate and 0.5 per cent irradiated yeast (potency not less than 
7200 I. U. vitamin D per gm.) were substituted for equivalent 
amounts of corn. Diet F 1 then contained approximately 0.86 per 
cent calcium, not less than 3600 I. U. vitamin D per 100 gm. of ra
tion and a calcium-phosphorus ratio of slightly over one. Diet F 2 

differed from F 1 in that irradiated yeast, but no calcium, was added 
to the basal ration. The basal ration was diet F 3 • The addition of 
calcium to the basal diet, but no vitamin D, made up diet F 4 • The 
animals were supplied with distilled water ad libitum. 
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Preliminary trials in which rats were fed the basal diet (F 3 ) for 
extended periods, showed that abnormally large parathyroid glands 
were slowly produced by this treatment. The most striking case 
was that of a female animal which was found after 140 days of test 
feeding, to have glands weighing 3.7 mg., or about eight times the 
normal weight. Histological examination of the parathyroid glands 
of animals injected with colchicine after 20 or 49 days of test 
feeding did not reveal any marked increase in the number of mitotic 
figures. This was taken to indicate that the increase in gland size 
was slow, corresponding with the slowly increasing effects of the 
dietary deficiencies. 

In the main experiment, immature male rats were allotted at 
random to four groups, to each of which was assigned a different 
diet. As it was recognized that the dietary deficiencies in some of 
the rations might lead to widely differing final body weights and 
thus complicate comparisons of gland size, the amount of food 
offered to a number of animals in each group was so xestricted as 
to keep the weight gain of animals fed the different diets about the 
same. The remaining rats of each group were fed ad libitum. After 
average periods of 149 to 161 days on test feeding, the animals were 
killed and the parathyr,.,ids dissected out, measured and weighed. 
The pituitaries, adrena,.., and testes were weighed, and the serum 
inorganic phosphorus determined by the method of Fiske and Sub
barow (1925). 

The data relating to the growth of the animals are given in Table 
XVII. The restricted feed regime reduced the body weight gain of 

TABLE XVII. EFFECT OF VARYING THE CALCIUM AND VITAMIN D 
CONTENT OF THE RATION ON THE AVERAGE BODY 

WEIGHT GAIN IN THE MALE RAT 

Number Days Initial Final Gain in 
of on Body Body Body 

Feed Feeding Animals Diet Weight Weight Weight 
gm. gm. gm. 

Fl Restricted 11 156 96 218 122 
+calcium 
+vitamin D Ad libitum · --1. 152 M Ma !§§. 

Av. all rats 18 154 91 229 138 

F2 Restricted 8 159 97 208 111 
-calcium 
+vitamin D Ad libitum _a 1§_5_ 1!i. 226 151 

Av. all rats 17 157 85 217 132 

F3 Restricted 12 161 90 206 116 
-calcium 
-vitaminD Ad libitum --1. 149 §.Q 223 143 

Av. all rats rn 157 87 212 125 

F4 Restricted 11 157 90 217 127 
+calcium 
-vitamin D · Ad libitum -1. 158 fill 251 .ill. 

Av. all rats 18 157 89 230 141 
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all four groups, but the final body weight of rats receiving. ade
quate amounts of calcium and vitamin D were on the average 12 
gm. above the mean weight of animals receiving the low-calcium, 
low-vitamin D ration. The greatest average difference between the 
body weights of groups receiving feed ad libitum was 28 gm., a 
difference which might have complicated comparisons of organ 
weights. In general, animals receiving calcium gained more weight 
than those on low calcium diets. The presence or absence of added 
vitamin D in the ration did not markedly influence the final body 
weight attained by the rats. 

TABLE XVIII. EFFECT OF VARYING THE CALCIUM AND VITAMIN D CONTENT OF THE RATION ON THE 
WEIGHT AND SIZE OF THE PARATHYROID GLANDS AND THE SERUM 

INORGANIC PHOSPHORUS OF MALE RATS 

Number 
Parathyroid Glands 

Serum 
of Body Inorganic 

Feed Feedinit Animals Weight Wei11:ht Lerurth Breadth Phosohorus 
gm. mg. mm. mm. mg.\t 

Fr 
+calcium 

Restricted 11 218 0.44 1.16 0.78 7.3 (91* 

+vitamin D Ad llbitum -1 lli .M§ !...®. .o.&a 1..1 (7) 

Av. all rats 18 229 0.44±0.112 1. 09.±0.158 o. 79±0. 087 7;5 ae1 

F2 Restricted 8 208 0.75 1.31 0.96 7. 9 (8) 
-calcium 
+vitamin D Ad libltum _a m Jl..11 !.ll .Q.fil IM (8) 

Av. all rats 17 217 0.76±0.161 1.32±0.183 0.96±0. 085 9.2 ae> 

F3 Restricted 12 206 1.05 1.46 1.09 7.8 a2> 
-calcium 
-vitaminD Ad libitum -1 m .Q.ll w 1.Qi 12..2 (6) 

Av. all rats 19 212 1.01±0.255 1.42±0.201 1.07.±0.130 8.4 as> 

F4 Restricted 11 217 0.51 1.19 0.85 1.1 no> 
+calcium 
-vitamin D Ad libitulm -1 lli .Ml .L.1§. -2..ai M fl> 

Av. all rats 18 230 0. 52±0.083 1.18±0.122 0.89±0.112 8.2 a1> 

*Number of analyses. 

In Table XVIII are found the mean parathyroid results and serum 
inorganic phosphorus values. Parathyroids from the groups re
ceiving restricted amounts of feed are considered first. The aver
age weight of the parathyroids from 11 rats in the restricted control 
group receiving F 1 feed was 0.44 :mg. For the corresponding group 
of rats receiving a diet high in vitamin D, but low in calcium (F2)," 

the mean parathyroid weight was 0.75 mg., a value 70 per cent above 
the control figure. When both vitamin D and calcium were low 
(F 3), the average parathyroid weight for 12 rats was 1.05 mg., or 
139 per cent above the weight of the control parathyroids. Eleven 
animals receiving the F 4 diet, adequate in calcium but very low in 
vitamin D, had parathyroids which averaged 0.51 mg., 16 per cent 
above control values. The parathyroid measurements in every case 
confirmed the recorded differences in weight. 

The data from groups fed ad libitum were in every way similar 
to those from the restricted feeding groups. The differences in 
parathyroid weights due to dietary effects were very much greater 
than differences which might have been associated with body weight 
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variation. It was thus possible to combine the results from each 
type of feeding in comparing the effects of the four different rations. 
The difference in parathyroid weights between the groups receiving 
diets F 1 and F 2, F 1 and F 3, and F 2 and F 3 were l}ighly significant. 
The difference between gland weights in ·the groups receiving diets 
F 1 and F 4 was significant at the 0.05 level by the "t" test. 

Assuming that an increase in parathyroid weight under the con
ditions of the experiment indicated an increase in parathyroid se
cretion, the results from this work support the theory previously 
proposed for the relation of vitamin D to parathyroid activity. 
When the diet F 3, inadequate in calcium and vitamin D, was fed, 
the parathyroids were stimulated to greatly increased activity in an 
attempt to maintain the physiologically available calcium at or as 
near a normal level as possible. Vitamin D, added to the deficient . 
diet F 3, so· increased the efficiency of utilization of the small amount 
of calcium present in the ration (0.056 per cent) that the intensity 
of activity required from the parathyroid was markedly less than 
when diet F 3 was fed. When the rats were given a diet adequate in 
calcium, parathyroid activity was at a relatively low level, but the 
addition of a generous supply of vitamin D favored a further reduc
tion in parathyroid activity. The results from supplying vitamin 
D to a high calcium diet were not as striking in this study with 
rats as to those reported by Nonidez-Josee and Goodale (1927), 
Higgins and Sheard (1928) and Wilder et al. (1934) with the chicken. 
This species difference seems to agree with the known facts· con
cerning the v.itamin D requirements of the chicken and rat. Where
as the chicken fares very poorly on a diet adequate and balanced 
in calcium and phosphorus, but lacking in vitamin D, the rat does 
moderately well on a similar type of ration. 

Since this feeding trial was completed, Sinclair (1941) reported 
that pregnancy in the rat on a diet considered adequate for repro
duction, produced a hypertrophy of the order of 65 per cent in the 
parathyroid glands. The administration of sufficient doses of 
"Viosterol," a concentrated preparation of vitamin D, partially pro
tected the glands from the stimulus to hypertrophy, Sinclair's re
sults fit in well with the con'ception of the relation between vitamin 
D and parathyroid activity set out in this section. 

There was little difference in the mean serum inorganic phosphate 
values for the groups on the restricted feeding, but with ad libitum 
feeding, values for rats on diets F 2 and FR, (low in calcium) were 
significantly higher than those for rats on the control diet F,. The 
serum inorganic phosphate level for rats on diet F 4 , adequate in 
calcium but deficient in vitamin D, was a little higher than the con
trol average figure. In general there was no consistent evidence 
that an increase in parathyroid size was closely related t.o high 
serum inorganic phosphate values. This conclusion supports the 
findings of Ham et al. (1940), whose results indicated that hypocal-



RESEARCH BULLETIN 352 79 

cemia, not hyperphosphatemia, was the primary cause of parathy
roid hypertrophy. The results do not rule out the possibility that 
under certain conditions excess phosphate in the blood may render 
calcium less available to the organism, and thus become an indirect 
contributing factor in the stimulation of the parathyroid glands. 

Diet 

F1 

F2 

F3 

F4 

TABLE XIX. EFFECT OF VARYING THE CALCIUM AND VITAMIN D 
CONTENT OF THE RATION ON THE WEIGHT OF THE PITUITARY, 

ADRENALS AND TESTES IN THE MALE RAT 

Number 
of Body 

Animals Weight Pituitary Adrenals 
gm, mg. mg. 

18 229 7.1 23.6 

17 217 7.2 24.4 

19 212 6.2 24.7 

18 230 7.2 24.4 

Testes 
gm. 

2.51 

2.35 

2.55 

2.49 

The mean weights of the pituitaries, adrenals and testes from 
rats fed the four different diets are given in Table XIX. Adrenal 
and testicular weights were similar in all groups. The average 
pituitary weights from rats on diets Fi> F 2 and F 4-7.1, 7.2 and 7.2 
mg., respectively, were practically identical, but the mean value 
of 6.2 mg. for rats fed the diet low in vitamin D and calcium (F3 ) 

was significantly. lower than those of the other groups. The pitui
taries from all rats were frozen directly after weighing, and so held 
pending further treatment. 

To determine whether the thyrotropin or gonadotropin content 
of the pituitaries had been affected by the dietary deficiencies, the 
glands from each group were assayed using day-old male White 
Leghorn chicks. The grouped pituitaries were finely macerated, 
suspended in distilled water and a total dose equivalent to 5 mg. of 
fresh tissue was injected subcutaneously over 4 days into each. 
chick. Ten chicks were injected with material from each pituitary 
group and 12 birds left untreated as controls. On the fifth day all 
birds were sacrificed. The thyroids, testes and adrenals were 
weighed, and the average difference between the inje"cted and the 
control groups expressed as percentage of the control values. The 
results are shown in Table XX. Thyroids from chicks injected 
with F 1 , f 2, F 3 and F. rat pituitary tissue weighed 45, 69, 59 and 53 
per cent heavier, respectively, than thyroids from control birds. 
The testes were increased 83, 111, 106 and 118 per cent in the same 
order. The amount of pituitary tissue injected was too small to 
obtain a significant increase in the weight of the chick adrenals 
with any group of rat glands. Considering the number of chicks 



80 MISSOURI AGRICULTURAL EXPERIMENT STATION 

TABLE XX EFFECT OF VARYING THE CALCIUM AND VITAMIN D CONTENT OF THE DIET ON THE 
CONCENTRATION OF CERTAIN HORMONES IN THE PITUITARIES OF MALE RATS 

Av. PitU!- Chick Chick Adrenals 
Weight tary Av. Gonads 

Rat Injected Number Weight crease 
Pitui- per of of In- or 

hick hicks hicks Wei ht crease Wei ht Decrease 
mg. gm. mg. mg. 

12 50.1 3.08 8.33 9.67 

Fl 
+<:alcium 7.1 5.0 10 49.1 4.48 45 15.26 83 8.32 -14 
+vitamlnD 

F2 
-calcium 7.2 5.0 10 51.5 5.22 69 17.57 111 9.76 + 1 
+vitamin D 

Fa 
-calcium 6.2 5.0 10 50.9 4.91 59 17.15 106 9.11 - 6 
-vitamin D 

F4 
+<:a.lei um 7.2 5.0 10 51.6 4.71 53 18.18 us 9.75 + 1 
-vitamin D 

involved, the differences in stimulating potency between the groups 
of rat pituitaries did not appear significant, indicating that the 
various diets had had little effect on the concentration of thyrotropic 
or gonadotropic principles in the pituitaries. 

Effect of Varying the Period of Feeding of Deficient Diets on the 
Weight of the Parathyroid Glands in the Rat.-The following ex
periment was designed to determine to what extent the parathyroid 
glands of rats could be increased in size by feeding a diet low in 
calcium and vitamin D over an extended period. The effect on 
parathyroid size of giving an adequate supply of calcium and vitamin 
D to rats whose diet had been previously lacking in these factors was 
also investigated. 

Young rapidly growing male albino rats were divided at random 
into two groups, one of which was fed diet F 1 (Table XVI), adequate 
in calcium and vitamin D, and the other diet F 3 (Table XII) low in 
calcium and vitamin D. Detalled data for this experiment are given 
in Table XXL After 95 days, six rats on the deficient diet F 3 were 
killed, weighed, and their parathyroid glands weighed and measured. 
The glands averaged 0.91 mg., a value approximately 100 per cent 
greater than would be expected from such rats on a normal stock 
diet. _At this time the diet of six rats was changed from F 3 (inade
quate) to F, (adequate in calcium and vitamin D). All rats were 
sacrificed 199 days after the beginning of the experiment. Five rats 
which had received the adequate diet F, throughout 199 days had a 
mean parathyroid weight of 0.45 mg. The parathyroids of six rats 
on the low-calcium, low-vitamin D ration for 199 days averaged 
0.85 mg. Only three animals survived of the group changed at 95 
days from diet F~ to F 1 • Their mean parathyroid weight was 0.93 
mg. 



Fl 
+calcium 
+vitamin D 

199 days 

F3 
-calcium 
- vitamin D 

95 days 

F3 
-calcium 
-vitaminD 

199 days 

F3 95 'days 

then 

Fl 104 
days 
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TABLE XXI. EFFECT OF VARYING THE CALCIUM AND VITAMIN D 
CONTENT OF THE DIET DURING DIFFERENT PERIODS IN 'l'HE LIFE 

OF THE MALE RAT ON THE SIZE OF THE PARATHYROID GLANDS 

Body Wei11:ht ' 

Start After After 
Animal Exper- 95 199 Parathvrold Glands 

Number lment Days Davs Wefa'ht ~h 
gm. gm. gm. mg. mm. 

1.09 
1 98 198 226 0.40 1.09 ' 

1.82 
2 90 232 269 0.40 1.18 

1.27 
s 122 192 211 0.60 1.14 

1.00 
4 72 160 206 0.45 1.14 

1.18 

5 rut 210 261 .MQ 1.QJ! 

Average 94 198 235 0.45 1.20 

1.59 
1 106 233 1.25 1.41 

1.32 
2 106 193 1.0IJ 1.32 

1.32 
3 112 190 0. 75 1.23 

1.45 
4 94 185 1.10 1.41 

1.18 
5 92 176 0.70 1.36 

1.14 
6 _M ill Q.fil. l.1i 

Average 101 192 0. 91 1.32 

1.41 
1 112 204 245 1.25 1. 59 

1.32 
2 80 156 219 0.80 1.18 

1.23 
3 74 177 258 0.80 1. 73 

1.45 
4 92 192 240 0.55 1.27 

1.27 
5 86 164 237 0.60 1.14 

1.55 
6 ~ 184 ~ 1.1.Q I& 

Average 89 180 235 0.85 1.38 

1.50 
1 124 177 238 1.25 1.86 

1.45 
2 84 162 183 0.80 1.27 

1.18 
3 ~ 210 MQ Q.15, ~ 

Average 100 183 224 0.93 1.42 
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Breadth 
mm. 

0.68 
0.82 
0,91 
0.73 
0.91 
0.91 
0. 91 
0.86 
0.73 
.Q.li 
0.83 

1.14 
1.32 
1.05 
1.14 
0. 95 
1.14 
1.14 
1.18 
1.05 
0.95 
0.95 
LQQ 
1.08 

1.05 
1.09 
1.09 
0.77 
0.91 
0.86 
0.91 
0.91 
1.00 
1.00 
1.23 
~ 
0.98 

1.0'l 
0,91 
1.05 
1.05 
1.00 
~ 
0.99 

It is interesting to note that in rats after 95 days of inadequate 

feeding, the pa rathyroid glands were approximately the same weight 

as those of animals fed the same diet for more than twice that period. 

Two considerations seem relevant to this observation. (1) As 

growth rate declined with the increasing age of the rats, the in

tensity of calcium metabolism would also decline with a correspond

ing reduction in the required parathyroid activity. (2) The diet 
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F 8 necessitated a certain compensatory increase in parathyroid ac
tivity. At 95 days the parathyroid glands may have been secreting 
at this required higher level and further increases were not de
manded. 

While the data 0for parathyroids from rats changed from the in
adequate to the adequate diets were rather meagre, the high gland 
weights recorded in these three rats even after 104 days of high
calcium high-vitamin D feeding, emphasizes the importance of know
ing the complete feeding history of animals which are used for 
experiments concerned with the size or weight of the parathyroid 
glands. 

The Influence of a Low-calcium Diet on the Weight of the Para
thyroid Glands in the Rabbit.-Previous work on the influence of 
dietary calcium on the size of the parathyroid glands which was . 
reviewed at the beginning of this section, has, in the main, been 
concerned with birds and the rat. The work of Baumann and 
Sprinson (1939) with the rabbit was most suggestive but not specific. 

An attempt was made to grow rabbits on a simplified low-calcium, 
low-vitamin D ration consisting of yellow corn 61.9 per cent, wheat 
gluten 20 per cent, brewers' yeast 10 per cent, cellufiour 5 per cent 

. and salt mixture as given in Table XVI for the basal ration-3.1 
per cent. The animals failed to survive on this diet for more than 
a few weeks, until small quantities of lettuce were fed daily in ad
dition to the meal mixture. On this latter feeding regime, five 
young male New Zealand white rabbits lived for periods of 70 to 
159 days. Three similar animals were fed under the same condi
tions the same diet with 2 per cent calcium carbonate added to the 
meal mixture. These three animals at the end of 158 days appeared 
in good condition and had heavy coats of fur. The animals on the 
low-calcium diet grew more slowly, had thin coats of fur and were 
continually licking each other. 

Data concerning these rabbits are presented in Table XXII. De
spite the much lower body weights of the animals fed the low cal
cium diet, their mean parathyroid weight was 75 per cent above that 
of the three animals receiving additional calcium in the ration. When 
the two groups were compared on the basis of milligrams of parathy
roid tissue per kilogram of body weight, the difference was even more 
striking. Rabbits on the deficient diet averaged 14.0 mg. per kg., 
while the figure for the control animals was 5.3 mg. per kg. This 
experiment indicated that the rabbit parathyroid is most sensitive 
to the amount of calcium supplied by the diet. 

An opportunity to observe the effect of diets more comparable 
with dairy cattle rations on parathyroid weight in rabbits occurred 
when the author was able to dissect rabbits fed different roughage<1 
in the course of experiments carried out by members of the staff 
of the Soils Department at the University of Missouri. The animals 
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TABLE XXII. EFFECT OF A LOW CALCIUM DIET ON THE WEIGHT 
OF THE EXTERNAL PARATHYROID GLANDS IN THE RABBIT 

Mg. Parathy-
Days Weight rold per Kg. 

Rabbit on Body Eicternal Body 
Ration Number Diet Weiicht Parathyroids Welicht 

kg. mg. 

+Calcium ·1 159 2.35 10.9 4.6 
2 159 2.50 17.3 6.9 
3 ill ~ .!U __!.! 

Average 159 2.47 13.2 5.3 

1 137 0,95 12.0 12.6 
2 70 1.47 17.6 12.0 

-Calcium 3 150 1.77 31.5 17.8 
4 159 1.94 19.5 10.1 
5 158 ~ li..a l.M 

Average 135 1.65 23.1 14.0 

were of mixed breeding but predominantly New Zealand whites and 
greys and animals resulting from cross-breeding of such rabbits. 
Thirteen animals had been fed alfalfa hay, corn and oats for an 
average period of 113 days. A group of 16 rabbits had received 
lespedeza hay and oats for 105 days. A third group had been given 
a ration of poor quality blue grass hay and corn for an average of 
109 days. · 

Detailed data for these rabbits are given in Table XXIII. Rabbits 
fed alfalfa hay had parathyroids averaging 9.0 mg. The mean 
parathyroid weight from animals given lespedeza hay was 7.7 mg. 
Both these hays were rich sources df calcium and being sun cured, 
supplied some vitamin D, so the parathyroid glands were of small 
size. In the animals fed mature blue grass hay, a fodder lower in 
calcium and probably also lower in vitamin D, the parathyroid glands 
were greatly enlarged, weighing on the average 22.8 mg. 
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TABLE xxm. THE INFLUENCE OF THE TYPE OF ROUGHAGE FED IN 
ADDITION TO GRAIN ON THE WEIGHT OF THE EXTERNAL 

PARATHYROID GLANDS IN RABBITS 

Rabbit Days Final Wt. Exter-
Feed per Animal per Day Number on Body nal Para-

Roughage Grain and Sex Diet Weight thyroids 
mg. 

63 F 119 1704 8.8 
68 F 119 1735 5.8 
91 F 81 2300 9.6 
55 F 119 2338 8.9 

Good quality 12 gm. mixture 65 F 119 2350 14.4 
alfalfa hay 2 parts corn to 45 F 119 2438 10.1 
ad llbltum 1 part oats 56 F 119 2484 7.3 

48 F 119 2500 10.1 
86 F 81 2570 7.6 
49 F 119 2822 10.9 
67 M 119 1866 9.3 
47 M 119 2190 6.7 
66 . M 119 filQ _LI 

Average 113 2281 8.95 

120 F 105 1735 6.2 
115 F 105 1960 6.4 
121 F 105 2057 8.7 
122 F 105 2118 5.4 
113 F 105 2234 6.6 

Fair quality 5 gm. oats 98 F 105 2610 8.4 
lespedeza 100 F 105 2632 7.3 
hay ad Ubl- 99 F 105 2695 12.8 
tum 123 M 105 1825 6.1 

118 M 105 1995 5.3 
111 M 105 2110 6.0 
110 M 105 2112 8.9 

95 M 105 2365 6.1 
109 M 105 2632 11.5 
107 M 105 2640 9.0 

92 M IM· llQQ .JU 
Average 105 2276 7.74 

70 F 112 1355 20.7 
52 F 112 1770 21.9 

Poor quality corn ad libitum 69 F 112 1865 34.5 
blue grass 71 F 112 2340 30.5 
hay ad lib!- 116 M 76 812 14.5 
tum 61 M 112 1550 28.9 

60 M 112 2284 25.7 
73 M 112 2415 14.7 
54 M 112 2518 23.5 
57 M 112 2822 14.0 
46 M ill ~ 2.2.Q 

Average 109 2051 22.81 

The Relation of Parathyroid Activity to Milk Fever.-The condi-

tion known as "milk fever" which affects animals shortly after par-
turition, is known to be associated with a low blood calcium level. 
It is difficult to see how such a condition would arise were the para-
thyroid regulatory mechanism functioning normally and increasing 
its activity in sympathy with the increasing demand for mobiliza-

tion of calcium which accompanies the initiation of abundant lacta-
ti on. What seems a likely explanation is that for some reason the 
parathyroid glands have not increased their activity with sufficient 

speed to meet the demands of lactation-and this with disastrous 
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results. If an animal in such a condition is tided over this period 
by the injection of calcium salts, or if the drain of calcium be di
minished by inflating the udder and thus suppressing milk secretion, 
the activity of the regulatory mechanism becomes adjusted to the 
new heavy demands and calcium metabolism may proceed normally. 

Assuming this theory is correct, it might be expected that sub
. stances having the power of increasing the blood calcium in con
ditions of hypocalcemia might be used to buffer the sudden demands 
for calcium mobilization and increased parathyroid activity early in 
lactation, thereby lessening the danger of milk fever in valuable 
cows known to be susceptible to this condition. 

A number of compounds are known to have the power of raising 
blood calcium levels if given in sufficient doses. Among these are 
vitamin D2 ( calciferol), tachysterol, dihydrotachysterol and vitamin 
D3 (activated 7-dehydrocholesterol). The calcemic properties of 
these substances should not be confused with the anti-rachitic power 
possessed to a high degree by vitamins D~ and Da, but to a very 
lii;,ited extent by the other two compounds. According to Bills 
(1938), the exposure of ergosterol to ultraviolet radiations of the 
wave length it absorbs results in the formation, in an overlapping 
series, of lumisterol, tachysterol and calciferol. No one substance is 
present alone at any one time. Prolonged irradiation leads to the 
formation of toxisterol and supra-sterols. By the irradiation of 
7-dehydrocholesterol, the activated form, vitamin D~, is produced. 
The structure and properties of certain of these compounds is shown 
in Fig. 11. With the exception of dihydrotachysterol, the structural 
formulae are those given by Bills (1938). 

When the unstable compound tachysterol is treated with sodium 
and propyl alcohol, the more stable substance dihydrotachysterol fo 
formed. The chemistry of this latter compound has been extensive
ly studied by von Werder (1939), who reported its structural formula 
to be that shown in Fig. 11. Dihydrotachysterol differs structurally 
from calciferol only in the saturation of a double bond between 
carbons 10 and 18, but it has only a fraction of the anti-rachitic 
potency and two or more times the calcemic action of the latter. 
Both calciferol and preparations containing dihydrotachysterol have 
been used extensively and successfully in the clinical treatment of 
parathyroid insufficiency. The literature on this subject is reviewed 
at length by McLean (1941). A partly purified preparation of dihy
drotachysterol manufactured by the Winthrop Chemical Company 
and given the trade name "Hytakerol" is available commercial
ly in the form of a 0.5 per cent oily solution. Similar nrenaratiom1, 
but posRiblv. with lower potency, have been referred to in the litera
ture as A. T. 10 (anti-tetanic preparation No. 10). 

As so many favorable reports on the use of A. T. 10 in cases of 
hypocalcemia were appearing in medical literature, it was felt that 
the usefulness of this preparation in the field of animal husbandry 
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THE STRUCTURE AND PROPERTIES OF ERGOSTEROL 
AND CERTAIN RELATED STEROLS 

SUBSTANCE STRUCTURAL FORMUl.A REMARKS 

Ti'f 5TEROI. RlNG 
STRUCTURE. SIDE 
01AIN SHONN A5 4 
IN ERGOSTEROL 

FOUND IN 
ERGOSTEROL 4 3 PLANT TISSUE. 

~®'"~~ CH .. '01 FORMED BY 

3 4 VERY + IRRADIATION OF 
T ACHY5TEROL SllGHT ~STEROL:-FOR-

MJLA TENTATIVE. 

CH3CH·CH: C.H·yH-C~ 
FORMED BY THE 

~ CH) 
HYDROGENATION txHYDIO-T.AOiYSTf Pa. 3 3 V~Y + m T ACHY5TEROl. SLICHT 
r<:lRMULA TENlATh'E . 

. ~~'"'"a("' FORMED BY CH3 

3 4 + + THE IRRADIATION 
CALCIFEROL OF ERGOSTEROL 

(VITAMIN D2) 

,CM cJGB='"r.:'\, 
4 3 

FORMED BY 
SUPRASTEROL I - IRRADIATION 0 

ERGOSTEROL. FOR-
MUI.A TENTATIVE 

7-DEHYDRO· E 'I 2 
FOUND IN 

CHOl ESTEROL ANIMAL TISSUE 

~~· H 
FORMED BY 

ACTIVE 7-DEHYD ~ 3 3 + + IRRADIATION OF 
CHOLESTEROL 7-DEHYDRO-
(VITAMIN D3) .CHOlESTEROL 

Fig. 11.-The structure and properties of ergosterol and certain related sterols. 

sho'uld be investigated with the· idea that if a cheap process for 
manufacturing the material was discovered, this preparation might 
be of value in the prevention of milk fever. The effect of various 
doses of "Hytakerol" on the amount and composition of milk, and 
on the blood calcium and inorganic phosphorus levels was deter
mined in the lactating gdat. 
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Effect of a Commercial Preparation Containing Dihydrotachysterol 
on the Lactating Goat.-Mature grade goats were used in this ex
periment. The animals were fed alfalfa hay and grain, milked twice 

daily and proportional milk samples drawn and combined daily from 
the night and morning milkings. Blood samples were taken from 
the jugular vein daily just prior to the evening feeding. Determina

tions of the fat content by the Babcock method, calcium by the 
method of Rothwell (1925) and the inorganic phosphorus by an 
adaption of Fiske and Subbarow's (1925) method were made on each 
daily milk sample. Blood samples were centrifuged, and the calcium 

and inorganic phosphorus values for the serum determined by the 
methods of Clark and Collip (1925) and Fiske and Subbarow (1925), 

respectively. Duplicate analyses were made on each sample of milk 
and blood. Figures concerned with the milk were recorded under 
the date of the evening milking. 

"Hytakerol'', donated by the Winthrop Chemical Company, was 

administered orally to the goats. Since the 0.5 per cent of solids in 
this commercial material contain only about 30 per cent of dihy
drotachysterol (McChesney and Kocher, 1942), and the product is 

biologically standardized on the basis of its toxic effects in mice, 
the descriptive designation "A. T. 10" is used in referring to this 
preparation in the following discussion, rather than any term which 
Would imply chemical purity. 

Three trials were carried out each involving two goats and a dif
ferent dosage level of A. T. 10. In the first trial, goat 351, near the 
peak of lactation and producing about 1400 ml. of milk a day, and 

goat 842, further on in lactation and giving about 900 ml. of milk 
per day, were observed for a control period of 5 days. On each of 
the four following days each an.imal was given 5 ml. of "Hytakerol," 

making a total dose of 20 mT., and observations were continued for 
a further 13 days. To contrast the effects of A. T. 10 and parathy
roid extract, 20 days after the beginning of the trial each animal 
was subcutaneously injected with 750 units of parathyroid extract 
(Lilly) in doses of 400 units given after the morning milking and 

350 units 6 hours later. Blood samples were drawn 6 and 24 hours 
after the first injection. 

In the second trial, goats 437 and 445 were used. These animals 
were producing at levels comparable with those of the goats in the 
first trial. After a control observation period of 6 days, each goat 

was given a daily dose of 10 ml. of A. T. 10 for 4 days, amounting to 
a total dose of 40 ml. The goats were then observed for a further 8 
days. · 

Approximately 1 month later milk and blood from the goats used 
in the second trial were sampled for a control period of 14 days. 
The animals were then given 80 ml. of A. T. 10 over 4 days, and the 
analyses carried on for 9 days more. 
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The results of the first, second and third trials are set out graphi
cally in Figs. 12, 13 and 14, respectively. Neither the volume of 
milk secreted nor the fat test of the milk showed any marked con
sistent change which could be associated with the administration of 
A. T. 10. Even the highest dose given did not appear to affect the 
level of production. The values recorded for the calcium content of 
the milk in the first and second trials showed unexpected variations. 
On the lowest dose of A. T. 10 there seemed no relation between the 
treatment and any striking change in milk calcium values. In the 
second trial the milk from both goats yielded high calcium values 
for several days after the first dose of "Hytakerol". The variations 
recorded in calcium values in the third trial during the control 
periods were much less than in previous trials, and for both goats 
a marked increase in the calcium content of the milk was found 
following A. T. 10 administration. The milk of only two goats 
showed any significant change in inorganic phosphorus content. In 
the second trial the inorganic phosphorus increased markedly in 
milk from goat 445 during the period when "Hytakerol" was given, 
and fell again later. This effect was not observed in the same goat 
on the higher dosage of A. T. 10, although a high value was recorded 
2 days after the last dose. High phosphorus values were found 'for 
the milk of goat 437 after the second and third doses in the third 
trial, but these were not maintained. 

The blood analyses in all goats and in each trial showed a rise 
in the calcium content of the serum associated with the A. T. 10 
treatment. In most cases this rise was quite small and its sig
nificance might well be questioned were it not a consistent feature of 
all trials. In general the increases appeared 1 to 2 days after the 
first dose of "HYtakerol", and persisted until 1 to 2 days after the 
last dose. Except in the case of goat 842 on the lowest dose of A. T. 
10, the:r;e appeared to be a tendency for the serum inorganic phos
phate to·rise slightly during and immediately following the feeding 
of the test material. 

The injection of goats 351 and 852 in the first trial with 750 units 
of parathyroid extract did not appear to have produced any signifi
cant effect -on any of the values for blood and milk recorded in this 
study. This result indicated that the goat may be classified among 
the animals listed as being not very sensitive to the available para-
thyroid extracts. · 

In summary of the results of this experiment, it w as concluded 
that doses of 40 to 80 ml. of " Hytakerol" tended to increase the 
calcium in the milk and blood, and the inorganic phosphorus in the 
blood of the lactating goat. Special significance was attached to 
the fact that large doses of A. T. 10 were given without depressing 
milk yield, fat production, or the appetite of the animals whose well
being seemed in no way impaired by the treatment. 
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Fig _ 12.- The influence of A. T. 10 an d para thyroid extract on the lact ating goat . 
The fou r daily doses of A. T. 10, marked by a r rows, amounted to 20 ml. of 0.5 per 
cent solution. At • , 750 un it s of parathyroid extract were infocted. 

The results of these preliminary studies seem to warrant the trial 
of this type of material for use in the prevention of milk fever 
should a cheap method of producing A. T. 10, or some basically sim
ilar but cruder preparation, be discovered. 
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Fig. 13.-The influence of A. T. 10 on the lactating goat. The four daily 
aoses of A. T. 10, marked by arrows, amounted to 40 ml. of 0.5 per cent 
solution. 

Since this work was completed, Monroe et al. (1942) have claimed 
that the feeding of 1,000,000 I. U. of vitamin D in the form of ir- · 
radiated yeast per day to cows for the last 30 days of pregnancy and 
10 days after c~lving, significantly decreased the incidence of milk 
fever in cattle. It is interesting to note that Krauss eLal. (1942), 
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Fig. 14.-The influence of A. T . 10 on the lactating goat. The four daily doses of 
A. T. 10, marked by arrows, amounted to 80 ml. of 0.5 per cent solution. 
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who reported on blood studies in the animals used by Monroe et al. 
(1942), found no abnormally high serum calcium values in the 
cows fed irradiated yeast, and in these animals there occurred the 
same drop in blood calcium at parturition as was observed in un
treated cows. According to McLean (1942), who has extensively 
reviewed the relevant literature, the solids of A. T. 10 have a cal
cemic potency at least twice as great as that of calciferol. On this 
basis, the highest dose of A. T. 10 given in the experiment with 
goats, 80 ml., was equivalent to a total dose of 800 mg. of calciferol 
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over 4 days, or, expressed in vitamin D units, 32,000,000 I. U. The 
total dose was thus of the same order as that given by Monroe et 
al. (1942) to much larger animals. 

The Influence of Excessive Doses of A. T. 10 on the Activity of the 
Parathyroid Glands.-Excessive doses of A. T. 10 or calciferol pro
duce toxic effects characterized by hypercalcemia and calcification 
of soft tissues. In any use of these substances to lessen the strain 
on the parathyroid glands, excess doses would have to be avoided 
and care also exercised in adjusting the dose so that the desired 
parathyroid-sparing action was not superceded by a parathyroid
suppressing action. Indications that such a parathyroid suppress
ing action might occur from the use of. A. T. 10 were given in the 
report of Bastenie and Zylberszac (1939a). The following experi
ment confirmed and extended their observations. 

A high dose of A. T. 10 was given young male rats for the purpose 
of contrasting the mitotic activity of the parathyroid glands in these 
and untreated animals. At the first attempt, 0.5 ml. of "Hytakerol" 
was given orally per day to each of eight young male rats for 3 
days. This dose was too high and on the fifth day six animals were 
dead. A r educed dose of 0.2 ml. per day was then given to eight 
more rats for 5 days. Ten similar animals were left untreated as 

TABLE XXIV. INFLUENCE OF EXCESSIVE DOSES OF A. T. 10 ON 
THE MITOTIC ACTIVITY IN THE PARATHYROID GLANDS OF THE MALE RAT 

Initial Final Parathyroid 
Dose Rat Body Body Mitotic Serum 

A.T. 10 Number Weight Wei ht Count Calcium 
ml. gm. gm. mg. 

1.0 l** 90 70 0 
1.0 2* 113 78 5 
1.0 3* 97 69 2 
1.0 4* 104 75 2 

1.0 5 100 8.5 20.3 LO 6 90 78 

1.0 7 . 112 68 
18.7 1.0 8 98 73 

9** 92 96 8 
10* 100 131 30 
11* 98 128 35 
12* 113 138 21 

13 99 109 
14 112 127 10.5 
15 108 123 

16 102 127 
17 94 103 9.9 
18 92 112 

**Killed 6.5 hours after colchicine injection. 

*Killed 9 hours after colchicine injection. 
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controls. On the sixth day four experimental and six control rats 
were killed and their blood pooled as shown in Table XXIV for the 
determination of calcium by the method of Clark and Collip · (1925). 
The remaining four experimental and four control animals were in
jected with colchicine. Six and one-half hours later one of the 
A. T. 10 treated animals appeared about to die, so both it and a 
control rat were killed. The other six animals were sacrificed 9 
hours after injection. The parathyroid glands of colchicine injected 
rats were sectioned, stained and the number of mitotic :figures in 30 
fields at 880 magnifications counted. 

The results of this experiment are recorded in Table XXIV. Val
ues for the calcium content of the serum of A. T . 10 treated animals 
were 20.3 and 18.7 ·mg. per cent, compared with 10.5 and 9.9 mg. per 
cent for control rats. The body weights of the A. T. 10 treated 
animals had decreased during the experiment, probably due indirect
ly to the loss of appetite which is a common symptom in animals 
suffering from hypercalcemia. Mitotic activity in the parathyroid 
glands of these animals was markedly suppressed. These results 
emphasize the necessity for care in possible practical use of prep
arations having the power to mobilize calcium. 

THE INFLUENCE OF ESTROGENS AND ANDROGENS 
ON CALCIUM METABOLISM 

Review -of Literature 
The effect of sex hormones upon calcium metabolism has been 

investigated chiefly by observing changes in the serum calcium and 
the calcification of bone following natural or experimentally induced 
changes in the amounts of these hormones within the body. The 
results have been somewhat conflicting, but the situation seems 
somewhat · clearer when experiments with birds are. considered sep
arately from those with mammals. 

Effect of Estrogens upon Blood Calcium and Calcification in Birds. 
-In 1926 Riddle and Reinhart showed that the serum calcium of 
pigeons was increased to more than twice the normal level at the 
time eggs were. ready to leave the ovary. Buckner et al. (1930),. 
Macowan (1932) and Charles and Hogben (1933) found the serum 
calcium level of laying hens markedly above that in non-laying and 
immature birds. The latter workers gave the following figures for 
serum calcium: sexually immature White Leghorn pullets averaged 
11.4 mg. per cent, laying hens during the interval between oviposi
tion and the next ovulation averaged 17 mg. per cent and for hens in 
which the egg was present in the oviduct the calcium content of the 
serum was found to vary between 10.5 and 28.5 mg. per cent. 

Riddle and Dotti (1936) demonstrated that certain pure estrogenic 
substances caused a significant increase in the serum calcium of 
normal, castrate, hypophysectomized, or thyroidectomized pigeons, in 
normal doves and in fowl. Estrone was the most active substance 
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tested and estriol and estradiol, while having some effect, were 
much less potent. Anterior pituitary extracts rich in gonadotropic 
principles were effective in raising the serum calcium of normal, 
hypophysectomized, or thyroidectomized pigeons, but not of castrate 
pigeons. Extracts poor in gonadotropic activity, but rich in other 
factors, had no effect on blood calcium values (Riddle and Dotti, 
1936 and 1938). 

Following this work many other investigators have shown the 
power of adequate doses of estrogens to raise the serum calcium of 
birds. The following workers report positive results: Zondek (1937) 
using chicks of both sexes, Avery et al. (1940) with immature pul
lets, Landauer et al. (1939) with cocks, Landauer (1940) using adult 
cocks and drakes, Pfeiffer and Gardner (1938) with pigeons and 
Pfeiffer et al. (1940) in the English sparrow. 

The intraperitoneal injection of 50 to 100 ml. of egg yolk over 8 
to 19 days into immature fowls and capons was reported by Altmann 
and Hutt (1938) to give a significant rise in the serum calcium level 
.similar to that caused by 500 R. U. of estradiol monobenzoate over 
9 days, or 1400 R. U. of estrone over 14 days. 

Marlow and Koch (1937) could find no effect on serum calcium 
following the injection of non-crystalline estrogenic extracts of hog 
ovaries and pregnancy urine into pullets and cocks. The doses were 
relatively small and the injections often discontinuous. For ex
ample, in pullets, Avery et al. (1940) found that a dose of 1750 R. U. 
of estrone per kilogram of body weight over 15 days was ineffective, 
but 5750 R. U. over 19 days gave a marked rise in serum calcium. 
The highest dose given by Marlow and Koch (1937) was 200 R. U. 
daily for 4 days to young fowls. Marlow and Richert (1940) were 
unable to show any rise in serum calcium after the injection of egg 
yolk extracts. The doses in terms of estrogenic units were again low 
but their results do throw some doubt on those of Altmann and Hutt 
(1938) mentioned above. 

In 1934, Keys and Potter observed that many female pigeons had 
more solid bones than the male birds. This hyperossification was 
associated with the maturation of the ovarian follicles. Zondek 
(1937) reported that estrogens increased bone calcifi.cation in chicks 
of both sexes. Male and female pigeons were treated with 1000 I. 
U. of estradiol benzoate daily by Pfeiffer and Gard.ner (1938). Hy
percalcification of the marrow containing bones began after 2 weeks 
and in 5 weeks reached a maximum. Most of the new bon~ was en
dosteal. Landauer et al. (1939) successfully repeated this work in 
the domestic fowl. Estrogen treated capons showed the same skeletal 
changes as those observed in roosters. Hyperossification in the bones 
of male and female English sparrows treated with estrogens was 
reported by Pfeiffer et al. (1940) and in similarly treated cocks and 
drakes by Landauer (1940). According to Bloom et al. (1941) the 
administration of large doses of estradiol produced new bone in the 
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medullary cavities of the long bones of normal pigeons in the spring. 
However, similar doses given female pigeons in December, or to 
castrate males either in December or in the spring produced little 
effect. If testosterone propionate was given with the estrogen, bone 
formation occurred in both male and castrate pigeons in December. 
Hypercalcemia could be produced with estradiol alone both in win
ter and in spring. 

The Effect of Estrogens on Blood Calcium and Calcification in 
Mammals.-Mirvish and Bosman (1927a) were among the first to 
investigate the effects of ovarian extracts on the serum calcium 
level. They reported that there was a reduction of the order of 30 
per cent in the serum calcium of rabbits 24 hours after single in
jections of liquor folliculi, or alcoholic extracts of residual ovary 
tissue, corpora lutea, or the placenta. These workers (1927b) 
claimed that their extracts produced this same effect in human pa
tients. A lowering of the serum calcium of rabbits as the result of 
injection of a crude estrogenic preparation for up to 26 days was 
reported by Reiss and Mark (1928). This early work was repeated 
in part by Dixon (1933), who found no significant change in the 
blood calcium values of the rabbit, rat and dog following the injec
tion of alcoholic extracts of the ovary and corpus luteum. 

A very slight fall in the serum calcium of cattle was noted by 
Frei and Emmerson ·(1930) after the administration of a commercial 
estrogenic preparation. Folley (1936) reported that heavy short
term doses of estrogens caused a temporary fall in the serum calcium 
of lactating cows. From the data given, it appeared as if this fall 
would average less than 1 mg. per cent in the three treated animals. 

Riddle and Dotti (1936) claimed to have raised the serum calcium 
level of normal, castrate, hypophysectomized, and thyroidectomized 
(presumably thyroparathyroidectomized) rats and of normal dogs 
with crystalline estrogens, notably estrone, given over periods of 
about 7 days. Rabbits were mentioned as not responding. The data 
published by Riddle and Dotti were somewhat scanty and the rises 
jn serum calcium in the dog and rat quite small. 

Increases of over 100 per cent in the calcium content of the blood. 
of two groups of rats injected daily for 44 days with 0.005 mg. and 
0.03 mg., respectively, of "Follikelhormone" were reported by Bach 
(1937) . The experimental groups consisted of three rats each. One 
rat in a calcium balance trial showed a negative calcium balance 
when injected with estrogens. 

Small single injections of non-purified estrogenic preparations 
from pregnancy urine and hog ovaries did not produce a significant 
or consistent effect on the blood calcium level in rats and rabbits, 
according to Marlow and Koch (1937). The unexplained extreme 
variation in the normal control calcium values reported by these 
workers (rat 4.7 to 11.1 and rabbit 9.1 to 16.0 mg. per cent) makes it 
difficult to draw any conclusions from their work. 
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Levin and Smith (1938) injected groups of normal and spayed rats 
with 100 micrograms of estrone per day. After 6 days the serum 
calcium of the estrogen treated normal and spayed rats and the 
control normal and spayed animals averaged 12.7, 12.5, 12.3 and 12.2 
mg. per cent, respectively. After 12 days the values in the same 
order were 12.7, 13.3, 12.3 and 12.7 mg. per cent. Normal and 
ovariectomized rabbits were injected with 1000 I. U. of estradiol 
benzoate for 31 days. While the values for individual rabbits showed 
little constant trend, averages for serum calcium levels were signifi
cantly higher in groups receiving estradiol benzoate at 15 days than 
for control groups. At 31 days there was little difference between 
injected and control groups. Two young Macacus monkeys were 
given 10,000 I. U. of estradiol benzoate daily, two others 5,000 I. U. 
daily, and a further two animals kept as controls. Serum calcium 
determinations were made after 0, 17 and 31 injections. Through
out the experiment all animals showed a similar decline in serum 
calcium levels. These investigators concluded from this extensive 
work that estrogen administration had little, if any, effect on the 
serum calcium level, adding that such slight elevation as was noted 
appeared only transitory in nature. 

Day and Follis (1941) injected rats which were 36 days old at the 
start of the experiment with 3600 I. U. of estradiol benzoate over 
30 days. The mean serum calcium level of these animals was 0.71 
mg. per cent above that of control rats receiving oil alone. Another 
group of similar rats received 7,200 I. U. over 84 days. The average 
serum calcium increase over controls was 0.99 mg. per cent. These 
increases, although small were statistically significant. Two groups 
of rats, aged 220 and 650 days at the beginning of the experiment, 
were given 10,800 I. U. over 125 days. and 4,000 I. U. over 37 days, 
respectively. The serum calcium of these older animals was not 
raised significantly above the corresponding control values. 

Zondek (1936) observed a shortening of the medullary cavities in 
radiograms of the femurs and tibias of young rats treated with 
5,000 M. U. of an estrogenic preparation twice weekly for 4 to 5 
months. In 1936, Gardner reported that treatment of mice with 
estrogens would cause an extensive decalcification of the pelvic 
bones. Later work has demonstrated very different effects of this 
treatment in other parts of the mouse skeleton. Injection of 250 I. 
U. or more of estrogen for 56 to 348 days into female mice was found 
by Gardner and Pfeiffer (1938a) to cause a great increase in the 
endosteal bone of the femurs of mice. In some cases the marrow 
cavities were completely replaced with coarse bone spicules. The 
breaking strength of femurs from estrogen treated mice was shown 
by Gardner (1940) to be significantly greater than that of femurs 
from control animals. · 

Gardner and Pfeiffer (1938b) reported that if mice were injected 
with testosterone propionate along with estrogen, pubic resorption 
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and skeletal hypercalcification were inhibited. Wentworth et al. 
(1940) studied the femurs of 4 groups of mature mice of both sexes. 
One group received weekly or biweekly injections of 16.6 micrograms 
estradiol benzoate, a second 1.25 mg. testosterone propionate weekly 
or biweekly, the third group both hormones simultaneously and a 
fourth group served as a control group. Injection was continued 
for varying lengthy periods. In the control group the female 
femurs had a higher per cent ash than the corresponding male 
bones. There was a higher ash concentration in the femurs of 
mice receiving estrogen alone and the calcium: phosphorus ratio 
was increased. The bones of mice injected with testosterone pro
pionate, and both testosterone propionate and estrogen were es
sentially normal. 

Sutro (1940), reporting the effects in mice of weekly injections of 
150 to 1,000 R. U. of estradiol benzoate for 2 to 22 weeks, confirmed 
previous reports of hyperossification in certain bones. Proliferation 
of new bone in the medullary cavities was especially marked at the 
lower end. of the femur and upper end of the tibia. This prolifera
tion began around the zone of provisional calcification and advanced 
into the diaphyseal pof'tion of the bone. Decalcification was noted 
in the pubic bones. 

Silberberg and Silberberg (194lb) made histological studies of 
the femurs and tibias of mice treated with estrogens for periods 
varying from 3 days to 18 months. They concluded that the hormones 
inhibited the proliferation of cartilage and accelerated sclerosis of 
the cartilaginous matrix. Absorption of newly formed bone was 
delayed, resulting in the persistence of subepiphyseal trabeculae for 
an abnormally long time. The amount of bone in the diaphysis was 
further increased by the activity of connective tissue or bone mar
row cells which, coalescing, deposited osseous substance in contact 
with pre-existing bone. If the estrogen treatment were sufficiently 
prolonged, however, resorptive processes were resumed and excess 
bone removed. In this latter connection it is interesting to note that 
Bremer (1941) has claimed briefly that theelin may cause osteitis 
fibrosa in mammalian bones. 

Bach (1937), on the basis of data from very small groups of rats, 
reported that "Follikelhormone" reduced the calcium content of 
the bones, muscles, skin and liver. 

The effect of daily injections of 12.5 micrograms of estradiol, be
ginning on the first day of life and continuing over 8 to 10 days, was 
studied in rats by Talbot (1939). Estrogen was found to cause a 
distinct increase in the size and number of ossification centers in 
the hind and fore limbs of female but not of male animals. 

Day and Follis (1941) administered 400 I. U. of estradiol benzoate 
twice weekly to rats of various ages for periods of 17 to 125 days. 
In young rats, 4 to 5 weeks old at the start of the experiment, 
estrogen treatment for 44 days and longer resulted in a small, but 
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statistically significant, increase in the per cent ash in the femurs. 
Histological examination .revealed an increase in the number and 
thickness of trabeculae at the growing ends of these bones, which the 
investigators considered was due to a decrease in physiological 
destruction of the trabeculae. The total amount of ash in the femurs 
from estrogen treated rats was generally smaller than that of con
trol animals as the estrogen treatment depressed growth and smaller 
bones resulted. Estrogen injected older rats, although exhibiting 
other effects of the hormone including suppression of growth, showed 
little or no indication of significant bone changes like those observed 
in younger rats. · 

Silberberg and Silberberg (1941a) noted that the extent of bone 
changes following estrogen treatment varied in different strains of 
mice and that the bones of some rats and all the guinea pigs in
jected showed little tendency to hyper-ossification. 

It seems clearly established that in birds sufficient doses of es
trogens may bring about two marked changes in normal calcium 
metabolism, i. e. (1) an elevation in serum calcium, and (2) an 
increased bone formation. Following their work on estrogen-tes- . 
tosterone synergism, Bloom et al. (1942) sll'ggested that these two 
effects did not necessarily result from physiologically interdepend
ent processes. Testosterone appeared to synergize with estrogen in 
stimulating bone formation, but it did not influence the increase in 
serum calcium resulting from estrogen injection. 

In mammals the evidence for effects of estrogens ori blood cal
cium is rather confusing. For the most part, however, changes in 
serum calcium following estrogen injectiop have been small. That 
estrogens are not without definite effect on mammalian calcium 
metabolism is demonstrated by the. fact that in mice, estrogens 
bring about hyper-ossification of certain bones in a manner some
what similar to changes seen in birds. There is not yet available 
enough evidence on the :reaction of other mammalian species to de
termine whether this effect can be generally accepted for mammals. 

Experimental 
In reviewing the literature on the influence of estrogens on cal

cium metabolism, it is noticeable that little account has been taken 
of the effect of sex hormones OR the parathyroid glands. Many 
investigators have suggested, but not tested, the theory that estro
gens might stimulate the parathyroids directly or indirectly through 
the mediation of the pituitary. This theory has been offered as an 
explanation of the blood calcium raising potency of estrogens in 
birds. Bastenie and Zylberszac (1939b), however, reported that 
estrogens suppressed the mitotic activity in the parathyroid glands 
of female rats weighing 100 to 110 gm., while castration increased 
cellular division. Nathanson et al. (1940) claimed that testosterone 
propionate stimulated mitotic activity in the parathyroids in the 
intact immature female. rat. 
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The object of the following study was to determine the effect of 
short term injections of estrogen and androgen on the parathyroid 
glands, the effect of estrogen on the calcium content of the blood, 
and the influence of long term injections of estrogen on the para
thyroid glands, the blood calcium level and calcification of the long 
bones. 

Effect of EstradiOl Benzoate and Tesfosterone on the Mitotic Ac
tivity in the Parathyroid Glands of the Chick and Rat.-As estrogen 
has such a marked effect on the blood calcium level in birds, the 
effect of estrogen on the parathyroid glands was first tested in day
old White Leghorn chicks. Five of these young male birds were 
injected with estradiol benzoate (Progynon-B) daily for 5 days, two 
receiving a total dose of 6.7 micrograms (40 R. U.) and three 13.4 
micrograms (80 R. U.), and three chicks were left untreated as con
trols. On the sixth day, 12 hours prior to death, each bird was in
jected with 0.1' mg. of colchicine. The number of mitotic figures 
found in 30 microscopic fields in sections of the parathyroid glands 
examined at 880 magnifications is recorded in Table XXV, under 
"Experiment 1". There was no clear-cut indication that the estro
gen treatment had affected cellular division. 

As the counts in the first test varied widely from chick to chick, 
a second experiment was carried out in which 19 chicks were di-

TABLE XXV. THE EFFECT OF ESTROGENS AND TESTOSTERONE ON THE MITOTIC 
ACTIVITY OF THE PARATHYROID GLANDS OF CHICKS 

Control Chicks 
Injected Chicks Uniniected 

Treatment Days I Boay 
I 

Mitotic Body I Mitotic 
Total Dose Injected Weight Count Weight Count 

gm. gm. 

Experiment 1 

6. 7 micrograms (40 R. U.) 5 47 77 
estradiol benzoate 5 50 72 40 648 

13.4 micrograms (80 R. U.) 5 49 813 45 251 
estradiol benzoate 5 50 66 42 135 

5 48 345 

Experiment 2 

3 54 155 
38.2 micrograms (229 R. U.l 3 49 144 
estradiol benzoate 3 56 146 

3 47 94 
3. 52 166 49 251 
3 44 174 48 763 

46 688 
4 41 101 53 217 
4 49 146 46 186 
4 45 141 47 96 

5.0 mg. testosterone 4 43 91 
propionate 4 48 126 

4 42 192 
4 49 602 



100 MISSOURI AGRICULTURAL EXPERIMENT STATION 

vided into three groups. Six birds were given a total dose of 38.2 
micrograms (229 R. U.) of estradiol benzoate in olive oil in three 
daily subcutaneous injections and killed 9 hours after colchicine 
treatment. Seven chicks received injections of 5 mg. of testosterone 
propionate (Oreton) over 4 days, and, after colchicine injection, were 
killed on the fifth day. Six chicks were injected with 0.15 ml. olive 
oil daily for 4 days. These control birds were killed after colchicine 
injection on the fifth day. The mitotic counts made on sections of 
the parathyroid glands are shown in Table XXV, under "Experi
ment 2". The average count for estrogen treated chicks was 147, 
for testosterone chicks 200 and for the controls 359. The latter two 
figures were influenced by three abnormally high counts. It is 
quite clear that neither estradiol benzoate nor testosterone pro
pionate stimulated cell division in the parathyroid glands of these 
chicks. The lower average count for the estrogen treated group was 
of doubtful significance due to the variation in control figures, and 
it appears that if any suppression of mitoses by estrogen occurred, 
it was of a minor nature. 

In these and previous experiments involving mitotic counts in · 
young chicks, it has been noted that somewhat over 10 per cent of 
the birds had parathyroids in which cellular division was proceed
ing at a rate several hundred per cent above the general average. 
At present, the factor responsible for this condition is not known, 
and the variation makes the task of interpreting data from these 
birds more difficult. 

The negative results with testosterone prt>pionate in the chick 
raised doubts as to the significance of the results of Nathanson et 
al. (1940) with the rat. An attempt was made to repeat their work. 
Four immature female rats were each given a single subcutaneous 
injection of 5 mg. of testosterone propionate. At the same time an 
equal number of litter mate control animals were injected with 1 
ml. Of raisin-seed oil. Ninety-seven hours following the first in
jection the eight animals were sacrificed after having been treated 
with 0.1 mg. of colchicine per 100 gm. of body weight 9.5 hours prior 
to death. The data are presented in Table XXVI. The mean number 
of mitotic figures in 30 fields (880 X) of the parathyroids of the 
testosterone-treated rats was 143, and that in the control group 165. 

To check this result, three further groups of four young female 
rats each were studied. The first four animals were injected with 
three equal daily doses of testosterone propionhte amounting to 7.5 
mg. On the fourth day this group, together with four untreated 
control rats, received colchicine, and were kmed 9.5 hours later. A 
control group of four rats was killed without colchicine injection. 
The results of the previous exper.iment were confirmed. Testosterone 
did not stimulate cellular division in the parathyroid glands (Table 
XXVI, Experiment 2). 
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TABLE XXVI. EFFECT 0.F TESTOSTERONE ON THE MITOTIC ACTIVITY 
OF THE PARATHYROID GLANDS OF YOUNG MALE RATS 

Total Dose Number of · Interval 
of Daily 1st Injection Body Mitotic 

Testosterone Injections to sacrifice Weight Count Remarks 
rs. gm. 

Experiment 1 
5.0 1 97 76 161 Colchicine 
5.0 1 97 74 129 n 
5.0 1 97 82 127 
5.0 1 97 81 153 

Untreated 71 140 
n 72 202 

67 rn1 
70 127 

Experiment 2 
7.5 3 72 45 16 Cole hi cine 
7.5 3 72 63 11 
7.5 3 72 62 19 
7.5 3 72 57 20 

Untreated 51 21 
n 56 91 

54 9 
56 24 n 
50 7 No colchicine 
55 3 n 
55 4 
53 3 

The data in each of three experiments thus provide no confirma
tion of the claims of Nathanson et al. (1940). Examination of their 
results shows that the control data were meagre, consisting of counts 
from two rats receiving colchicine and from three untreated animals. 
Their colchicine-treated controls actually recorded lower counts 
than the untreated controls. This contrasts sharply with the results 
of a similar comparison set out in Table XXVI, Experiment 2. 

Effect of Short Term Injections of Estrogens on the Blood Cal
cium Level in Guinea Pigs.-Additional evidence of the lack of any 
marked effect of short term injection of estrogens on the serum cal
cium level in mammals was obtained from study of the blood of 
young male guinea pigs which were being used in this laboratory in 
studies on the initiation of lactation. Animals in five small groups 
had been injected daily for five days with doses which, over the 
whole period, amounted to 2.5, 5.0, 10.0 and 100.0 micrograms of 
estrone and 50 mg. of diethylstilbestrol, respectively. Four control 
guinea pigs were left untreated. It can be seen from the values 
given in Table XXVII that there was no significant difference for 
the _serum calcium values between the various groups. 
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" 
TABLE XXVII. EFFECT OF SHORT TERM ESTROGEN INJECTION 

ON THE BLOOD CALCIUM OF YOUNG MALE GUINEA 
PIGS 

Mean Individual 
Days No. of· Body Calcium Values 

Total In· ection In ·ected Animals Wei ht 
gm. m~. 

4 397 9.0 s.2, n.o. n.2, 9,7 

2.5 micrograms estrone 381 9.2 n.o, 9.8, q,o 

5,0 5 401 ll.O 9.4, 8.8, 8.8 

10.0 4 352 8.6 9.2, 9.0, 7.5, 8.8 

100.0 4 373 9.2 9.5, 9.5, s.s, !'l.3 

50. O mg. diethylstilbestrol 5 4 435 8.9 8.4, 9.5, 9. 7, 7.8 

Effect of Long Term Estrone Injection in the Ovariectomized Rab
bit.-Nineteen normal healthy immature female New Zealand white 
rabbits were ovariectomized and divided into groups of ten and nine 
animals each. The ten animals of one group were each injected 
daily with 10 micrograms (100 I. U.) of estrone for the first 5 weeks 
and thereafter with 20 micrograms (200 I. U.) daily. The second 
group remained untreated for control purposes. The animals of 
both groups were housed side by side and fed ad libitum a ration 
consisting of alfalfa hay and a meal mixture containing 1 per cent 
steamed bone meal. At weekly intervals the animals were weighed. 
All survived the operation in a satisfactory condition. 

It was intended that the experiment should be continued until the 
animals could be killed at a body weight of approximately 3500 gm. 
to facilitate comparisons of organ weights and skeletal measure
ments. The initial average body weight of the injected group was 
1336 gm. and of the control group 1199 gm. Nine weeks after 
ovariectomy, the mean body weights of the injected and control 
groups were 2181 gm. and 2167 gm., respectively. From this time on, 
the rabbits receiving estrone grew more rapidly than the untreated 
animals. At 19 weeks, when the mean weights in the same order were 
3015 and 2588 gm., two injected animals had reached 3500 gm. and 
were killed. Shortly afterward it appeared very unlikely that the 
control animals would reach an average body weight of 3500 gm. 
within a reasonable time, so the estrone-treated animals were killed 
off as they approached 3300 gm. The mean interval from ovariectomy 
to sacrifice was 175 days, and the average body weight at death 3267 
gm. Control animals were continued on the experiment with the 
hope that they might reach weights comparable with the average 
weights of the injected rabbits. With the exception of one animal, 
this they failed to do, and were killed after an average period of 
241 days on experiment at an average body weight of 2790 gm. Data 
concerning/the weight gains of the two ?'roups are shown in Table 
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Treatment 

TABLE XXVIII. A COMPARISON OF THE AVERAGE GAIN IN BODY 
WEIGHT OF OVARIECTOMIZED AND OVARIECTOMIZED 

ESTRONE-TREATED RABBITS 

Average 
Interval 

Number Operation od 
of to At 

Animals Sacrifice Initial Final 133 Da s 
Days gm. gm. gm. gm. 

a!n 

Final 
gm. 

9 241 1199±179 2588±129 2790±204 1397±220 1597±358 

100 I. U. in-
creasing to 10 175 1336±309 3015±361 3267±309 1679±195 1931±201 
200 I. U. es-
trone per day 

XXVIII. The average weights of both groups were plotted up to 
the time the first rabbit from each was killed, giving the growth 
curves in Fig. 15. During dissection of the animals, it was noted 
that the carcasses of the ovariectomized untreated animals had 
very much greater fat deposits, particularly in the· region of the 
kidneys, than those of the estrone-injected group . 

...._. OIARIECTOMI ZED CONTROLS 
o-·-<> OVARIECTOMIZED + ESTROGEN 

I 
/ 

/ 
I 

/,;I 

EFFECT OF OIAR.IECTOMY AND 
R.EPLACEMENT THERAPY ON BODY 
WEIGHT IN FEMALE R.ABBITS. 

1--'~~ ~-----200 IU ESTf'QN£ PER DAY -----------....j 
(INJECTEO IN GROUP o-._, t")Nt.Y) 

OVARIEClOMY 

0 2 4 6 8 10 24 26 28 30 

Fig 15.-Growth curves of ovariectomized and ovariectomized estrone-t.reated rabbits. 

32 
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Blood samples were taken from the ear vein prior to the death of 
the rabbits, and serum calcium values determined by the method of 
Clark and Collip (1925). The external parathyroid glands, the 
pituitaries, thyroids and the adrenals were weighed. The femurs, 
tibiae and humeri were cleaned, and the length and minimum width 
recorded for each animal by averaging the measurements of each 
pair of bones. By the use of a series of levers which forced a knife 
edge down on the midpoint of a bone supported at two points each 
1 inch from the center of the bone, values for relat ive breaking 
strengths of the femur, tibia and humerus from the left side of each 
animal were determined. The pieces of each broken left bone were 
then more completely crushed with bone forceps, extracted in a 
Soxhlet apparatus for 24 hours with 95 per cent alcohol and 24 hours 
with. ether, dried to a constant weight and weighed. The dry fat
free bone was ashed to a constant weight at dull red heat in a muffle 
furnace, the weight of ash recorded and the percentage ash on a dry 
fat-free basis calculated. The bones from the right side were split 
lengthwise with a small saw to permit observation of internal 
ossification. 

TABLE XXIX. A COMPARISON OF THE WEIGHTS OF CERTAIN ENDOCRINE 
GLANDS OF OVARIECTOMIZED AND OVARIECTOMIZED ESTRONE-TREATED RABBITS 

Number External 
of Body Para-

Treatment Animals Weight thyroids Pituitary Thyroid Adrenals 
gm. mg. mg. mg. mg • 

• 
9 2790 14.6±3.36 36.0,,9. 78 13 6. 9±26. 91 422. 9±68. 78 

** Estrone 10 3267 13.5±3.10 25.8±2.56 165.4±36.25 372.3±119. 7 

t of difference 0.705 2.831 1.562 1.053 

p >0.05 <0.02 >0.05 >0.05 

• and •• • Means of 8 and 9 glands, respectively. 

Data on the weight of the endocrine organs are given in Table 
XXIX. The mean weight of the. two parathyroid glands in the 
control ovariectomized rabbits was 14.6 mg. in contrast with a value 
of 13.5 mg. for the estrone-treated group. The difference between 
the!)e means was not significant. The fact that ovariectomy of itself 
had .no significant effect on the weight of the parathyroid glands has 
been pointed out already. As was expected, the pituit aries from 
the ovariectomized rabbits were abnormally large. Estrone treat
ment inhibited this hypertrophy. The thyroids of the injected ani
mals were larger and the adrenals smaller on the average than the 
corresponding glands in the control group, but these differences were 
not statisticaily significant. 



RESEARCH BULLETIN 352 105 

Mean values for the length, minimum width and breaking strength 
of the femurs, tibiae and humeri are presented in Table XXX. In 
view of the differences in body weight, data on bone length were 
of special interest. The lengths of all three bones were greater in 
animals receiving estrone. The difference between the two groups 
were significant for the femur, but not for the tibia and humerus. 
In the estrone-treated rabbits the minimum widths of all three bones 
were much greater than in animals of the control group. These 
differences were highly significant. The weight required to 
snap the bones was greater in each of the three types of bone from 
the injected group of rabbits, but in no case was the mean difference 
between the groups statistically significant. 

In Table XXXI, data concerning dry fat-free bone, ash, percentage 
ash and serum calcium are summarized. The average amounts of 
dry fat-free bone and of ash in the three bones were significantly 
greater in the estrone-treated rabbits. On the other hand, the per
centage of ash in each case was slightly higher in bones from the 
control ovariectomized animals than in those from injected animals. 
These latter differences were not statistically significant. Serum 
calcium values averaged 14.8 mg. per cent in the control group and 
13.9 mg. per cent in the estrone-treated group. There was no 
statistical significance in the difference between these values. 

It is of interest to compare the development of the mammary 
glands in these two groups of rabbits. The glands of the untreated 
ovariectomized animals varied from a very rudimentary form with 
only a few short primary ducts, to systems up to 2.5 cm. in diameter 
with both primary and secondary ducts. The state of the glands in 
the estrone-treated ovariectomized rabbits varied from a condition 
of early lobule development similar to that seen in 10 day pregnant 
animals, to much heavier lobule development showing alveoli ex
panded with secretion. On cutting the gland of one of these latter 
animals there was a copious flow of milk. While the extent of this 
development was striking, it was in no case comparable with that of 
a normal lactating rabbit. 

In connection with calcium metabolism, the most interesting as
pects of this experiment were the observations that long term es
trogen treatment affected neither the weight of the parathyroid 
glands nor the serum calcium levels of ovariectomized rabbits, but 
did markedly increase the robustness of the femurs, tibiae and 
humeri. This latter effect was quite noticeable in the split bones. 
While the amount of bony trabeculae at the ends of the bones from 
injected animals appeared only slightly increased, the general ap
pearance of the shafts was much more massive. It was noted that 
when the relative effects of estrone on bone determinations were 
calculated on a percentage basis for each bone (difference between 
control and estrone-treated animal values expressed as a percentage 
of control values), in every case the difference was more marked in 
the determination on the femur. 



TABLE XXX. A COMPARISON OF THE LENGTH, MINIMUM WIDTH AND BREAKING STRENGTH OF 
CERTAIN LONG BONES OF OVARIECTOMIZED AND OVARIECTOMIZED ESTRONE-TREATED RABBITS 

Number 
Treat- of Bodv 
ment Animals Weight 

gm, 

-- 9 2790 

Estrone 10 3267 

t of difference 

p 

Number 
Treat- of Body 

Bone Lenath Minimum Width Breaking Strength 
Femur Tibia Humerus Femur Tibia Humerus Femur Tibia 
mm. mm. mm. mm. mm. mm. Kg. Kg. 

96±2.60 104±2.85 74±0.94 5.9±0.17 4..4±0.25 4.9±0.26 34.420±4.249 30.586±1. 789 

101±4.98 105±4.65 76±3.13 6.9±0.56 5.1±0.40 5.4±0.29 38,022±5.190 32.901±4.062 

2,552 0.529 1,744 4,831 4.268 3.731 1.555 1.493 

<0.05 >0.05 >0.05 <0.01 <0.01 <0.01 >0.05 >0.05 

TABLE XXXI. A COMPARISON OF THE AMOUNTS OF FAT-FREE BONE AND ASHAND THE PERCENTAGE 
OF ASH IN CERTAIN LONG BONES, AND THE SERUM CALCIUM LEVEL IN OVARIECTOMIZED 

AND OVARIECTOMIZED ESTRONE-TREATED RABBITS 

Fat-free Dry Bone • Ash Percentage ash 

me qt Animals Weight Femur Tibia. Humerus Femur Tibia Humerus Femur Tibia Humerus 
gm. gm. gm. gm. gm. gm. gm. "al ';b ';b 

Humerus 
kg. 

25.245±1.667 

25,576±3.583 

0.246 

>0.50 

Serum 
Calcium 
mg. 'h 

• -- 9 2790 4.692±0.333 4.317±0.349 2.569±0.185 3.036±0.162 2.831±0.158 1:630±0.082 64. 77±1. 969 65. 72±2.031 63.56±1.924 14.8±2.61 
• 

Estrone 10 3267 5. 927±0. 793 4.980±0.590 3.040±0.264 3. 774±0.465 3,254±0.327 1. 920±0.148 63. 78±1. 213 65.51±1.331 63,23±1.175 13.9±1.29 

t of difference 4.103 2.740 4.132 4,291 3.157 4.915 1.268 0,245 0.431 0.818 

p <0.01 <0.02 <0. 01 <0.01 <0.01 <0.01 >o.o5 >o.5o >0.50 >0.05 

*Mean of 8 analyses 
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Effect of Long Term Injection of Diethylstilbestrol in the Normal 
and Pa:rathyroidectomized Rat.-Young female albino rats were 
randomly divided into four groups for this experiment. Thirteen 
animals were subcutaneously injected daily with 0.1 ml. of olive 
oil to serve as a control group. In a second group, also of 13 ani
mals, each rat was subcutaneously injected daily with 33 micrograms 
of diethylstilbestrol in 0.1. ml. of olive oil. Thirty-eight rats were 
parathyroidectomized. In this operation, the animals were anes
thesized with tribromethanol (Avertin), the lateral lobes of the 
thyroids exposed and the parathyroid glands removed with a min
imum of damage to the thyroid gland. Where there was any doubt 
about the location of the parathyroids, the rats were discarded. 
Eighteen parathyroidectomized rats were given injections of 0.1 ml. 
of oil daily, and 20 similar animals 33 micrograms of diethylstilbes
trol in oil daily. 

The animals had been raised on an adequate stock ration contain
ing 2 per cent steamed bone meal and adequate vitamin D. This 
diet was continued throughout the experiment. Mortality was . high 
in the parathyroidectomized and diethylstilbestrol-treated animals. 
All the control rats remained alive at the conclusion of the 
experimental period, but only nine diethylstilbestrol-treated, eleven 
parathyroidectomized and five parathyroidectomized diethylstil
bestrol-treated animals survived. Except in certain specified cases, 
the following discussion is concerned only with the 38 surviving rats. 

Injections were continued until the growth curves of the animals 
,; in each group had established a definite plateau. The injection 

period varied in individual animals from 175 to 212 days and 
averaged for the control, diethylstilbestrol-treated, parathyroidecto
mized and parathyroidectomized diethylstilbestrol-treated groups 
200, 206, 193 and 182 days, respectively. 

Condi
tion of 

. Animals 

Parathy
roidec
tomlzed 

Parathy
roldec
tomlzed 

TABLE XXXII. THE EFFECT OF DIETHYLSTILBESTROL AND 
PARATHYROIDECTOMY ON THE GAIN IN BODY WEIGHT 

IN FEMALE RATS 

Number Days 
Dally of In- Body Wei ht 

Injection Animals jected Initial Final 
gm. gm. 

0.1 ml. olive 13 167 91 207 
oil . 

33 micrograms 167 88 161 
dlethylstilb-
estrol In 0.1 
ml. oil 

0.1 ml. olive 11 167 98 198 
oil . 

33 micrograms 167 102 168 
dlethylstilb-
estrol in 0.1 
ml. oil 

Gain 
gm. 

116±18.2 

73±14.8 

100±15.8 

66±22;2 
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Average growth curves for each group up to the one hundred and 
sixty-seventh day, the occasion of the last weighing prior to the kill
i:i1g and dissection of the first rats, are shown in Fig. 16. Data for 

· the respective body weight gains to the same day are given in Table 
XXXII. 

GMS. ___. CONTRO.. RATS 
o-·-o RATS lNJE.CTED WIT~ STlLBESTROL 
o---o- PARATHYROtDECTOMIZtO RATS 
.,.._.. PARATl4YA:l10EC TOMIZED RATS 

INJECTED WJTH STILBESTROL 

THE EFFECT Of STILB ESUOL AND 
PARATHYROIDECTOMY ON BODY WEIGHT 
GAIN IN THE FEMALE RAT. 

0 2 4 6 8 10 12 14 16 18 20 2'2 24 
WEEKS ON EXPERIMENT 

Fip;. 16.-Growth curves of normal, parathyroidectomized, diethylstilbestrul
inj•cted and parathyroidcctomized diethylstilbestrol-injected female rats. 

The heavy doses of diethylstilbestrol retarded the growth rats of 
both normal and parathyroidectomized rats for a period of approxi
mately 14 weeks, after which growth in these animals was almost 
entirely inhibited. Parathyroidectomy slightly retarded the rate 
of growth during the first few weeks after the operation in the 
oil-injected animals; up to 167 days, the average body weight of this 
group was consistently below that of the control group, and at this 
time the gain in weight was significantly less (P < 0.05). The initial 
body weights of the five parathyroidectomized diethylstilbestrol
treated rats averaged 14 gm. above those of the diethylstilbestrol
treated group and continued to average slightly higher throughout 
the experiment, there being no significant difference between the 
mean body weight gains of the two groups at 167 days. 

Blood samples were collected for serum calcium and inorganic 
phosphorus determinations as the animals were killed. The para-

• 
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thyroids, pituitaries, thyroids, adrenals, ovaries and kidneys were 
weighed. Measurements were taken of the length and minimum 
width of the femurs, tibiae and humeri. After cleaning, the rela
tive breaking strength of each femur was determined by finding the 
minimum weight which, suspended from the center of the middle 1.5 
cm. of the bone by a fine wire, would snap the femur. The amounts 
·of fat-free dry bone and ash, and the percentage ash in the com
bined femurs from each animal were determined by the methods 
outlined in the preceding experiment with rabbits. The mammary 
developmen-t was checked in rats of t he first four groups. 

To provide control materials from rats with body weights ap
proximately the same as those of .the diethylstilbestrol-treated 
groups, seven normal healthy female rats were killed and examined 
at the same time as the other experimental animals. 

In Table XXXIII are presented the mean organ weights from 
the five groups of rats. Parathyroidectomy had no significant effect 
on the weight of. the pituitary, adrenals, ovaries, or kidneys. The 
low weights of the thyroid glands in parathyroidectomized animals 
were, without doubt, influenced by the operation. The average 
weight of the parathyroid glands of the diethylstilbestrol-treated 
rats, 0.42 mg., was 15 per cent below that of the heavier control 
rats, and 11 per cent above that of the group of seven untreated 
rats of comparable body weights. The measurements of length and 
width confirmed these differences. Abnormally heavy pituitaries 
and adrenals were produced by the diethylstilbestrol injections. 
The ovaries were sevei:ely affected by the excess of estrogen. in the 
body. Only in a few cases were these glands in a condition permit
ting dissection and weighing. Associated with many ovaries were 
relatively large watery vesicles. The uterus and ovary in some 
cases w~re found infected. No special significance was attached to 
the small variation in kidney weight s. 

The results from measurements of bone size are summarized in 
Table XXXIV. The effect of parathyroidectomy in the oil-injected 
animals was slight, but consistent, for the femur, tibia and humerus 
which were each a little shor ter on the average in operated animals .. 
Diethylstilbestrol injection resulted in bones much shorter than 
those of the normal animals receiving oil alone. However, except for · 
the tibia in which the shortening was most marked, the reduced 
length was in proportion to the smaller body weight of diethylstil
bestrol-treated animals. There was no significant difference in the 
measurements of bones from the diethylstilbestrol-treated and die
thylstilbstrol-treated parathyroidectomized groups. The values_ re
corded for minimum bone width showed no marked differences which 
could be associated with any particular treatment of the rats. 

Data relating to the calcification of bone and to serum calcium 
and inorganic phosphorus levels are given in Table XXXV. The 
average amounts of fat-free bone and ash in the femurs of parathy-



Days 
In-

Treatment jected 

0.1 ml. oil dally 200 

33 micrograms diethyl-
stilbestrol in 0.1 ml. 208 
oil dally 

Parathyroldectomlzed, 193 
0,1 ml, oil dally 

Parathyroldectomized, 
33 micrograms diethyl- 182 
stllbestrol In 0,1 ml. 
oil dally 

Untrea.ted younger rats --
1. Six pairs of glands, 
2. Three pairs of glands. 

TABLE XXXJII. THE EFFECT OF DIETHYLSTILBESTROL AND OF PARATHYROIDECTOMY ON 
THE WEIGHT OF CERTAIN ORGANS IN THE FEMALE RAT 

Number Parathyroid Glands 
of Body 

Arumals Weight Weight Length Width Pituitary Thyroid 
gm. mg. mm, mm, mg. mg, 

13 208 o.50±0. 083 1.21±0.183 0.87±0.108 11.7±1.94 20,5±3.49 

9 181 0.42±0.118 1.08±0.183 0,82±0.091 18,0±3.98 15.9±2.97 

11 207 -- -- -- 11.1±1.80 16.1±3.09 

5 172 -- -- -- 24.2.J;5,62 10.0±1.99 

7 163 0,38±0.036 1.04±0.079 0.81±0. 086 9.0±0.93 13.7±2.10 

Adrenals. Ovaries 
mg. mg, 

47.3±11.55 57.3±10.71 

1 
60,2±21.56 24.4±23.84 

44.3±3.35 56.1±16.84 

2 
5~.9±6.00 H.3±2.90 

44.8±6.36 58.6±10.69 

Kidneys 
gm. 

1.46±0.198 

1.42±0.147 

1.40±0.108 

1.33±0.120 

1,53±0.134 
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Group 

Oil-injected 

Diethyl-
stilbestrol-
injected 

Parathyroid-
ectomized 

Parathyroid-
ectomized-
diethylstil-
bestrol-
injected 

Young control 

TABLE XXXIV. THE EFFECT OF DIETHYLSTILBESTROL AND OF PARATHYROIDECTOMY 
ON THE LENGTH AND MINIMUM WIDTH OF THE FEMURS, TIBIAE AND HUMERI IN THE 

FE.MALE RAT 
Number Length Minimum Width 

of Body 
Animals Weight Femur Tibia Humerus Femur Tibia 

gm, mm. mm, mm. mm. mm. 

13 208 32.3±0.525 35,3±0.575 24.7±0.633 2.6±0.121 1.9±0.055 

9 161 29.4±0.738 31.9±0.857 22,5±0.549 2.6±0.145 1.8±0.110 

11 207 31,9±0.784 33, 7±0. 704 24.1±0.648 2. 7±0.173 1.8±0.109 

5 172 29,3±0.773 32.4±1.258 22.4±0.735 2.7±0.127 1.7±0.084 

7 163 29.9±0.785 33.0±0.546 22.8±0.599 2.6±0.161 1.8±0.120 

Humerus 
inm. 

1.8±0.096 

1. 7±0.105 

1.7±0.117 

1,8±0.100 

1. 7±0.065 
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TABLE XXXV. EFFECT OF DIETHYLSTILBESTROL AND OF PARATHYROIDECTOMY ON THE BREAKING 
STRENGTH AND CALCIFICATION OF THE FEMURS, AND THE SERUM CALCIUM AND INORGANIC 

PHOSPHORUS IN THE FEMALE RAT 

Number 
of Body Breaking Fat-free Serum 

Group Animals Weight strength Dry Bone Ash Ash Calcium 
gm, gm, mg. mg. ~ mg.~ 

2 Oil injected 13 208 9565±1213 745±65.3 494±49.7 66.34±1.541 9.4±0.638 

Diethyl-
stilbestrol- 9 161 8160±1382 620±85.9 421±68.0 67.65±1.990 9,9±1.714 injected 

Parathyroidec- 11 207 9186±1345 699±67.4 468±49.l 66,81±1.143 7.4±1.411 
tomized 

Parathyroidec-
tomlzed diethyl- 5 172 9109±1366 691±58.7 474.±43.2 68,55±0.975 7.7±0.168 stilbestrol-
injected 

Young control 7 163 7470±400 559±14,1 349±10,4 62,38±1.246 

Note: 2, 3, 4 2Means of 12, 11 and ·8 analyses, respectively. 

Serum 
µtorganic 

Phosphorus 
mg.~ 

3 
6.5±1.701 

7.5±1.607 

4 
11.7±1.784 

10.1±1.572 
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roidectomized oil-injected rats were lower than in control animals, 
confirming the difference in size indicated by measurement of the 
length of the bones. The mean values for percentage ash in these 
two groups were very similar. The femurs of the diethylstilbestrol
treated rats gave smaller average values for total fat-free bone and 
total ash, but a somewhat higher figure for percentage ash than the 
femurs from the control group. Total dry fat-free bone and total 
ash values were similar in the two parathyroidectomized groups. 
The percentage ash was significantly higher in the· group of five 
operated rats receiving diethylstilbestrol. For total dry fat-free 
bone, total ash and ash percentage the lowest mean values were 
recorded in the group of seven young untreated female animals. 
The relative breaking strengths of the femurs varied directly with 
the values for total dry fat-free bone, being in order from the 
strongest to the weakest groups-control, parathyroidectornized, 
para thyroidectomized die thy ls ti 1 bestrol-treated, diethylstilbestrol
treated and untreated light control group. It was observed during 
the breaking of the femurs that bones from the diethylstilbestrol
treated rats were more brittle than those from other groups. 

The serum calcium level was not affected by the injection of 
diethylstilbestrol, but was significantly lower in both parathyroid
ectomoized groups. Serum inorganic phosphorus values also showed 
little effect of the. diethylstilbestrol treatment. In the operated ani
mals high values were recorded for serum inorganic phosphorus. 
While the results from these blood analyses were those generally 
expected from parathyroidectomized animals, it is interesting to 
note that the animals, which in this experiment had survived for 
periods of 175 to 212 days following the operation, had not, du.ring 
this long time, developed a compensatory mechanism for maintaining 
the blood calcium and inorganic phosphorus at normal levels. 

Mammary glands of the control rats were found to be composed 
of well developed duct systems. The lengthy treatment with diethyl
stilbestrol had resulted in duct extension and lobule formation with 
alveoli in various stages of hypertrophy. Parathyroidectomy had 
no effect on the state of development of the glands. 

The results of this experiment indicate that diethylstilbestrol in
hibited growth in the animals injected, and that the weights of the 
parathyroids, thyroids and kidneys, and the size of the femurs, tibiae 
and humeri were approximately the same as those of younger normal 
animals of the same weight. The pituitaries and adrenals, which 
were increased in weight, and the ovaries, which were suppressed, 
reacted to the injection in a manner unrelated to the abnormal body 
weight. While the size of the bones of the diethylstilbestrol-treated 
rats was similar to that of younger animals of the same body weight, 
the calcification was more nearly like that of the mature control 
group. 
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The chief object of introducing groups of parathyroidectomized 
rats into the experiment was to determine whether estrogen-induced 
changes in the calcification of bones, which had been reported by 
previous investigators, could be demonstrated in the absence of the 
parathyroid glands. It was noteworthy that with the subnormal 
calcium and high inorganic phosphorus content of the blood, the 
processes of bone formation were but little impaired in parathy
roidectomized animals. The increase in the percentage ash after 
the treatment of normal rats with diethylstilbestrol was small, but 
a slightly greater increase was obtained in diethylbestrol-treated 
parathyroidectomized animals. When the mean differences in per
centage ash in oil-injected groups and diethylstilbestrol-treated 
groups were tested by the method of analysis of variance as outlined 
by Snedecor (1940), it was found that diethylstilbestrol injection 
had resulted in a statistically significant increase in the percentage 
ash in both normal and parathyroidectomized animals. These re
sults indicate, therefore, that the influence of estrogens on the cal
cification of the long bones is independent of parathyroid activity. 

DISCUSSION 
A wide field of study has been included in this investigation; 

therefore, it is necessary, in the final analysis, to relate various re
sults to an integrated physiological picture of the endocrine regula
tion of calcium metabolism. As a basis for discussion, certain 
aspects of the relation of the endocrine system to calcium metabol
ism are schematically illustrated in Fig. 17. 

There is little doubt that the parathyroid hormone is the most 
important endocrine factor in the immediate regulation of calcium 
metabolism in both mammals and birds. The intensity of this con
trol may vary from one species to another. This was indicated in 
Fig. 7, in which the relation of parathyroid weight to body weight 
was shown to vary among different species. At present, data on this 
point are limited, and extension of this work would provide an in
teresting study if variations could be related to factors such as the 
natural dietary habits, the intensity of reprodl,lctive activity, or 
perhaps the development of other calcium regulatory mechanisms 
in the animals investigated. 

The fact that the secretory activity of certain endocrine glands, 
notably of the thyroid, gonads and adrenals, is regulated by the 
pituitary gland, suggests that a similar relationship might exist be
tween the parathyroid glands and the hypophysis. However, the 
results of this study provide strong evidence that the parathyroids 
are independent of a controlling anterior pituitary hormone. What 
then supplies the stimulus when an increase in parathyroid secre
tion is required? Feeding experiments have shown convincingly 
that gross enlargement of the glands occurs under conditions which 
tend to lower the calcium content of the blood. It seems quite prob-
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able that the parathyroid glands are sensitive to slight changes in 
the level of physiologically available calcium in the blood, and that 
the output of hormone is adjusted accordingly to preserve a nice 
equilibrium between the demand for and supply of calcium to the 
tissues. With subnormal levels of available calcium, parathyroid 
secretion is augmented, the excretion of phosphorus by the kidneys 

THf. RELATION OF THE ENDOCRINE SYSTEM TO CALCIUM 
METABOLISM 
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F ig. 17 .- Schemat ic illustration of . the relation of the endocrine system to 
calcium metabolism. 

increased and reabsorption of calcium and phosphorus from the 
skeletal reserve is stimulated (Fig. 17) , with the net result that the 
level of available calcium in the blood is raised. This theory has 
received support from the work of Patt et al. (1942), who perfused 
the isolated thyroid and parathyroid glands of dogs with decalcified 
blood, and comparing the calcium-raising potency of this perfusate 
with that of normal blood similarly perfused, found evidence of a 
greater parathyroid hormone content in the former preparation. 
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Until some convincing evidence of the mediation of some other organ 
is forthcoming, it seems unnecessary to postulate any but a direct 
reaction of the parathyroid gland to account for increased parathy
roid secretion under conditions tending to lower the level of 
physiologically available calcium in the blood. Indeed, unless an in
termediate organ could, through some special sensitivity to existing 
conditions, stimulate the parathyroids to increased secretion in an
ticipation of some following situation in which the demand for cal
cium would exceed the supply, such an indirect mechanism would 
be not only an unnecessary but also a wasteful complication. 

In the normal non-pregnant non-lactating animal, unless the diet 
is. deficient in calcium and vitamin D, or unbalanced with regard to 
the relative quantities of calcium and phosphorus, the need for en
docrine regulation of calcium metabolism is minimal. During late 
pregnancy and in lactation, the processes of calcium metabolism are 
greatly intensified. Calcium is required for deposition in the fetus. 
After parturition, the mammary gland secretes relatively large 
amounts of calcium in the milk. This withdrawal of calcium tends 
to lower the blood calcium level, and probably would, but for the 
reaction of the endocrine regulatory mechanism to the situation. 
Parathyroid secretion is stimulated to the degree necessary to keep 
the blood calcium at a normal physiological level. In parathyroid
ectomized animals, this control is lacking, and in numerous investi
gations such animals have been reported especially subject to 
low-calcium tetany late in pregnancy or following the initiation of 
lacta.tion. More direct evidence for this parathyroid hyperactivity 
during heavy Jactation was presented in Fig. 8, in which the weight 
of the parathyrol.d glands of rabbits was shown to be abnormally 
high in lactating animals. 

The efficiency of the calcium regulatory mechanism during lacta
tion has been illustrated by the results of a numb~r of investigators 
who have shown that cows may maintain a high level of milk pro
duction even though fed rations of quite low calcium coritent over 
several years. It is well known that highly producing cows may be 
in negative calcium balance for extended periods during the lacta
tion period and, despite liberal feeding, maintenance of their pro
duction level is dependent on their ability to mobilize calcium from 
skeletal reserves. In the present study, it was shown with normal 
animals that by adjusting factors affecting the utilization of cal
cium, and the calcium content of the diet, the need for endocrine 
activity could be reduced to a minimum. Likewise, with rapidly 
growing, pregnant, or lactating animals, parathyroid activity is 
spared , by supplying these animals with rations containing liberal 
and correctly balanced quantities of calcium and phosphorus, to
gether with adequate amounts of vitamin D. 

What happens when the parathyroid glands, for some reason or 
other, fail to respond sufficiently to a lowering of the blood calcium 
following sudden heavy demands for this mineral in milk secretion, 
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is illustrated by the condition known as milk fever. The level of 
calcium in the blood continues to fall until the acute symptoms of 
the disease appear. It has been suggested in this report that the 
calcemic agents, A. T. 10 or vitamin D, which are used as substitutes 
for parathyroid hormone in cases of hypoparathyroidism, should be 
of value in buffering the parathyroid glands from the sudden de
mand for greatly increased activity following the initiation of heavy 
lactation in dairy cows which are suspected of being liable to "go 
down" with milk fever. In accord with the outlined theory for 
stimulation of parathyroid activity, such treatment should not be 
applied with such vigor as would maintain the blood calcium at, or. 
above, normal levels, for in that case parathyroid stimulating con
ditions woµld be entirely eliminated with the result that the glands 
would not be in a condition to take care of the regulation of calcium 
when treatment was discontinued. 

In cases of hyperthyroidism it has been shown that calcium ex
cretion may be greatly increased, but the role of the thyroid in the 
metabolism of calcium in normal animals has not been clarified. 
Blumenthal and Loeb (1942) observed that when the mitotic activity 
in the thyroid was increased by the administration of pituitary ex
tracts or potassium iodide, there was a corresponding increase in 
cellular division in the parathyroid glands. That this is not a gen
eral phenomenon has been shown in the present studies in which 
thyroid glands in various experimental animals have been greatly 
stimulated by pituitary material without affecting the size or mito
tic activity of the parathyroid glands. 

Estrogens have a specialized function in birds-that of increasing 
the calcium content of the blood. In normal physiology this ap
pears to be associated with the demand for calcium for shell forma
tion. Riddle (1941) has suggested that the endocrine mechanism 
involved is describable in terms of the following sequence of activat
ing agents: gonadotropic hormone-'>st.eroid (estrogenic) hormones-'> 
parathyroid-'>osteoblast and osteoclast activity. In.jection of 6.7, 
13.4 and 38.2 micrograms of estradiol benzoate over 3 to 5 days had 
no consistent effect on the mitotic activity in the parathyroids of 
young chicks (Table XXV). While the results of this experiment did 
not support Riddle's theory, the data were somewhat limited, and 
more work on this phase of the problem appears desirable. What
ever may be the mechanism for the immediate effect of estrogen on 
calcium metabolism in birds, this sensitivity to estrogen has not been 
developed to any extent in mammals. This was the conclusion 
reached by Levin and Smith (1938), whose studies involved rats, 
rabbits and monkeys. The results obtained with guinea pigs pre
sented in Table XXVII confirm their findings. 

A second aspect of the relation of efltrogens to calcium met:abolif\m 
lies in the fact that estrogens may induce hypercalcification of the 
Joni< bones in birds and in mammals. In the course of the present 
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studies this effect was demonstrated in the female ovariectomized 
rabbit by the greater total ash content of the bones of estrone-treated 
animals. In the rat, the influence of estrogen was manifest in the 
increase in ash content of the femurs of diethylstilbestrol-injected 
animals. It does not appear likely that this long term effect, an in
crease in calcium storage, is due to estrogenic stimulation of the 
parathyroid glands. Data on the condition of the parathyroid glands 
in estrogen-treated animals (Tables XXIX and XXXIII) and the 
positive effect of estrogen on the bones of parathyroidectomized 
rats (Table XXXV) indicate that this estrogenic action is independ
ent of the parathyroid glands. It seems more probable that estrogens 
directly influence the environment at the site of calcium deposition 
and reabsorption in such a way that the former process is favored 
over the latter. The present state of our knowledge does not seem 
to warrant further theorizing on the relation of the long-term hyper
calcification effects of estrogens in mammals and birds to the short
term blood calcium raising potency of estrogens in birds. 

In many of the experiments herein described, the secretory activi
ty of the parathyroid glands has been judged by their size or the 
mitotic activity of the epithelial cells. While these criteria under 
well defined conditions indicate gross differences in secretory ac
tivity, minor changes may be overlooked. Assay of the glands for 
their hormone content would supply valuable additional informa
tion concerning variations in the secretory activity of the glands. In 
this connection, the development of a convenient reliable assay 
technique based on the results with mice given in Table VIII may 
have a ' useful application. 

Our knowledge of the detailed mechanism which normally insures 
an optimum supply of physiologically available calcium to the tis;:;ues 
is at present far from complete, yet the advances that have been 
made in investigating endocrine regulation have contributed signif1-
cantly to our understanding of the fundamentals of calcium meta
bolism. 
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SUMMARY 
1. The comparative anatomy of the parathyroid glands in the 

chick, rat, mouse, guinea pig, rabbit and goat has been described. 
2. The relationship betwe·en the weight of the parathyroid glands 

and body weight was investigated by fitting the equation, Y = aXb, 
in which Y = weight of the parathyroid glands in milligrams, and 
X = body weight in kilograms, to data collected from 99 normal ma
ture rats, 207 rabbits and 20 goats. The following regression equa
tions resulted from the calculations: for female rats, Y = 3.733XL31 5 ; 

for male rats, Y = 2.264Xu 1 s ; for rabbits, Y = 5.541X0 · 718 ; for goats, 
y = 5.6180.835. 

3. Female rats in the range of body weights studied had relatively 
heavier parathyroid glands than the males. There was little sex 
difference in the rabbit. 

4. Comparing mature animals of the three species studied, rabbits 
were found to have the largest and rats the smallest parathyroid 
glands in relation to body weight. 

5. The external parathyroid glands of ovariectomized rabbits 
were found to be within the weight range of glands from normal ani
mals. 

6. No marked increase in the weight of the parathyroid glands of 
rabbits occurred during pseudopregnancy, pregnancy, or up to 5 
days in lactation, but the weight of glands from animals after 10, 
20 and 30 days in lactation was very significantly greater than nor
mal. After 20 days in lactation, rabbits whose litters had been re
duced to 2 young at birth were found to have parathyroid glands of 
normal weight. 

7. The parathyroid glands of rats killed 10 days after parturition 
were heavier than glands from virgin control animals. 

8. The removal of -0ne external parathyroid gland in the rabbit 
resulted in an abnormal increase in the weight of the remaining 
gland up to at least 50 days after the operation. Evidence of sim
ilar compensatory hyperactivity was found in the rat. 

9. Parathyroidectomy in two young goats caused a sharp drop 
in the serum calcium levels, but few acute symptoms were observed. 

10. In mice, the injection of sufficient doses of parathyroid ex
tract reduced the incidence of tetany produced by the intraperitoneal 
injection of sodium citrate. With increasing doses of parathyroid 
extract a greater measure of protection was obtained. The useful
ness of a method for the bioassay of parathyroid hormone based on 
the technique used in these experiments has been discussed. 

11. · The injection of 25 units of parathyroid extract had no effect 
on the calcium content of the blood of month-old chicks. 

12. Young chicks 2 to 3 days old were relatively more resistant 
to the effects of sodium citrate injecti'on than mice. In these young 
birds, 50 units of parathyroid extract gave no reduction in the in
cidence of citrate-induced convulsions. 
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13. Injection of as much as 48 mg. of an initial extract of normal 
cattle pituitary glands, and 36 mg. of extract from pregnant cattle 
pituitaries over 6 days did not stimulate cell division in the para
thyroid glands of young male chicks. 

14. Injection of massive doses, 250 and 500 mg. of an initial ex
tract of normal cattle pituitaries into mature rats gave no increase 
in the weight of the parathyroid glands. 

15. After chicks were injected with 435 mg. of raw anterior pit
uitary from pregnant cattle over 7 days, rats with 4460 mg. over 5 
days, and virgin female mice with 300 mg. over 10 days, there was no 
evidence that mitotic activity had been stimulated in the respective 
parathyroid glands. 

16. The parathyroid glands of mature male rats injected with 
3640 mg. of raw cattle anterior pituitary tissue over a period of 7 
days weighed approximately the same as those of control untreated 
rats. 

17. The injection of massive doses of raw anterior pituitary tissue 
from sheep in two experiments gave average increases of 36 and 
18 per cent, respectively, in the weight of the parathyroid glands of 
male rats. The significance of these increases has been discussed, 
taking into consideration the levels of calcium and inorganic phos
phorus in the blood, and the enlarged kidneys of the injected ani
mals. 

18. On the basis of the results from injection of raw anterior 
pituitary material and pituitary extracts, it was concluded that the 
existence of a parathyrotropic factor in the anterior lobe of the 
pituitary is extremely doubtful. 

19. The parathyroid glands of rats fed a diet low in calcium and in 
vitamin D were very much heavier than normal. The addition of 
vitamin D to this qiet resulted in glands of markedly smaller weight, 
although they were still above normal. The parathyroid glands of 
rats fed a high-calcium low-vitamin D diet weighed significantly 
more than the glands from animals given the same ration with the 
addition of vitamin D. Vitamin D thus had a "parathyroid-sparing" 
action. 

20. The thyrotropic and gonadotropic hormone concentration in 
the pituitaries of rats wa.s not significantly affected by differences in 
the calcium or vitamin D content of the diet. 

21. The weights of the parathyroid glands from two groups of 
the pituitaries of rats was not significantly affected by differences in 
the calcium or vitamin D content of the diet. 

22. Rabbits fed a simplified diet low in calcium were found to 
rats fed a low-calcium low-vitamin D diet for 95 and 199 days, re
spectively, were abnormally high, but not significantly different. 
Abnormally large parathyroid glands were found in rats which had 
been fed a low-calcium low-vitamin D ration for .95 days and then 
changed to a high-calcium high-vitamin D diet for 104 days. 

23. The weights of the external parathyroid glands of rabbits 
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have relatively much heavier external parathyroids than animals 
fed the same diet to which calcium carbonate had been added. 

24. The relation of milk fever to the function of the parathyroid 
fed a ration of alfalfa hay, corn and oats, or lespedeza hay and oats 
were normal. The glands were found greatly enlarged in rabbits fed 
poor quality blue grass hay and corn. 

25. The calcium content of the milk and the calcium and inorganic 
glands, and the possibility of using parathyroid-sparing agents such 
as vitamin D or A. T. 10 in the prevention of the disease have been 
discussed. 

26. Excessive doses of A. T. 10, which raised the serum calcium 
phosphorus levels in the blood were slightly raised in lactating goats 
given total oral doses of 20 to 80 ml. of a 0.5 per cent solution of 
A. T. 10 over 4 days. Milk and fat production were not affected. 

27. Injections of 6.7, 13.4 and 38.2 micrograms of estradiol ben- · 
of young rats to abnormally high levels, inhibited cellular divisi-On 
in the parathyroid glands. 

28. Injection of 5 to 7.5 mg. of testosterone propionate over 1 to 
zoate over 3 to 5 days had no effect on the rate of mitotic division in 
the parathyroids of young male chicks. 

29. Increasing doses of estrone and 50 mg. of diethylstilbestrol 
4 days did not affect cellular division in young male chicks or young 
female r"ats. 

30. In a comparison of ovarectomized untreated rabbits and ovar
injected over 5 days did not significantly affect the level of calcium 
in the blood of young male guinea pigs. 

31. The daily injection of 33 micrograms of diethylstilbestrol 
iectomized animals receiving daily injection of 10 to 20 micrograms 
of estrone for an extended period, it was found that estrone treat
ment increased the size of the femurs, tibiae and humeri as evi
denced by the greater minimum width and amounts of fat-free dry 
bone and ash in these bones. The percentage ash was not affected. 
Est:Fone injection increased the growth rate of ovariectomiz-ed rab
bits. There was no significant difference between the weight of 
the external parathyroid glands or the serum calcium values. 

32. Parathyroidectomy had but a slight depressing effect on body 
into normal female rats inhibited body growth. The weights of the 
parathyroids and the size of the femurs, tibiae and humeri were 
approximately the same as those of younger animals killed at the 
same body weight, but the calcification of the femurs was that of 
older animals. 

33. Diethyh;tilbestrol injection caused an abnormally high mortal
ity in parathyroidectomized animals. 

34. Diethylstilbestrol treatment resulted in a small but statistical
ly significant increase in the percentage ash of the femurs of both 
.intact and parathyroidectomized rats. 

35. The importance of various phases of the endocrine regulation 
of calcium metabolism has been discussed. 
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