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I. Introduction 

The parathyroid glands were described in 1880 by Sandstrom, but 
their importance to the health of the organism was not realized until 
after 1891 when, through Gley's rediscovery of the "external" pair of 
glands (77), thyroidectomies on humans and dogs were made with the 
precaution to leave these two small neighboring glandules intact. Since 
the fatal convulsive symptoms which had attended the early attempts 
at removal of the thyroid were thereby averted, some delineation of the 
function of the thyroid and parathyroid was already achieved. Great 
interest was aroused in the latter glands when their relationship to cal-
cium metabolism was established in 1908-1909 by MacCallum and 
Voegtlin (128,129). Despite this exquisite demonstration of the physio-
logical role of the parathyroids, a great amount of work was done in the 
succeeding years in vain attempts to link the parathyroid in some way 
with the ability of the body to rid itself of obscure toxins. There was a 
widespread belief that the tetany seen after parathyroidectomy was due 
to the accumulation of a toxic substance. 

The endocrine nature of the parathyroids and their real purpose in the 
body economy was established in 1925 by Collip and co-workers (44-47). 
They succeeded, in a close competition with several other laboratories, 
in (1) extracting an active physiological agent from the parathyroid 
glands of cattle, (2) demonstrating conclusively the ability of this agent 
to restore to well-being dogs that were desperately ill from loss of the 
parathyroid glands, and (3) by the same action, to superimpose a state of 
hyperparathyroidism on intact dogs. This hormone preparation, with 
some minor modifications in the technique of extraction, satisfied several 
of the practical clinical requirements, which may have contributed to the 
early falling off in intensive investigation of this glandular product. 
From 1925 to the present, progress in parathyroid physiology has gone 
hand in hand with developments in the much larger field of mineral 
metabolism. On the chemical side, Tweedy and co-workers have con-
tinued to explore the properties of the parathyroid hormone with the 
accepted handicap of not having the hormone in pure form. In recent 
years Ross and Wood (166) have made a notable advance in concentrat-
ing the active fraction. The extensive clinical investigations by Albright 
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and collaborators have gone far in elucidating the derangements of 
mineral metabolism that accompany the various diseases of the para-
thyroids in man, and have resulted in many improvements in the diag-
nosis and treatment of these patients. 

There are many reasons for believing that a revival of interest in the 
parathyroid field is certain to follow; there is in fact some evidence that 
it is already under way. In keeping with this expectation the intention 
has been, in this discussion, to provide a guide to the literature and an 
orientation covering many of the ramifications of the parathyroid 
subject matter. 

II. Embryology and Histology 

The mammalian parathyroid glands are derived embryologically from 
the third and fourth pharyngeal pouches (parathyroids III and IV, respec-
tively), and the definitive glands are located close to the thyroid gland, 
the lateral lobes of which are thought to arise in part from the fifth 
pharyngeal pouch. The parathyroids are composed of closely packed 
polygonal cells arranged sometimes in irregular clumps, or as anastarnos-
ing cords, or more rarely in the form of acini with scanty colloid. There 
are occasionally two types of parenchymal cells present, viz., (1) the 
invariably present chief (or principal) cells, having unusually pale 
cytoplasm and containing nuclei with a prominent chromatin network; 
( 2 ) the oxyphiles, larger, and having eosin-staining cytoplasmic granules, 
which are an inconstant component appearing in the human gland only 
after childhood and never present in most animals. It has not been 
possible to ascribe any functional difference to these two types of cells 
and it is believed that the oxyphiles represent a transitional, probably 
degenerative, phase of the chief cells. The absence of secretory granules 
in the chief cells is enigmatic in view of the irrefutable physiological 
evidence that internal secretion occurs. Thus far cytoplasmic granules 
have been found only in the Virginia deer (81) and, while these were 
believed to represent secretory antecedents, Grafflin (82) was not able to 
find a seasonal variation in the number or characteristics of these granules 
in correlation with the annual cycle of calcium deposition in antlers. 

III. Anatomy 

The parathyroids are commonly four in number and are located along 
the dorsolateral border of the thyroid as a superior and inferior pair 
(parathyroids IV and III, respectively) of glands. There is a great 
amount of variation in their number and location in animals and in men. 
In twenty-five cadavers Heinback (99) found two to six glands each and 
only 24% of the cases had four glands. Most workers have found that 
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not more than 50% of humans have the supposedly typical four glands. 
In the dog and cat the superior pair of parathyroid glands is embedded in 
the thyroid, hence to insure complete removal of the parathyroids in these 
animals it has been a common practice to remove the thyroid also. This 
same arrangement of parathyroids holds for man. The rat has only the 
inferior pair—parathyroid III (80)—and since these are only superficially 
embedded in the thyroid it is feasible to remove the parathyroid sepa-
rately (Fig. 1). 

F i g . 1 . — A picture showing the relation of the parathyroids to the thyroid gland 
in the rat and illustrating the technique of parathyroidectomy in this species. (From 
Richter and Birmingham, 155.) 

The parathyroids have a thin connective-tissue capsule with delicate 
trabeculae penetrating the gland. Blood is supplied to the parenchyma 
through sinusoids. Cervical sympathetic fibers enter the gland and, as 
they appear to end mainly in the Avails of the vessels, probably play only 
a vasomotor role. 

A . ACCESSORY PARATHYROIDS 

Probably no species is completely free of so-called " accessory para-
thyroids" which are small clusters of typical parathyroid cells that 



VII. PHYSIOLOGY AND CHEMISTRY OF PARATHYROID HORMONE 259 

become separated from the main glands during embryological develop-
ment. They may be found in the neck region along the carotid artery, 
and in the anterior and posterior mediastinum, but are most frequently 
located within the thymus gland. Godwin (80) observed fragmentation 
of the parathyroid anläge in every dog embryo which he examined and 
concluded that it would be practically impossible to be certain of a com-
plete surgical parathyroidectomy in this species. However, in a diligent 
examination of adult dogs, Reed et al. (154) found accessory tissue in only 
one of thirty-three animals. Hoskins and Chandler (106) made serial 
sections of the neck regions in embryo, newborn, and adult rat and found 
accessory parathyroid tissue in only five of sixty-five animals examined. 
Swingle and Nicholas (196) were able to correlate survival in their para-
thyroidectomized cats with the finding of accessory parathyroid tissue. 
The relative frequency of occurrence of these accessory glands is of 
considerable importance from the experimental viewpoint because they 
influence to an indeterminable extent the ability of some animals to 
withstand parathyroidectomy. 

IV. The Effects of Extirpation of the Parathyroid Glands 

A . GENERAL EFFECTS 

The removal of approximately one half of the parathyroid tissue does 
not produce detectable symptoms, and little (36) or no (165) com-
pensatory hypertrophy of the remaining tissue in rats. Even though the 
total amount of parathyroid tissue is extremely small—0.102 to 0.133 g. 
in man (146)—it thus represents a considerable margin of safety. The 
reactions of different animals to parathyroidectomy vary somewhat but 
the difference is largely a matter of extent rather than of direction of the 
changes. 

The percentage of animals which survive operative removal of the 
parathyroid is for the dog 0 to 5; cats, 20 to 50; rabbits, 67 to 87% (Drag-
stedt, 53). Survival is measured in terms of animals which under con-
stant conditions either do not develop deficiency symptoms or develop 
them only transiently. It is a common experience that following extirpa-
tion of the parathyroids, if life is sustained for several days by palliative 
procedures, mild symptoms of parathyroid deficiency may disappear in a 
small percentage of animals, thus giving credence to the belief that in the 
interim accessory parathyroids have assumed sufficient functional impor-
tance to sustain the health of the animal without further treatment. 
The survival rates and the much-debated question of whether the para-
thyroids are necessary for life have become practically meaningless. 
With the extension of our knowledge of the dietary requirements of such 
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operated animals it is possible to influence survival markedly. This does 
not abrogate or detract from the physiological importance of the para-
thyroids but rather places them, like the adrenal medulla, in the category 
of bodily mechanisms the main purpose of which is to enable the animal 
to meet changing or emergency conditions and to help maintain a mineral 
homeostasis of the milieu interne. 

The bodily disturbances resulting from ablation of the parathyroids 
may be divided for the purpose of discussion into (1) neuromuscular 
symptoms, and (2) changes in the chemical composition of the body fluids. 
But it must be kept in mind that these changes are not unrelated. 

B. NEUROMUSCULAR SYMPTOMS 

The outward signs of parathyroid deficiency as displayed by the dog 
have been carefully described by MacCallum and Voegtlin (129), Collip 
(45), and Shelling (182), and are fairly typical of those seen in the more 
susceptible species including man. About sixteen hours after operation 
the dog becomes restless and refuses food. Local and intermittent 
fibrillary twitchings of muscles appear and these are prodromes of a 
spectacular succession of disordered and involuntary muscular contrac-
tions which will eventually bring the animal to climactic and unrestrained 
violence (parathyroprival tetany). The twitchings become more general 
and are followed by tremors, increased muscular tonus, unnatural pos-
ture, and uncertain gait. The body temperature rises and hyperpnea 
increases. Clonic or tonic spasms appear with great suddenness and 
eventuate in severe generalized convulsions and laryngeal stridor. After 
a period of one to four hours the severe symptoms abate spontaneously and 
except for slight depression the dog behaves normally and may eat and 
play. In usually less than twenty-four hours these symptoms reappear. 
The interval between attacks decreases and the exhaustion becomes more 
severe. Preterminally the animal lapses into a torpor. The limbs are 
often outstretched in steady and continuous spasticity. The immediate 
cause of death is asphyxiation through spastic contraction of the laryngeal 
and respiratory smooth musculature, or exhaustion. Hastings and 
Murray (96) noted symptoms which point to widespread stimulation of 
the parasympathetics, e.g., epiphora, enopthalmos, watery nasal secre-
tion, salivation, frequency of urination, and sexual excitement. Sym-
pathetic involvement was registered by dilatation of the pupils, partial 
extension of the nictitating membrane across the cornea, and tachycardia. 

The spinal cord transection studies of Carlson and Jacobson (38) show 
that the somatic motor disturbances giving rise to the clonic convulsions 
originate in the region of the midbrain. Although the convulsive move-
ments do not appear caudal to the transection level, hyperirritability and 
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F I G . 2 .—The effect of removal of the parathyroids on the stages of neuromuscular 

transmission as exhibited b y the soleus muscle of the cat. Operation performed 4 

days before. Indirect stimulation at 5 0 0 per sec. for 1 0 sec. followed b y rest period 

of 1 0 sec. T o p , after operation, no treatment, b lood calcium at 6 .7 m g . % . Stages 

3b and 3c did not appear. Bot tom, after CaCl 2 injection, blood calcium at 1 2 . 5 

m g . % . Tracing resembles those given b y normal cats. (From Valenzuela, Huido-

bro, and Valdés, 2 1 2 . ) A code to the various stages is shown to the right of the 

tracings. 

of tetany. In chronic deficiency peristaltic stasis with resulting consti-
pation may aggravate the tetany. Also in protracted parathyroid 
deficiency, cataract formation is a frequent finding in humans as well as 
in laboratory animals and has been known to lead to blindness within a 
few months. Changes in the skin and nails of man have been described 
(123). 

Valenzuela et al. (212) studied the effect of parathyroidectomy on 
neuromuscular transmission, using the response of the soleus muscle of 
the cat to repeated stimuli at high frequency. They found that stages 
3b and 3c (Fig. 2) as described by Rosenblueth and Cannon (164) did not 
appear in operated animals; a normal response was obtained after an 
intravenous injection of calcium chloride. 

twitching persist. The hyperirritability is a purely peripheral phenome-
non. The twitches are of spinal origin and are abolished by section of 
the ventral roots, but not by sectioning the dorsal roots. Removal of the 
cerebral cortex will lessen but not abolish tetany. Dogs show such an 
increased irritability of the phrenic nerve that the diaphragm may twitch 
with each beat of the heart (due to the action potential) except during 
inspiratory contraction. The sensitivity to painful stimuli is greatly 
reduced preterminally. 

Vomiting, diarrhea, and anorexia are fairly common in acute hypo-
parathyroidism and each has a significant influence on the development 
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C. CHANGES IN CHEMICAL COMPOSITION OF THE BODY FLUIDS 

1. In Dogs 

There is a prompt and steady decline in the calcium content of the 
blood plasma following removal of the parathyroids. This very notable 
advance in the understanding of the function of the parathyroid glands 
was made in 1909 by MacCallum and Voegtlin (129). They also demon-
strated that the symptoms of tetany in a parathyroidectomized dog were 
a direct consequence of the lowered blood calcium since the tetany was 
immediately relieved by intravenous injection of a soluble calcium salt. 

The calcium in whole blood is almost entirely confined to the plasma. 
About 50% of the calcium is diffusible (nonbound) and the remaining 
portion is bound as a calcium proteinate or as a part of a negatively 
charged protein ion. The diffusible calcium is either all or nearly all 
ionized. Some workers agree but Schmidt and Greenberg (173) deny 
that there is a small fraction of diffusible calcium that is bound to some 
small molecule such as citrate. The important aspect is that the cal-
cium proteinate is in equilibrium relation with the ionized calcium. 
McLean and Hastings (137) showed that the ionization of calcium, as 
measured by the isolated frog heart method, was determined primarily 
by an equilibrium between the calcium and the plasma protein concen-
tration. This is described by the mass law equation: 

^ X P £ 2 t i : = K = l O - - ( a t p H 7 . 3 5 ) 

They drew up an extremely valuable nomogram which expresses graphi-
cally these relations over the range of calcium values that are seen in 
normal and parathyroidectomized animals. 

Not all workers are agreed on the extent to which the parathyroids 
influence the relative proportions of these fractions. The evidence, 
albeit circumstantial, strongly indicates that it is the ionic calcium frac-
tion which is decreased by parathyroid deficiency, but the mechanism 
whereby this decrease is brought about remains in doubt. There is no 
doubt, however, that a deficiency of calcium ions will produce hyperirrita-
bility of the nerves (Loeb, 125; Brink and Bronk, 31). The normal cal-
cium level of the dog (and many other mammals) is 10.5 ± 1 . 0 mg. per 
100 ml. serum. Symptoms of tetany ordinarily appear when the serum 
calcium drops below the critical level of 7 mg. % and during the convulsive 
seizures values of 3.5-5 mg. % are not uncommon. The kidney threshold 
for the excretion of calcium is only slightly below the normal blood cal-
cium level and during these states of severe hypocalcemia the urine is 
essentially calciumfree* The fecal calcium is reduced or only slightly 
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elevated. The calcium content of muscle and other tissues is unchanged 
or slightly decreased (198). 

The decrease in blood calcium which occurs after removal of the para-
thyroids is not due to a lowering of the plasma proteins. Salvesen and 
Linder (169) followed the plasma protein values in dogs from the time of 
parathyroidectomy until violent tetany had developed and found that 
the total plasma protein concentration remained constant and there was 
no change in the albumin-globulin ratio but the calcium fell off sharply. 
There is then no primary loss of nondiffusible calcium. These results 
indicate that the calcium deficiency was due to a loss of calcium ions. 

Greenwald's discovery in 1911 (84) that the urinary elimination of 
phosphorus was markedly decreased following parathyroidectomy in 
dogs has been fully substantiated by his later work (86,87) and by many 
others. He also determined that the phosphorus elimination had not 
merely been shifted toward the feces and, confronted with this definite 
phosphate retention, he sought unsuccessfully to find a commensurate 
increase in the serum inorganic phosphate. He concluded (85) that the 
phosphate was stored in the tissues. Largely through the work of 
Salvesen (168), Albright and Ellsworth (6) and Shelling (181), it has been 
thoroughly established that there is a definite increase in the serum phos-
phate level that is concomitant with the fall in serum calcium following 
parathyroidectomy. The normal dog has a plasma inorganic phos-
phate level in the neighborhood of 5 mg. % whereas after parathyroidec-
tomy this may rise to 9 mg.% or higher. Jones (118) and Helfet (100) 
postulate that, since, in parathyroidectomized animals, calcium ions can-
not be mobilized from bone to combine with the increased phosphate to 
render it inactive and excretable, the calcium ions in the serum are used 
for this purpose and tetany develops. 

Hastings and Murray (96) determined, contrary to previous findings, 
that the pH and the carbon-dioxide-combining power of the blood were 
not altered in acute hypoparathyroidism nor was there any change in the 
alkali reserve. They expressed the opinion that parathyroprival tetany 
was not explicable on the basis of an abnormal acid-base equilibrium. 

In acute hypoparathyroidism there is little or no alteration in the 
amount of serum sodium or potassium. It is now clear that calcium and 
phosphorus metabolism are under the control of the parathyroids and 
that the adrenal cortex is responsible for the metabolism of sodium 
and potassium. There is no change in the rate of excretion of magnesium 
in hypoparathyroidism (198). 

In summary, the four outstanding metabolic features which charac-
terize the hypoparathyroid state are: hypocalcemia and hyperphospha-
temia; hypocalciuria and hypophosphaturia. 
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2. In Other Species 

In parathyroidectomized rats the serum calcium falls to or near the 
tetany level (7 mg. % ) but after several weeks it returns to the lower limit 
of the normal range ( 9 . 2 5 - 1 2 . 5 mg.%, 2 0 5 ) . These animals rarely 
show more than muscular twitches with fine tremors of the forepaws 
and ears unless placed on a low-calcium, high-phosphate diet, in which 
event tetany of varying severity appears in nearly 1 0 0 % of the animals 
(Shelling and Ascher, 1 8 3 ; Greep, 8 9 ) . Cats on the other hand react to 
parathyroidectomy very much as dogs do, but an occasional animal will 
die in the acute stage without having exhibited the typical neuromuscular 
symptoms despite a low blood calcium and high phosphate level. Rab-
bits survive in a high proportion of cases without symptoms, but those 
which do develop tetany have it in a particularly violent form. The 
blood calcium falls within a few hours after operation and the phosphate 
remains normal for a while but rises to extraordinary levels in later 
stages. Herbivores in general seem to be less severely affected by 
removal of the parathyroids than carnivores or omnivores. 

D . FACTORS WHICH MODIFY PARATHYROPRIVAL TETANY 

It is well known that tetany can be induced in normal animals and 
man by a number of measures; some, such as steatorrhea and rickets, are 
associated with a fall in the total blood calcium level, and others are not. 
Of the latter, over-ventilation, excess vomiting, and excess sodium car-
bonate ingestion cause a distinct alkalosis. Recalling the clinical features 
of acute hypoparathyroidism, it will be obvious that the tetany associated 
with this disease may be subject to considerable modification. The rise 
in body temperature to 1 0 5 - 6 ° F . in parathyroprival tetany leads to 
hyperventilation which through uncompensated carbon dioxide deficit 
results in alkalosis. Vomiting entails a further loss of acid. Warm 
environments aggravate parathyroprival tetany and cooling has the 
reverse effect. Through the work of Hastings and Murray ( 9 6 ) and 
McLean and Hastings ( 1 3 7 ) it is no longer tenable to assume that because 
of the alkalosis there would be a reduction in ionic calcium of the blood. 

Injections of neutral or alkaline sodium phosphate lower the blood 
calcium and produce tetany in normal animals and are very effective in 
symptomfree parathyroidectomized rats. If acid sodium phosphate 
solution is used tetany does not appear even though the blood calcium 
level is lowered and the excretion of calcium is increased. 

Lactose or dextrin feeding helps to prevent tetany after parathyroid-
ectomy. The reasonable assumption is made that calcium absorption is 
facilitated by a more acid fermentation in the gut and perhaps due to the 
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resulting acidosis less calcium is returned to the gut. The production of 
an acidosis by injection of dilute HCl (214) or ammonium chloride is 
known to relieve tetany. Tetany in man may appear also as a result of 
steatorrhea. Here the absorption of vitamin D from the gut is largely 
precluded and this contributes to a lowering of the blood calcium. 

Roby et al. (161) found that previous vagal section made just above 
the diaphragm greatly attenuated the neuromuscular symptoms following 
subsequent thyroparathyroidectomy. They noted that a hemocentra-
tion appeared at low calcium levels and in a further analysis of this 
reaction (148) found a rise in serum proteins, a decrease in serum potas-
sium, and no significant change in serum sodium. Their dogs persisted 
in pawing at the head and whimpering which suggested that they may 
have had severe headache. 

V. Physiological Activity of the Parathyroid Hormone 

The endocrine nature of the parathyroid glands was established by 
Collip's demonstration in 1925 that an extract of these organs contained 

0 4 θ 12 2 4 3 6 4 8 

H o u r s 

F I G . 3.—Constructed curves showing the typical blood calcium response in the 
intact dog injected with parathyroid hormone and demonstrating the relationship of 
the response to the dosage. (From Collip, 45.) 

an active principle that would raise the serum calcium level in normal or 
parathyroidectomized dogs (47), and that there was a fair proportionality 
between dose and response (45) within the limit of tolerance (see Fig. 3). 
For a given dose the maximum effect on blood calcium was reached in 
fifteen to twenty-four hours if the injection was made subcutaneously or 
intramuscularly, and in four to eight hours if given intravenously; the 
hormone apparently is not active by the oral route, contrary to Collip's 
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early experience. The maximum effect is not sustained and the calcium 
values gradually return to normal. The mechanism whereby this 
response was brought about has not been elucidated. Of the many 
hypotheses so far advanced two continue to merit consideration and 
these are sufficiently at odds to enliven speculation and stimulate investi-
gation. The protagonists of the bone cell theory headed by Selye (178, 
179) and by McLean and Bloom (135) believe that the parathyroid hor-
mone controls the rate and direction of mineral exchange between bone 
and blood by altering the number and metabolic activity of the osteo-
clasts primarily, and also the osteoblasts; changes in the blood and urine 
levels of calcium and phosphate are secondary. The other school led 
by Albright maintains that this hormone acts first on phosphorus metabo-
lism in such a way as to increase the renal elimination of phosphate. 
There then follows a lowered blood phosphate which allows the blood 
calcium to rise and when the kidney threshold is exceeded calcium appears 
in the urine. In consequence of this loss of calcium phosphate the min-
eral reserves (bones) are attacked through a chemical solution of bone 
salts. As to how this latter step occurs there is a plethora of speculation 
but little concrete evidence. It is hoped that the present interest in 
phosphatases, especially those found in bone and blood, may help in 
bringing some enlightenment on this subject. 

Ho\vever produced, the ultimate effect of parathyroid hormone (PTH) 
is to raise the serum calcium level. In parathyroidectomized animals or 
man this will restore nerve and muscle irritability to normal and in the 
intact organism it will suppress nerve irritability through the mobilization 
of an excess of calcium, presumably calcium ions. An increased absorp-
tion of calcium from the gut cannot be invoked to account for the hyper-
calcemia following PTH injections, since neither complete removal of the 
gastrointestinal tract nor evisceration will prevent the influx of calcium 
into the blood (192,197). In mineral balance studies on patients, 
Albright et al. (7) found no consistent change in the fecal excretion of 
calcium after PTH therapy. They concluded that PTH, unlike AT-10 
(dihydrotachysterol) and vitamin D, does not increase the absorption of 
calcium from the gut. 

The calcium content of the body tissues shows no significant altera-
tion after PTH administration except for an increase in the kidney and a 
preterminal, slight increase in heart muscle and liver. According to 
Thomson and Collip (198), the fecal calcium is definitely elevated and 
there may be a slight increase in fecal phosphorus. 

It is an accepted fact that PTH causes a striking and prompt increase 
in the excretion of phosphorus (5,61,88,126). The latter author (Logan) 
found within one hour after an injection of 34 U.S.P. units of PTH in dogs 
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a distinct increase in phosphate excretion. It has also been shown by 
Tweedy et aL that the increased excretion of radioactive phosphorus 
(P

3 2
) which is produced by PTH in rats was discernible at one hour and 

appeared to start immediately after the PTH injection (204). In 
thyroparathyroidectomized rats PTH produced an increase of twofold or 
more in the excretion of P

3 2
 over that of operated controls (206). 

Reductions in the serum inorganic phosphorus following PTH admin-
istration have been found in rats (126), dogs (35,83), and man (5,6,73). 
The depression of serum inorganic phosphorus level occurs slowly and is 
seldom very striking. However, readings of 0.5 mg.% have been 
recorded in man as against the normal level of 3-4 mg. %. In Logan's 

F I G . 4.—Showing the blood calcium and blood inorganic phosphorus curves pro-
duced in the normal dog subjected to repeated injections of P T H . Time of the injec-
tions indicated by the arrows. (From Collip, 45.) 

study (126) of the early changes he detected a fall of inorganic phosphate 
in some of his dogs within one hour after an intravenous PTH injection. 
Since the blood calcium increased in this time whether or not the phos-
phate fell, he believed that active solution of bone salts may also have 
taken place in the first hour. 

The effects of repeating PTH injections at approximately four inter-
vals are cumulative and in dogs lead to death usually in thirty-six to 
forty-eight hours. Serum calcium under these conditions rises to a 
maximum of 20 to 23 mg.% and then falls somewhat. The serum phos-
phorus declines during the first several hours, then begins to increase 
(Fig. 4) and with the development of anuria reaches extremely high level 
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(Esau and Sto land, 63a). T h e excret ion of ca lc ium, phosphate, and 
n i t rogen increases rap id ly . T h e ra t io of n i t rogen t o phosphorus decreases 
ind ica t ing t h a t the phosphate is not a l l coming f r o m endogenous pro te in 
metabo l ism. T h e nonpro te in n i t rogen and urea content of the b lood 
rise i n paral le l fashion, thus ind ica t ing t ha t tox ic ni t rogenous compounds 
are not accumula t ing . La te effects are: d iarrhea, v o m i t i n g , lassitude, 
anur ia , muscular a tony , and coma. T h e b lood becomes exceedingly 
viscous, the osmotic pressure increases, and there is dehydra t ion , c i rcula-
t o r y fa i lure , and a te rm ina l acidosis. A t pos tmor tem, ca lc ium deposits 
are of ten seen in the k idneys, Ava i l s of vessels, b ronch i , a lveol i , and else-

where ind ica t ing renal fa i lure (109 and 
others). T h e a l imentary t rac t is congested 
and there may be blood i n the lumen (35,45). 
T h e reactions can be dupl icated b y paren-
tera l admin is t ra t ion of excessive amounts of 
a soluble ca lc ium salt. A single acute injec-
t i on of calc ium gluconate causes ins tant 
death due to cardiac arrest, bu t when tox ic 
amounts are given s lowly the b lood becomes 
viscous and fa ta l cardiac anoxia ensues (20). 

Excess dosage w i t h pa ra thy ro id hormone 
causes deminera l izat ion of bone. I n rats, 
guinea pigs, dogs, and humans the bones show 
marked resorpt ion (3,112,113,114,116,117) 
and replacement w i t h f ibrous tissue. Spon-

F I G . 5.—Bowing of the fore- t a ne o u s fractures and bowing of bones have 
limbs in rat given 15 Collip been observed i n rats (F ig . 5) and dogs, and 
units of P T H daily for 14 i n hyperpara thy ro id ism of man severe skele-
days. (From Johnson, 116.) t a l deformit ies and fractures have of ten been 

described. T h e demineral iz ing act ion of 
P T H is great ly enhanced by par t ia l nephrectomy (144). 

Cats are very resistant to intensive P T H t rea tment and apparent ly 
are able t o make the necessary excretory ad justments. Rabb i ts show a 
hypercalcemia bu t no late increase i n b lood phosphorus. T h e rabb i t is 
also pecul iar i n t ha t i t is very d i f f icu l t to protect i t against the appearance 
of te tany b y g iv ing pa ra thy ro id hormone; th is must be g iven early and 
in huge doses to be effective. The mouse, guinea p ig , and fow l are h igh ly 
resistant to such pa ra thy ro id poisoning. Koze lka (121) found t h a t 
rachi t ic dogs developed on ly m i l d t e tany after pa ra thy ro id ab la t ion and 
t h a t P T H d i d not give effective relief whereas in t ravenous calc ium 
gluconate d id . 

For add i t iona l ins ight on the mode of act ion of P T H i t is i m p o r t a n t 



VII. PHYSIOLOGY AND CHEMISTRY OF PARATHYROID HORMONE 269 

to know whether the serum calcium level can be raised by PTH in the 
complete absence of the kidneys. If so, then an induced phosphate 
excretion is not a prerequisite to the calcium-raising effect as Albright 
and co-workers believe. Tweedy, McJunkin and co-workers (134,207, 
208,209) were unable to obtain a raise in serum calcium with PTH in 
bilaterally nephrectomized dogs and rats. Neufeld and Collip (141) 
were able to confirm these findings and to show that PTH would not 
produce an elevation in serum calcium level after renal function had been 
completely eliminated by various means in rats, cats, and dogs. They 
furthermore were unable to obtain a rise of serum calcium with PTH if 
by continuous infusion of acid sodium phosphate they prevented the 
blood phosphate level from falling. These results are especially notable 
in that they led Collip to renounce his earlier adherence to the bone cell 
theory in favor of the view that the primary action of PTH is to facilitate 
the excretion of phosphate. The latter alternative, however, is not 
established by these experiments except in the negative sense, for the 
data do not show that PTH causes an increase in phosphate excretion. 
What these various studies prove is that blood calcium is not increased 
by PTH if the flow of urine is stopped in otherwise normal dogs. Tweedy 
et al. (208) asserted that nephrectomy protected dogs from fatal PTH 
overdosage. Ellsworth and Futcher (62) found an increase of 2 to 4 
mg.% in the serum calcium level of nephrectomized dogs with massive 
doses (700 units) of PTH, and Stoerk (194) was able to maintain a normal 
serum calcium level in nephrectomized rats with PTH after the para-
thyroids had also been removed. He considers this as evidence that PTH 
mobilizes calcium in the absence of the kidney, and maintains with 
seeming justification that with nephrectomized animals it is not to be 
expected that PTH will easily superimpose a calcium increment upon the 
normal calcium level because of the pyramiding amount of phosphate 
being retained. It has also been found that calciferol, like PTH, will 
mobilize calcium in nephrectomized-parathyroidectomized rats (210), 
providing a normal blood Ca/P ratio is maintained by controlled mineral 
intake. However, Tweedy et al. believe that the response is mediated, 
not by mobilization of calcium from bone, but by restricting the fecal 
excretion of calcium. Monahan and Freeman (138) found that the 
serum calcium of nephrectomized dogs fell about 50% following removal 
of the parathyroids. 

Studies on the relation of the parathyroids to the renal clearance of 
phosphate and creatine have yielded opposing results. Fay et al. (64) 
found these clearances were not affected over an extreme range of para-
thyroid function. Logan (126) found no change in the urinary excretion 
of creatine or creatinine after PTH injections until probable kidney 



270 ROY Ο. GREEP 

damage had occurred. Harrison and Harrison (97,98), on the other hand, 
noted that the ratio of maximum tubular resorption of phosphate was 
decreased by PTH and that the serum inorganic phosphorus was thereby 
reduced. An induced acidosis, however, produced an entirely similar 
tubular effect. That parathyroidectomy reduces the renal excretion of 
phosphate through a purely renal effect is strongly indicated by the cross-
circulation technique employed by Brull and Carbonesco (32). 

It is obvious that considerable evidence has been aligned for and 
against a primary renal action in the parathyroid regulation of mineral 
metabolism. On the basis of this evidence, however, it seems reasonably 
clear that the ability of PTH to mobilize calcium is greatly impaired in 
the absence of the kidney. A true hypercalcemia has never been pro-
duced in such animals. It should be kept in mind that many progressive 
adverse biochemical changes occur in the body when the kidneys cease 
to function (58,215). 

Aside from the observations on the blood calcium level, osteoclast 
proliferation and osseous resorption have been noted in nephrectomized 
rats after PTH treatment (48,110,179,194). The fact that nephrectomy 
alone produced changes in the same direction, although less pronounced, 
makes it difficult to evaluate this reaction accurately. Removal of the 
parathyroids does, however, prevent bone resorption following nephrec-
tomy (179). 

The evidence favoring the bone cell theory of parathyroid function 
cannot be lightly dismissed. It might be suspected from the above 
discussion that the shifts in blood levels and excretion rates of calcium 
and phosphate occur more rapidly after PTH administration than could 
be accounted for on the basis of a histological change in the bone tissue. 
On the contrary, these changes appear to coincide quite well. McLean 
and Bloom (135) found an extensive proliferation of osteoclasts and 
widespread destruction of osteoblasts at six hours after injection of a 
massive dose of PTH in growing rats. At twelve hours the changes were 
conspicuous and a picture of osteitis fibrosa generalisata was already 
present at twenty-four hours. In a further histological analysis of the 
mobilization of bone salts in parathyroid-treated rats and puppies, these 
authors (136) were able to demonstrate in sections of undecalcified bone 
the passage of bone salt from disintegrating trabeculae to the venules of 
the marrow. The bone salt and organic matrix were resorbed simul-
taneously under the local influence of osteoclasts. The bone salts in 
particulate form and in aggregates of crystals were partly free and partly 
in the macrophages of the marrow in the spongiosa. The osteoclasts 
were not themselves phagocytic but were often seen to be surrounded and 
obscured by crystals removed through local cellular action (lacunar 
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resorption). The calcium phosphate in the macrophages may have been 
in the form of a colloidal calcium phosphate. Gersh (71,72) found that 
colloidal calcium phosphate introduced into the blood stream was taken 
up by the macrophages of the liver and spleen. A similar phenomenom 
was seen when rats were injected with parathyroid extract and simul-
taneously given calcium or phosphate ions in adequate amounts to exceed 
the solubility product of insoluble calcium phosphate. McLean and 
Bloom (136) have also made the very suggestive preliminary observation 
that the resorption of bone, under the influence of parathyroid hormone, 
continued long after the plasma and presumably the tissue fluids had 
become supersaturated with the salt. Herein, however, lies a weakness 
of the bone cell theory. Since both calcium and phosphate are resorbed 
one should presumably find a hyperphosphatemia as well as a hyper-
calcemia but the fact is that a %pophosphatemia develops in hyperpara-
thyroidism. 

After Pugsley (151) found that the increased blood and urine calcium, 
in rats receiving daily injections of PTH, returned to normal values 
within ten days, Pugsley and Selye (153) were able to show that this 
event coincided with the disappearance of osteoclasts, reappearance of 
osteoblasts, and the resumption of bone deposition. The question of 
the possible development of an immunity to the extract at this time has 
been considered but there is no evidence available on this point. 

It is regrettable that the morphological and chemical changes pro-
duced by PTH have thus far almost invariably been pursued independ-
ently. The necessity of integrating these approaches is obvious and the 
lack of such collaboration has already amassed a backlog of futile 
effort. 

A. MISCELLANEOUS EFFECTS OF PARATHYROID HORMONE 

Parathyroid hormone has a distinct diuretic action and has been used 
occasionally in the management of nephritis. Shelling et al. (184) showed 
that dehydration was an important aspect of parathyroid poisoning and 
protection was afforded by the simple expedient of replacing the fluid and 
electrolytes that were lost. 

The concentration of serum magnesium is decreased in hyperpara-
thyroidism (34) while the rate of excretion remains at the normal level 
(199) or is somewhat increased (126). 

In dogs the volume of gastric juice and total gastric acidity is lessened 
by PTH (14,172). The effectiveness of PTH in mobilizing calcium is 
greatly diminished in Eck fistula dogs (124). Gastric motility diminishes 
only after severe calcemia is established (163). PTH has no significant 
effect on the following: basal metabolic rate (191), blood pressure, blood 
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protein concentration, and blood chlorides (198). There is an increased 
excretion of calcium in the bile in animals receiving large doses of PTH 
(120). 

Cataracts are often seen in parathyroidectomy zed animals and in man 
with idiopathic or operative hypoparathyroidism of long standing. The 
view that parathyroid hormone therapy is more apt to prevent the 
appearance of cataract than other blood-calcium-raising measures has 
been abandoned, as has the possibility that senile cataract may indicate 
failing parathyroid function (3). 

To summarize: the histological and chemical changes in the body 
which result from an excess of the parathyroid hormone have been fairly 
thoroughly investigated but a great amount of work remains to be done 
before we shall arrive at a clear understanding of how these several 
phenomena are brought about and in what order. Possibly too much 
emphasis has been placed on what event is primary. It would not be 
surprising if it should turn out that the parathyroid hormone has more 
than one focal action, i.e., it may directly stimulate the proliferation of 
osteoclasts on the one hand and at the same time directly increase the 
urinary elimination of phosphate. 

On the metabolic side one finds in hyperparathyroidism the reverse 
of the changes seen in hypoparathyroidism. Calcium and phosphorus 
excretion is increased; the calcium content of the blood plasma is elevated 
and the blood phosphate drops gradually to a subnormal level. 

VI. Extraction, Purification, and Some Chemical Characteristics of the 

Parathyroid Hormone 

The raw material used in extraction procedures has consisted of fresh 
frozen, defatted parathyroid glands (bovine) or of acetone-dessicated, 
powdered glands. The initial extraction procedure has in all instances 
(44,94,166,202) consisted of boiling the glandular tissue in dilute acid. 
Three to 5% HCl has been widely used but Allardyce (8) has shown that 
about 1.5% HCl is optimal. The active agent is not removed by extrac-
tion with neutral or alkaline aqueous and alcoholic solutions whereas acid 
aqueous and alcoholic extracts contain the active agent (94). The hor-
mone is apparently destroyed by enzymes during extraction unless hot 
acid solutions are used. 

Much inactive material can be removed by adding alcohol to 80% by 
volume at pH 4 or by making the extract alkaline with NaOH, to dissolve 
suspended material, and subsequently lowering the pH to 5.5-5.6 with 
HCl. An active fraction may then be removed from solution with ether, 
trichloroacetic acid or by the familiar salting-out procedures. These 
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ether and trichloroacetic acid precipitates can be dried and washed with 
acetone, ether, or chloroform and are usable as a crude extract. Tweedy 
finds that resuspension in four to five volume's of acid alcohol and repre-
cipitation with ether yields a product having better solubility in the 
aqueous injection media. Collip extracts the salted-out fraction in weak 
alkali, centrifuges, and, with addition of acid to the supernatant, he pre-
cipitates the active material at pH 4.8 (so-called "isoelectric point"). 
This precipitate, dissolved in HCl solution at pH 3, is put through a 
Berkefeld filter and standardized for use. 

Others who have prepared extracts of this gland are Hjort et al. (104) 
and Fisher et al. (65). The crystalline product which Berman (21) pre-
pared and which he claimed would raise the blood calcium in rabbits is 
regarded with skepticism in view of the erratic behavior of rabbits to 
injections of parathyroid extracts of proven activity. 

Ross and Wood (166) suspended .a 50-g. aliquot of their original 
extract (N content 11-13%) in 400 ml. water and added ammonium 
hydroxide to pH 8. After adding an equal volume of 2.5 M ammonium 
sulfate the pH was lowered to 5.9-6.0 with molar H 2S0 4. The heavy 
precipitate was suspended in 250 ml. water, dilute ammonium hydroxide 
added to pH 8, and 2.5 M ammonium sulfate was added to bring the 
suspension to 1.25 M concentration. A precipitate came down rather 
sharply at pH 5.9-6.0. This last step was repeated three times and the 
final precipitate suspended in 150 ml. of water, dialyzed in revolving 
cellophane bags until nearly sulfatefree and put into solution by adding 
dilute HCl to pH 3.5. This clear brown solution contained on the aver-
age 473 mg. Ν with an average total activity of 49,500 U.S.P. units (see 
Section VIII) . This preparation was further purified by precipitation 
with benzoic acid from which the active material was separated by 
extraction writh ether. The ether-insoluble residue was dissolved in 
dilute acid, dialyzed, and adjusted to pH 3.5. This material has a total 
nitrogen content of 12.6-13.1% and an activity rating of approximately 
300 U.S.P. units per mg. nitrogen. 

That the parathyroid hormone is of protein nature seems fully sub-
stantiated by the following observations: 

(1) The xanthroproteic, Millon, biuret, ninhydrin, and Hopkins-
Cole tests for protein are all positive. 

(2) The activity of the hormone is destroyed by pepsin and trypsin. 
(3) The hormone is precipitated by the ordinary protein reagents. 
(4) Alkaline or acid hydrolysis causes inactivation. With gradual 

acid hydrolysis the increase in free amino nitrogen is closely related to 
the loss of physiological activity (207). 
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(5) The ultraviolet absorption spectrum (166) is almost identical 
with that of some other substances known to be protein. 

It is not established that the protein in the extract is the hormone, 
but the general belief that this is true is strengthened by the absence of 
any evidence on which to base a contrary view and by the following sup-
portive findings (45,166,202): 

(1) The activity is rapidly destroyed by proteolytic enzymes. 
(2) The chemical composition and activity are unaltered by repeated 

isoelectric precipitation. 
(3) Small polar groups are not separated from the hormone by elec-

trodialysis. 
(4) The ultraviolet absorption spectrum shows no indication of the 

presence of chromophoric prosthetic groups. 
(5) Adsorption on and elution from permutite does not result in a 

concentration of the activity. 
There is no question that the best preparations are inhomogeneous. 

The fact that the isoelectric points vary from preparation to preparation 
indicates the presence of contaminating inert protein matter. Further-
more in a sample subjected to ultracentrifugation by Ross and Wood 
(166) two components could be identified, one with molecular weight of 
500,000-1,000,000, another (65% of the protein and over 50% of the 
activity) of molecular weight 15,000-25,000. It is also pertinent in this 
connection that some activity is lost on dialysis against running water 
(166). Thomson and Collip (198) state that the hormone is not dia-
lyzable through collodion. The behavior of the purified preparations in 
the Tiselius electrophoresis apparatus has not been determined (see 
addendum pp. 293,294). 

The hormone is not of the nature of a glucoprotein as is indicated by 
the fact that the Molisch test for carbohydrate was negative (45,166). 
The orcinol-HCl test for pentose was likewise negative. 

VII. Stability, Solubility, and Other Characteristics 

of the Parathyroid Hormone 

A. STABILITY 

The parathyroid glands can be stored for at least a year in a dry state 
or as frozen fresh glands without apparent loss of activity. The activity 
of the extracted hormone is best retained in slightly acid {circa pH 3-5) 
media and is slowly lost on standing in neutral or alkaline solution. The 
hormone is stable to treatment with mineral acids and can be safely boiled 
for at least an hour in concentrations of HCl not exceeding about 5%. 
The activity is completely lost after boiling for one hour in either 10% 
H C l o r 5 % N a O H (46). 
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B. SOLUBILITY 

Collip's best preparations precipitate at pH 4.8 and redissolve in 
either more alkaline or acid solutions. Allardyce (8) finds that the hor-
mone precipitates at pH 4.8 only if this is approached from the acid 
side; approached from the alkaline side, the precipitate forms at pH 6. 
Tweedy and Torigne (211) give the isoelectric point as 5.8. The more 
active preparation of Ross and Wood (166) precipitates at 4.5-5 from the 
acid side and does not redissolve until extremely alkaline solutions are 
reached. Re-solution occurs at pH 5 from the alkaline side. 

The active fraction is soluble in water, saline, aqueous alcohol, 94% 
acetic acid, concentrated warm phenol, or orthocresol, and in warm 50% 
glycerol. It is insoluble in absolute ethyl, methyl, or butyl alcohol, 
ether, benzene, pyridine, anhydrous acetic acid, methyl salicylate, and 
carbon tetrachloride (202). 

C. INACTIVATION 

Some information as to the composition of the hormone and the 
importance of specific radicals or groups to physiological activity has 
been gained from the inactivation and reactivation studies in Tweedy's 
laboratory. Activity is destroyed by formaldehyde, acid ethyl and acid 
methyl alcohol, strong alkali, nitrous acid (one hour, 36.4% deamination), 
hydrogen peroxide, and potassium permanganate. Partial reactivation 
was achieved after the formaldehyde and acid alcohol inactivation 
The activity was not destroyed by H 2S, sodium sulfite, sodium 
amalgam, catalytic hydrogénation, or by reduction with sodium in liquid 
ammonia (a powerful reducing agent). Wood and Ross (216) produced 
inactivation with ketene and the activity was not restored on hydrolysis 
of the Ο acetyl residues. Although these observations cannot be strictly 
interpreted because of the impure nature of the extracts and lack of 
information about the hormone molecule they do suggest that: (1) the 
hormone is stable to reducing agents and unstable to oxidizing agents; 
(2) amino groups are essential to the activity of the molecule; (3) disulfide 
linkages are not present. 

With acid hydrolysis (boiling in 0.05 Ν HCl up to seventeen hours) the 
loss in potency parallels the increase in free amino (207) nitrogen. Inter-
est in the nitrogen-containing groups was increased by the experience of 
Tweedy that variability in potency could not be attributed to variation 
in the nitrogen partition as determined by the Thimann procedure (177). 
Collip's preparation contains a trace of sulfur (198) and that of Tweedy, 
Bell, and Vicens-Rios (203) has 0.20%, which they could not identify as 
cystine sulfur. 
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Parathyroid hormone has many properties which indicate a similarity 
to insulin. It has not been possible, however, to apply the procedures of 
Abel and co-workers (1) for the final concentration and crystallization of 
insulin successfully to parathyroid hormone. A further difference in 
these substances is that the activity of insulin is destroyed by reducing 
agents (115) whereas PTH is extraordinarily resistant in this regard. 

VIII. Yield and Activity 

The average yield by Tweedy's method of extraction is approximately 
0.44% calculated on the basis of wet glandular weight, or 4-5% calculated 
on a dry weight (protein) basis. Ross and Wood (166) obtained a yield 
of roughly 40% after benzoate absorption calculated on the basis of their 
original crude fraction as starting material. The yield varies greatly 
from preparation to preparation using the same technique, and between 
different extractive techniques. The yields as given are regarded as 
unpredictably high and imply the presence of inert protein. The Collip 
and Clark preparation (46) has activity of 110 U.S.P. units per mg. N ; 
that of Ross and Wood (166), 300 U.S.P. units on the same basis. The 
Tweedy preparation has an activity of about half that of the Collip and 
Clark preparation as calculated by Ross and Wood. The nitrogen con-
tent as given by Thomson and Collip is 15.5%, by Tweedy 14.74, and by 
Ross and Wood 12.6-13.1%. 

The U.S. Pharmacopoeia XII I unit is defined as 0.01 of the amount of 
extract required to raise the serum calcium of not less than ten dogs 
weighing 8-16 kilos, an average of 1 mg. % within 16-18 hours after sub-
cutaneous injection. The Collip unit is 0.01 of the amount which will 
produce an average increase of 5 mg. % in the serum calcium of normal 
dogs of about 20 kg. in 15 hours after subcutaneous or intramuscular 
injections. The Hanson unit (95) is 0.01 of the amount required to pro-
duce a 1 mg. rise in serum calcium of a parathyroidectomized dog within 
6 hours. 

IX. Assay Methods 

It is universally agreed that none of the methods thus far proposed 
for assaying parathyroid hormone is satisfactory in terms of accuracy, 
simplicity, and economy. The deviations in serum calcium level in 
normal or parathyroidectomized dogs as used by the early workers are 
standard procedures (45). Thomson and Collip (198) maintain that 
there is no essential difference in the response of normal and operated 
dogs. Hanson (95) feels that the response of the latter is less variable. 
Sex is apparently not a factor. The two variables which influence the 
response most markedly are body weight and individual sensitivity. 
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Ross and Wood (166) select dogs of approximately the same weight and 
disregard the weight factor. The individual sensitivity can be dealt with 
by using the same animal successively for a comparison between prepara-
tions, or by relating the response in a given animal to that produced by a 
standard sample. While attention to the diet of test' animals would seem 
an important consideration, it has been generally disregarded, as has the 
interval between tests on a given dog. Ross and Wood (166) suggest the 
use of six to ten dogs, but Bliss and Rose (22) by statistical analysis, 
find that this number is inadequate to establish a standard deviation of 
10%. The age of the dog is also important; Collip (45) has found that 
young dogs are more sensitive than old ones. The assay is also com-
plicated by the fact that serum calcium changes appear to be more easily 
elicited near the normal calcium level in normal dogs than, for example, 
above 16 mg. %. Assays involving blood calcium in rabbits (93) and rats 
(201), and urinary calcium excretion of rats (59) offer little promise. 
Gellhorn (70) recommends using the increased height of muscular con-
tractions that PTH will produce when added to the perfusing fluids in a 
frog leg preparation. 

X. The Parathyroids in Relation to Other Endocrine Glands 

A. PITUITARY 

Several authors claim to have demonstrated increased mitotic activ-
ity, hypertrophy, or an increased functional activity of the parathyroids 
after injection of various crude extracts of the anterior lobe of the pitui-
tary (24,91,102, and others). The slight elevations in serum calcium 
values which have been obtained in dogs, cats, and guinea pigs after 
pituitary treatment (10,67,68) are of dubious significance. Snyder and 
Tweedy (190) used the same pituitary preparation as Friedgood (67) and 
found no change in the serum calcium or inorganic phosphorus in rats. 
Campbell and Turner (36) injected several species with massive doses of 
several types of pituitary preparations and found no change in the weight 
or mitotic index of the parathyroids. 

Houssay and Sammartino (108) claim to have observed degenerative 
lesions in the parathyroids of 66% of their hypophysectomized dogs. 
In a careful histological examination of the parathyroids from monkeys 
that had been hypophysectomized in P. E. Smith's laboratory, Baker 
(15) found no significant variation from the glands of intact monkeys. 
Smith (189) briefly mentioned that the parathyroids shared in the 
atrophic changes seen in rats after pituitary oblation. Carnes et al. (39), 
however, found that hypophysectomized rats were able to maintain 
normal serum calcium and phosphorus levels even when under the stress 
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of a low-calcium diet; with both the pituitary and parathyroids out, the 
rats reacted the same as parathyroidectomized animals. The response 
of Xenopus laevis to PTH was not impaired by hypophysectomy as 
measured by the fall in plasma inorganic phosphate (176). Albright (3) 
states that in hypopituitarism one does not find clinical evidence of 
functional deficiency of the parathyroids. On the other hand, para-
thyroid adenomas are sometimes associated with pituitary tumors (90). 

B . GONADS 

A sex difference in the relative weight of the parathyroids has been 
found only in the rat (23,36), the brown leghorn (119), and in man 
(75,146); the relatively heavier glands were found in the female. The 
parathyroid glands of nulliparous women are as large or larger than those 
of multipara according to the data of Pappenheimer and Wilens (146), 
thus showing that in this species pregnancy is not responsible for the sex 
difference. Gonadectomy apparently has no effect on the parathyroids 
(36,143). The intense calcemia produced in pigeons by estrogen is not 
mediated by the parathyroids since the effect is obtained in the absence 
of these glands (159,160). Campbell and Turner (36) found no increase 
in mitoses in the parathyroids of chicks treated with estrogen. Andro-
gens do not influence the calcium level of birds (132,159). Nathanson 
et al. (140) thought testosterone stimulated mitotic activity in the para-
thyroids of female rats, but this observation was not confirmed by Camp-
bell and Turner (36). 

C. ADRENALS 

It has been claimed that normal rats show a greater calcemia and 
calciuria after PTH injection than do adrenalectomized rats maintained 
on salt (152) ; also that removal of the adrenals from seventeen-day rat 
embryos results in enlargement of the fetal parathyroids at normal 
term (200). 

D . THYROID 

The absence of the thyroid does not modify the response of rats to 
PTH (179) nor does hyperthyroidism in dogs (127). In man hyper-
thyroidism leads to a striking increase in the urinary excretion of calcium 
and phosphorus without altering the blood levels, as shown by Aub 
et al. (13). They also found x-ray evidence of bone resorption after 
prolonged hyperthyroidism. The calcium excretion in myxedematous 
patients was markedly less than in normal individuals. Logan et al. (127) 
found that thyroid treatment did not increase the calcium excretion in 
thyroparathyroidectomized dogs. As they point out, these negative 
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findings are not conclusive because of the initially low blood and urine 
calcium. Nevertheless the experiment suggests that the effect of the thy-
roid on calcium metabolism may be mediated through the parathyroids. 

XI. The Bearing of Dietary Mineral Intake, Pregnancy, Lactation, and 

Renal Inadequacy on the Regulation of Size and Functional 

Activity of the Parathyroids 

The importance of understanding the circumstances which will bring 
about an increase or a reduction in gland size is well recognized. It is a 
general truism that endocrine organs undergo a compensatory adaptation 
to the demands made upon them. The observation of Rosof (165) that 
in rats the parathyroids do not undergo compensatory hypertrophy 
following partial parathyroidectomy was not crucial in that numerous 
isolated observations have shown that such animals have no detectable 
physiological parathyroid deficiency. It is generally accepted, however, 
that the parathyroids undergo hypertrophy during pregnancy, lactation, 
rickets, and renal insufficiency. The larger objective of a number of 
studies has been to find a common denominator to this stimulatory 
reaction. It seems fairly certain that the parathyroids are not regulated 
by the hypophysis, nor does it appear at present that they are under the 
direct or indirect control of any other endocrine gland. There is likewise 
no evidence that the parathyroids are regulated by a nervous mechanism. 
The parathyroids function perfectly as autoplastic grafts with no innerva-
tion (196). Dragstedt (54) stimulated the cervical sympathetics for 
hours without altering the blood calcium or phosphorus levels. It 
appears that the parathyroids are responsive to and are regulated by 
their chemical environment much as the islets of the pancreas are. The 
problem as it confronts us now is to determine whether this gland is 
influenced by alterations in calcium or phosphorus concentrations, or 
both, in the body fluids. A refinement of the problem will be to ascer-
tain the relative importance of the ionized versus the unionized fraction 
of these minerals. 

A . MINERAL INTAKE 

That a low calcium intake will result in parathyroid enlargement has 
been seen many times (40,50,92,131). Indeed it is very widely held on 
circumstantial evidence that a low blood calcium is the normal stimulus to 
secretory activity, and this opinion need not be invalidated if it does not 
appear to hold in certain extreme conditions such as oriental osteo-
malacia. Patt and Luckhardt (147) obtained clear-cut physiologi-
cal evidence that the parathyroids pour out calcium-raising hormone 
when they are perfused with calciumfree blood but do not do so when 
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perfused with normal blood. Only the perfusate of calcium-deficient 
blood had the ability to raise the serum calcium when administered to 
normal dogs. 

The ionic serum calcium and the inorganic phosphorus are to a large 
degree interrelated, so that a low level of one affords an optimal circum-
stance for an increase of the other and vice versa, providing the normal 
regulatory mechanisms are functioning. It may be noted incidentally 
that an advantage of this mechanism for the organism is to prevent the 
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F I G . 6.—The relation of the volume of the parathyroids to the blood level of cal-
cium as maintained through controlled intake of calcium and phosphorus. (From 
Stoerk and Carnes, 195.) 

calcium and phosphate ions from exceeding their solubility product 
(For a critical review, see Schmidt and Greenberg, 173). Consequently 
it is not simple to make an evaluation of the relative importance of low 
blood calcium since it is so often associated with a high phosphate level. 
The point is emphasized by a recent series of papers by Carnes and 
co-workers (40). Using the Steenbock stock ration in conjunction with 
added minerals, they first claimed that parathyroid enlargement was 
nearly proportional to added phosphates and they challenged the con-
clusion of Ham et al. (92) that calcium was the important element in 
regulating the size of this gland. In a recent continuation of this study 



VII. PHYSIOLOGY AND CHEMISTRY OF PARATHYROID HORMONE 281 

group Diet 

% Dietary Diet-
ary 

Ca/P 

Body weight 

(g.) 
Para-

thyroid 
volume 

Serum 
(mg. %) Serum 

CA/ 
P 0 4 

Bone 
ash 

No. 
rats group 

Diet-
ary 

Ca/P 

Para-
thyroid 
volume 

Serum 
CA/ 
P 0 4 

% 

No. 
rats 

Ca Ρ 
ratio 

Initial Final 
(mm.

3
) 

Ca P 0 4 

ratio % 

! F-908-A 1.053 .07 15.1 197 246 .173 11.9 3 .4 3 .5 60 .2
1 

10 
2 E-908 .615 .07 8.8 194 225 .181 11.6 2.5 4.6 . . . .

1 
5 

F-918-A 2.053 1.17 1.8 163 239 .311 10.3 7.3 1.4 9 
4 F-918 1.053 .62 1.7 164 248 .313 10.4 8.2 1.3 8 
5 F-918 1.053 .62 1.7 201 269 .283 11.1 7.1 1.6 64.0 6 
6 E-918 1.015 .62 1.6 199 251 .348 10.6 62.4 6 
7 E-907 .615 .47 1.3 178 241 .369 11.0 63.1 5 
8 F-913 .053 .07 .8 207 269 .371 9.6 4.6 2.1 61. Ο* 6 

9 F-909 .053 .47 .11 202 252 .475 8.1 7.3 1.1 56.01 5 
10 E-909 .015 .47 .03 178 188 .508 7.7 59.21 6 
11 E-909 .015 .47 .03 212 223 .551 7.3 6 

1
 Rickets present. 

Albright (3) maintains that it is a level of serum calcium ions below 
normal, however produced, that stimulates the parathyroids. Stoerk 
and Carnes (195) found, however, that there was no significant deviation 
in plasma protein concentration among a sampling of their groups and, 
since the ionization of calcium is related to this factor (137), it is probable 
that the marked change in parathyroid volume was not determined solely 
by the extent to which the calcium proteinate was ionized. In these 
connections it is interesting to note that in osteomalacia (133) and some 
forms of experimental rickets, tetany does not appear even though the 
total serum calcium may have fallen to extreme levels, and one is forced 
to assume that the ionic calcium has remained above the tetany level 
through the intermediation of the parathyroids. 

(195), an improved stock ration was used to avoid the complication of 
general ill-health, and parathyroid enlargement (volume measurement) 
was then shown to be almost perfectly correlated with the serum calcium 
level in a series of rats given widely different dietary calcium-phosphorus 
ratios (Fig. 6 and Table I) and different absolute amounts of calcium. 
These data are clear-cut and appear to be decisive in respect to the 
influence of calcium as against phosphorus in causing parathyroid 
enlargement. 

T A B L E I 

T H E E F F E C T O F T H E D I E T A R Y C A / P R A T I O A N D O F T H E A B S O L U T E C A L C I U M A N D 

P H O S P H O R U S I N T A K E O N T H E B L O O D L E V E L S O F T H E S E E L E M E N T S A N D T H E I R 

R E L A T I O N S H I P T O T H E C H A N G E I N P A R A T H Y R O I D V O L U M E ( 1 9 5 ) 
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A low plasma phosphate level is not a stimulus to parathyroid hyper-
plasia even though the mineral derangement is so perverted that experi-
mental rickets appears (40,92). High phosphate levels (56,100,149,171), 
on the other hand, have often been associated with parathyroid enlarge-
ment, and at some risk of oversimplification, we may infer that this was 
indirectly due to depression of the blood calcium level. Likewise the 
parathyroid hyperfunction which Baumann and Sprinson (18) saw in 
rabbits fed a low-calcium, high-phosphorus diet should be attributed to 
the low calcium. Inanition also causes the parathyroids to enlarge (111) 
and while the modus operandi is not at hand it may again be surmised 
that low calcium intake is responsible. 

Just as low blood calcium is associated in some causative manner 
with parathyroid enlargement and secretory stimulation, a state of hyper-
calcemia acts as a depressant to parathyroid function and if maintained 
will cause a slight involution of the gland. Carnes et al. (40) noticed a 
diminution of parathyroid volume in rats on a low-phosphate, high-
calcium diet. The diminution was accentuated when vitamin D was 
added. Involution of the parathyroids has also been found in rats 
exhibiting hypercalcemia due either to excess quantities of vitamin D or 
to rather toxic doses of PTH. Jaffe and Bodansky (112) state that the 
parathyroids in their PTH-treated dogs appeared to be % to f normal size. 
Pappenheimer and Johnson (145), on the contrary, found no decrease in 
parathyroid volume in rats treated with PTH nor did this substance pre-
vent the hyperplasia which follows partial nephrectomy. It is possible, 
but there is no evidence, that the PTH per se might contribute to para-
thyroid involution. No clue can be taken from the fact that the thyroids 
and the adrenal cortices atrophy when their respective secretions are 
injected, for the reason that these effects are mediated by the anterior 
lobe of the pituitary whereas the parathyroids are not so regulated. It 
seems unlikely that the parathyroid secretion would act on the cells of 
its origin. 

B. PREGNANCY 

The mineral demands of the fetus do unquestionably place added 
strain on the mineral metabolism of the maternal organism. Pregnancy 
itself, however, does not appear to introduce any complications in min-
eral metabolism other than drainage. The maternal response is purely 
an adaptation to this depletion, as it would be to loss of mineral by any 
other route. The average human infant contains 24-30 g. of calcium at 
birth (28). Bone resorption very commonly occurs during pregnancy 
but it can be largely negated by maintenance of a positive calcium 
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balance. Noting that in women the serum calcium level falls during 
pregnancy to the lower limits of the normal range (26,27,139), also that 
the parathyroids appear to be hyperplastic, and that the serum phos-
phatase is doubled or trebled in the last trimester, it is generally believed 
that a mild state of hyperparathyroidism exists. The rather low level of 
calcium represents a temporary incomplete compensation on the part of 
the parathyroids. Indeed, in pregnant rats demineralization of the 
skeleton may be seen with no diminution of serum calcium values (27) 
showing perhaps that the parathyroids have made complete compensa-
tion. The evidence is particularly striking since removal of the para-
thyroids during pregnancy blocks the mobilization of mineral from the 
body depots (bone) and the blood calcium level falls (29). Bodansky 
and Duff (30) also found that fetal growth and storage of calcium and 
phosphorus is normal, in spite of large differences in maternal intake of 
calcium and phosphorus, only when the parathyroids are present; with-
out them an abnormal mineral intake causes disturbances on both sides 
of the placenta. 

Sinclair's studies (187,188) on the increase in the volume of the para-
thyroids during pregnancy were based on the glands from rats used in the 
careful metabolism studies of Bodansky and Duff. A simple hyper-
trophy of about 65% occurred during the first pregnancy on a mineral 
intake just adequate for reproduction, and the effect was cumulative 
with repeated pregnancies. The extent of enlargement was almost 
doubled, and marked hyperplasia was produced by diets extremely 
deficient in calcium and low in phosphate. Furthermore, the fetal 
parathyroid glands were depressed by high, and stimulated by low, 
maternal calcium levels. The data of Opper and Thale (142) relating 
the effect of pregnancy to the volume of the parathyroids are in agree-
ment with those of Sinclair. 

Two lines of evidence indicate quite clearly that a unidirectional 
passage exists with regard to the placental transmission of parathyroid 
hormone. Carlson (37) found that fetuses did not protect the pregnant 
bitch against tetany following parathyroidectomy. Parathyroidec-
tomized rats likewise develop tetany two to four days before term, which 
is precisely the time that one might expect the greatest ameliorative effect 
from the fetal glands if their secretion was able to cross to the mother's 
blood stream (28). That the fetal glands are functional is definitely 
indicated by the fact that both in humans (27) and in dogs (107) the 
fetal serum calcium level is 1-2 mg. % higher than that of the mother. 
Fetal rat parathyroid glands are twice as large in proportion to body 
weight as those of adults, yet they constitute no more than 5% of the 
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total adult gland weight and on this basis alone could not be expected to 
afford much protection to the mother against total parathyroidectomy 
(188). 

With respect to reproduction, it has been shown by Bodansky and 
Duff (28) that loss of the parathyroids greatly diminished fertility in rats 
and caused a reduction in the number and birth weight of fetuses. The 
gestation period and labor were prolonged and the maternal and fetal 
mortality rates were high. In Chandler's (41) extensive experience, 
prolongation of the gestation period was rarely seen. Parathyroid 
changes in pseudopregnancy and after progesterone treatment have not 
received the attention they deserve. The evidence at hand is very 
inconclusive (19,36). 

C. LACTATION 

Lactation can constitute a great drain on the mineral resources of 
the mother. Mineralization of the skeleton in most animals, barely 
begun at birth, progresses rapidly during the period of nursing when the 
intake of mineral is entirely from the milk of the mother. In parathy-
roidectomized rabbits copious lactation had a much greater tendency to 
bring out parathyroid deficiency symptoms than did pregnancy (53,55). 
Symptoms did not appear, however, if the litter was reduced to two. 
Tetany was more severe in rats during lactation than during pregnancy, 
and this effect was more marked with large litters than with small ones 
(41,122). 

It is not unusual to find a negative calcium balance during lactation, 
especially in dairy cows and women, and without special dietary pre-
cautions, skeletal reserves are attacked through the mediation of excess 
PTH production. With adequate dietary calcium and vitamin D intake, 
this skeletal drain can be reduced to a minimum in humans and cattle, 
and apparently abolished in rats (36). 

D . RENAL INSUFFICIENCY 

The only experimental data on chronic renal insufficiency is concerned 
with partial nephrectomy. Pappenheimer (144) removed one kidney in 
rats and greatly reduced the other so that the health of the animals was 
impaired; no chemical determinations were made on the blood or urine. 
He obtained an increase in the volume of the parathyroids that varied 
with the severity of the kidney damage as determined on a pathological 
basis. In no event was there more than an occasional suggestion of 
osteofibrotic change. But, when the calcium intake was reduced, the 
bone lesions were greatly intensified and the parathyroid enlargement 
augmented. Donohue et al. (51) found that after partial nephrectomy 
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the calcium content of the remaining kidney tissue was increased and 
this could be prevented by removing the parathyroids. 

Selye (179) finds that demineralization of the skeleton which occurs 
after total nephrectomy in rats is completely prevented if the parathy-
roids are also removed. As mentioned previously, a factor that must be 
considered in the bone destruction in these experiments is the accompany-
ing acidosis. Selye believes that the kidneys can only influence bone 
resorption through the parathyroids, and this is the exact opposite of the 
view which holds that the parathyroids can affect bone only if the kidneys 
are first able to excrete extra amounts of phosphate. 

XII. Alterations of Parathyroid Function in Man 

A. HYPOPARATHYROIDISM AND REPLACEMENT THERAPY 

The principles of parathyroid physiology learned from a study of the 
effects of extirpation and of replacement therapy in animals, especially 
dogs, are almost entirely applicable to man. Only brief mention of 
certain outstanding features which seem applicable to this discussion 
will be made as excellant recent reviews are available (3,150). 

Hypoparathyroidism results either from accidental operative removal 
of the parathyroid glands or from secretory failure of unknown cause. 
The operative cases develop severe symptoms within a day or so, but in 
idiopathic hypoparathyroidism the progress of the disease is often very 
slow and the early manifestations (numbness, tingling sensations, muscle 
cramps, etc.) may not be particularly indicative of parathyroid involve-
ment. In addition to hypocalcemia, the well-known clinical signs of 
borderline hypoparathyroidism or latent tetany are: Erb's (hypergal-
vanism), Chvostek's (muscular spasm from tapping facial nerve), and 
Trousseau's (spasm of muscles of forearm and hand when pressure is 
applied over the bicipital sulcus). True parathyroprival tetany com-
mences with local and usually painful twitches or spasms. The muscle 
involvement rapidly becomes more general and culminates in epilepti-
form convulsions and laryngeal stridor. The blood serum calcium is 
invariably low and the inorganic phosphorus may reach 12 mg. as com-
pared to the normal level of about 3.5 mg.%. The urine is ordinarily 
calcium-free and the phosphate excretion may be normal to subnormal. 
In long standing cases, the bones become more dense than normal, but 
the teeth which when not fully formed at the inception of the disease, show 
acalcification of the dentine during their subsequent development. Evi-
dence of enamel hypoplasia of the teeth appears not to be well authenti-
cated. Cataracts are often present and metastatic calcification of the 
brain has been seen, but this need not necessarily be associated with the 
diseased condition of the parathyroids (3,60). 
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Treatment is directed toward the relief of tetany. This can be 
accomplished with dramatic suddenness by intravenous administration 
of calcium gluconate, but the effect is transient and other more sustaining 
measures must be used. Calcium salts, particularly chloride, are given 
by mouth. Parathyroid hormone is and can be a life-saving material; 
it requires approximately four hours to raise the serum calcium suffi-
ciently to relieve tetany. It has the disadvantage of producing painful 
injecting sites and may eventually become ineffective through the 
development of an immune reaction. Calciferol, viosterol, and espe-
cially dihydrotachysterol, though slow in raising the serum calcium, are 
extraordinarily beneficial and widely used. The patient is kept on an 
adequate calcium diet but milk is not indicated because of its high phos-
phate content. If the blood calcium is kept a little low, the danger of 
kidney damage from excessive calcium excretion is avoided. This 
adjustment is greatly aided by use of the Sulkowitch reagent,

1
 which on 

merely being added to urine shows the relative abundance of calcium by 
the cloudiness of the white precipitate that forms. 

B. INFANTILE TETANY 

Infants sometimes exhibit tetany which is believed to be of hypopara-
thyroid origin. This occurs most often during the first few days after 
birth. It has been found that infants show a drop in the excretion of 
phosphate in 3-6 days and that the serum calcium is simultaneously 
low. The hemorrhages which are often seen in the parathyroid glands 
of infants are not necessarily associated with the appearance of tetany. 
Bakwin (16), from a study of the social distribution of formula feeding and 
infantile tetany, is of the opinion that cow's milk is the provocative agent. 
It has about six times as much phosphate as breast milk. There is no 
evidence that the tetany is due to a lack of vitamin D. An important 
consideration in infantile tetany is posed by the case of a hypopara-
thyroid infant born to a mother with hyperparathyroidism (66). The 
infant developed tetany which was believed due to compensatory hypo-
plasia of the fetal glands. It is well established that PTH injections 
induce parathyroid hypoplasia and there is reasonable certainty (see p. 
283) that the parathyroid hormone can pass from mother to fetus. 

C . PRIMARY HYPERPARATHYROIDISM 

Primary hyperparathyroidism may derive from an adenoma of one 
or more of the parathyroid glands or from hypertrophy of all the glands. 
The disease is characterized by depression of nerve irritability, stupor, 

1
 Dissolve 2.5 g. oxalic acid, 2.5 g. ammonium oxalate, and 5 ml. glacial acetic 

acid in distilled water to a volume of 150 ml. 
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and coma. Severe pain in joints and especially in the pelvis and lower 
limbs is frequently present. The serum calcium is high and the plasma 
inorganic phosphate is below the patient's normal value but not markedly 
so. There is excessive calcium elimination in the urine but not in the 
feces. Rarefaction of bone (11) is very common but it is not a constant 
finding. Hoffheinz (105) cites eighteen cases of parathyroid tumors 
showing no skeletal damage. The extent of bone destruction is depend-
ent upon the calcium balance. If a positive calcium balance is main-
tained through dietary means, bone resorption need not supervene. 
Surgical reduction of the abnormal parathyroid tissue to an amount that 
is estimated to be adequate to meet normal requirements for parathyroid 
secretion is the only means available for treating hyperparathyroidism 
(49). If the adenoma is confined to only one gland and it alone is 
removed, tetany may appear for a short time due to the fact that the 
remaining glands have been depressed, probably by the hypercalemia, 
and are unable to readjust promptly to an active secretory status. 

D . SECONDARY HYPERPARATHYROIDISM AND RENAL-PARATHYROID 

INTERRELATIONSHIPS 

There is no doubt that the kidneys and the parathyroids are inti-
mately interrelated; a disturbance in the function of either very often 
produces an abnormality in the function or morphology, or both, of the 
other. In a compilation of eighty-three cases of hyperparathyroidism, 
evidence of some type of renal damage was present in forty-three (4). 
There is also an abundance of evidence that inadequate renal function 
can create a demand for more than the normal production of parathyroid 
hormone. In an attempt to compensate for this demand the para-
thyroids undergo enlargement. The histological picture in such patients 
is usually described as a diffuse hyperplasia affecting all the glands alike. 
When renal insufficiency is the causative factor in hyperparathyroidism, 
the chain of disturbed physiological processes is thought to be (a) phos-
phate retention, (b) reciprocal lowering of blood calcium level, (c) pro-
longed stimulation of the parathyroids, (d) parathyroid enlargement and 
hyperfunction with resulting bone destruction. 

Pappenheimer and Wilens (146) found that parathyroid enlarge-
ment may occur in any type of nephritis. The weight of the combined 
parathyroid glands from seven cases of severe nephritis averaged 244 mg., 
in twenty-one cases of mild nephritis 177 mg., and in sixty-two normal 
adults 117 mg. It is interesting that enlargement was also noted in a 
small group of cases that showed renal lesions but in which no symptoms 
of renal insufficiency were detected. Highman and Hamilton (103) 
claim to have demonstrated PTH in the blood of patients suffering from 
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chronic renal disease by use of the Hamilton-Schwartz test (93). Gilligan 
et al. (74) however, found this test to show a negative response in eight-
een of nineteen trials on fifteen patients with severe renal insufficiency. 
Until it has been determined that blood from bona fide cases of hyper-
parathyroidism will yield an unquestionably positive response, any 
data obtained by this technique can only be regarded with skepticism. 
Albright (3) believes that in uncomplicated renal insufficiency the blood 
calcium does not fall in proportion to the rise in phosphate and this he 
attributes to the associated acidosis which favors calcium mobilization 
from bone and from the gut. He states that, if the acidosis is controlled, 
tetany will appear. This has all the earmarks of hypoparathyroidism 
and one might infer that compensatory parathyroid adjustment to the 
low calcium stimulation had not been made, but for his further comment 
that "it is probably the secondary hyperparathyroidism which prevents 
patients with renal insufficiency from having severe tetany." According 
to Ginzler and Jaffe (76) osseous demineralization in chronic renal 
insufficiency is due in most cases not to hyperfunction of the parathyroids 
but to acidosis. They speculate that because of the impaired ability of 
the kidney to form base (ammonia) the body is forced to draw upon its 
stores of fixed base (Ca and Mg in bones) in order to eliminate the acid 
end products of metabolism. Albright (3) recognizes a condition, called 
"hyperhyperparathyroidism," or parathyroid poisoning, seen in dogs 
receiving massive doses of PTH and in rare clinical cases. The unusual 
feature is that hypercalcemia and hyperphosphatemia coexist. He 
believes that the high blood calcium results in renal blockage which leads 
to phosphate retention and hyperphosphatemia. Herbert et al. (101) 
described a patient with similar blood changes which they believe resulted 
initially from renal disease with phosphate retention and hypocalcemia 
followed by compensatory parathyroid hyperactivity. 

There is much that is speculative or circumstantial in the interpreta-
tion of the underlying causes of secondary hyperparathyroidism. Most 
of the information available has been obtained from clinical material and 
often the only evidence that the renal disease preceded the parathyroid 
symptoms is based on case histories. Furthermore, the course of events 
has often been largely reconstructed from autopsy findings. Duguid (57) 
has aptly phrased a note of caution in this connection: "Parathyroid 
hyperplasia has frequently been observed, postmortem, in cases of chronic 
nephritis and it has been inferred therefrom that nephritis causes hyper-
parathyroidism. The inference is by no means conclusive for there is 
equally good evidence that hyperparathyroidism causes nephritis and 
when the two conditions co-exist it is difficult to decide on morbid 
anatomical grounds which is primary." The extensive clinical data 
concerning chronic nephritis and parathyroid function do not rest on a 
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sound experimental basis, there being to date not more than three papers 
in the latter category. The principal reason for this situation is that no 
satisfactory method has been devised for producing a chronic nephritis 
in laboratory animals which will permit long survival and yield data 
pertinent to this problem. There are many instances of alleged second-
ary hyperparathyroidism which are based on the finding of hyperplasia 
of the parathyroids with inconclusive evidence of hyperfunction. This 
is especially true if we admit that the bone resorption in these cases may 
be due to acidosis. The possibility that the parathyroid hyperplasia 
may be due to an inhibiting agent in cases where NPN and phosphate 
are being retained has not been seriously considered. Attention can be 
properly directed to the hyperplasia with associated hypofunction of 
the thyroid when antithyroid compounds are given (12,130). 

Goadby and Stacey (79) and Goadby (78) administered parathyroid 
hormone to normal and nephritic patients and found that the phosphate 
diuresis was inversely proportional to the renal insufficiency. They laid 
emphasis on the fact that the plasma inorganic phosphate was increased 
only in the normal patients after PTH injection and this, they maintain, 
demonstrates that there is no mobilization of phosphate from skeletal 
reserves when the kidneys are nonfunctional. The very significant fact 
that in every nephritic patient injected the 24-hour rise in serum calcium 
was as great as in normal persons must not be overlooked. Goadby 
claims that PTH acts in at least two ways; on the kidneys to promote 
phosphate excretion and on the mobilization of calcium from the skeleton. 
Duguid (57) produced nephritis in rats using a diet of bread and potatoes 
with added phosphate, and the parathyroids were always hypertrophic 
whether nephritis w

r
as present or not. Chowan et al. (42,43) observed a 

chronic nephritis in rats which had been treated with parathyroid hor-
mone for six months or more. Obstructing calcium deposits were found 
inside and outside of the nephrons. 

Anderson (9) in a comprehensive review of kidney parathyroid rela-
tionships, concludes that while hyperparathyroidism may produce renal 
failure it is nevertheless the underlying cause of only a very small per-
centage of renal calculi. Be that as it may, the formation of calcium 
phosphate or oxalate calculi is a common clinical feature of hyperpara-
thyroidism, and indeed Albright (2) finds the symptoms associated with 
nephrolithiasis, one of the earliest manifestations of this disease. 

ΧΠΙ. Relation of the Parathyroids to Skeletal Growth, Bone Repair, and 

Dental Defects 

No study of the effects of early removal of the parathyroids alone on 
skeletal growth appears to have been made. Thyroparathyroidectomy 
in newborn rats has a pronounced stunting effect which is due almost 
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entirely to the removal of the thyroid, as was proven by replacement 
therapy with parathyroid extract alone and in combination with thyroid 
powder (167). Parathyroid ablation in young growing rats given a nor-
mal stock diet causes little or no interruption of growth. Bodansky and 
Duff (30) find that the birth weight of fetuses of thyroidectomized 
mothers is smaller than those from normal mothers. 

Silberberg and Silberberg (185,186) have made a most careful histo-
logical study of the effect of PTH on the skeletal changes in normal 
growing mice on adequate calcium intake. Notably, PTH causes hyper-
trophy, calcification and disintegration of the epiphyseal disc in growing 
animals without causing proliferation and stimulates osseous formation. 
A resorptive process then sets in which tends to close the epiphyses, and 
in this manner simulates and accelerates skeletal aging. In old mice, 
increased bone formation and increased calcification of inactive epiphyseal 
cartilage occurs. The changes induced by administering calcium glu-
conate differ from the above, mainly in that the resorptive phase does 
not take place. When PTH was combined with calcium gluconate, the 
aging effect was not intensified over that produced with PTH alone, but 
bone formation was accelerated in either growing or adult mice. 

There is a considerable species difference in the response of skeletal 
tissue to PTH injections. Definite stunting has been observed in rats 
(17,33,178) and puppies (112) whereas no definite alteration of bone 
growth was seen in cats (17). Imperfect ossification and bowing of bones 
has been recorded in dogs and rats (Fig. 5). The discrepancies are in 
part attributable to the difference in the ages of the animals studied and 
to their diet, but mainly to the difference in amount of hormonal stimula-
tion and length of treatment. In rats, initial demineralization is usually 
succeeded by hyperossification during prolonged parathyroid treatment 
(179). The early stage of osteoclastic proliferation and bone salt 
removal is followed by fibrous invasion and bone destruction (including 
the matrix) leading to the condition known as "osteitis fibrosa/' At this 
time, a proliferation of osteoblasts leads to formation of hypercalcified 
"marble" bone. Bone abnormalities are a common but not a necessary 
accompaniment of hyperparathyroidism in man. Albright has pointed 
out that the bone disorders depend upon a negative mineral balance. 
It is not settled whether the decline in osteitis fibrosa in experimental 
animals is associated with the development of an immunity to the hor-
mone. The fact that marble bone disease does not develop in the hyper-
parathyroidism of man may be related to the failure to develop immunity 
to endogenous hormone. 

The bone trabeculae are favored sites for release of mineral under 
PTH influence. When resorption of the cortex does occur, it is most 
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pronounced subjacent to the epiphyses. With continued treatment the 
major feature of the bones, split lengthwise and examined grossly, is 
increased compactness of the trabeculae at the ends of the shafts; event-
ually even this process is replaced by loss of trabeculae and a return to 
nearly normal bone structure. Resorption of the cortex with tendency 
to spontaneous fracture must be placed in the category of extreme para-
thyroid overdosage (for details see 12,33,112,116,117,178,179). 

Membrane bones react in the same way as endochondral bones. The 
diploe of the skull bones becomes denser but the shape of the skull is not 
altered in rats stunted by PTH (33). 

The repair of fractures during states of greatly altered parathyroid 
function has attracted considerable study because of the possibility of 
influencing the healing process. It has been repeatedly shown that the 
deposition of mineral in the callus is delayed by parathyroidectomy 
(52,180), but nevertheless bone repair goes on to completion. The 
observations of the early workers were far more striking in this connec-
tion, probably due, as Shelling points out, to the poor dietary conditions 
employed. High calcium or high vitamin D intakes, separately or in 
combination, have a distinctly beneficial effect in rats on the calcific 
mending, but their maximum effect is improved by (or exceeded alone by) 
parathyroid extract (180). Parathyroid hormone increased the amount 
of the mineral deposited in calluses in pigeons (162) even in the presence 
of some demineralization of the skeleton. This is not unexpected, as 
bone deposition and bone resorption are not mutually exclusive processes. 
The formation of the callus per se appears not to be influenced by the 
parathyroids. (For a discussion of the many systemic factors concerned 
in bone mending see Armstrong, 11. No agent has yet been found 
which is of any clinical value in this connection.) 

The effect of chronic estrogen treatment on the skeletal system of the 
mouse has been studied in great detail by Gardner (69). It is note-
worthy that the excessive osseous formation in the marrow cavity of the 
long bones and the resulting increase in their breaking strength (femurs) 
were as readily attained with estrogen in parathyroidectomized mice as 
in intact animals (personal communication). 

The striking acalcification of the dental matrix and dental fractures 
noted by Erdheim (63), and others, in parathyroidectomized rats again 
appears to have been grossly exaggerated by the probable rachitogenic 
property of the diet. Certainly the dental disturbances seen by Schour 
et al. (174) in parathyroidectomized rats are a very different matter. 
They found that during the first twenty days after operation the dentine 
was actually hypercalcified and subsequently there appeared alternating 
zones of hypo- and hypercalcification. There was, however, a general 
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tendency toward poor calcification and the incremental pattern showed 
a wavy stratification with vascular tufts extending into the dentine. In 
animals surviving many months, and especially after repeated pregnancy 
and lactation, the incisors did fracture. The slowing of the rate of erup-
tion of the incisors noted by others was not observed by Schour et al. (174) 
in properly controlled experiments. A single injection of PTH into a 
normal rat led to the deposition of a hypocalcified stripe in the dentine 
followed by a hypercalcified one (175). 

Idiopathic hypoparathyroidism in children results in the apposition 
of uncalcified matrix and as a consequence the softened apices of the roots 
become traumatically blunted and bent. Parathyroid hormone will 
correct only that portion of the tooth which is laid down following substi-
tution therapy. 

In any event calcium is never removed from either the dentine or 
the enamel and one should not speak of a poorly calcified dental struc-
ture as decalcified; they are, strictly, acalcified. Attention is properly 
directed by Strock (193) to the frequency of oral symptoms in cases of 
hyperparathyroidism. Osteoporosis of the mandible, cyst formation 
epulis, and absence of the lamina dura, though not of specific diagnostic 
value, should be given the consideration that the present knowledge of 
parathyroid physiology warrants. 

XIII. Mineral Appetite 

The self-selection experiments of Richter and co-workers have shown 
very clearly that rats with a dietary deficiency are able to choose sub-
stances needed to restore health. The mineral appetite of rats (155-158) 
with altered parathyroid function has reflected in a strikingly clear man-
ner the mineral demands of the organism under these conditions. Intact 
adult rats on a low-calcium diet and offered a choice of distilled water or a 
solution of calcium lactate consume about 20 ml. of water and 1-2 ml. of 
the calcium solution daily. After parathyroid ablation, the calcium 
lactate consumption jumps to over 20 ml. per day, the water intake falls 
to approximately 4 ml. (Fig. 7), and tetany is uniformly averted. Blood 
calcium studies were not made but it can be assumed that the increased 
calcium intake would help maintain the blood levels. The injection of 
PTH in the operated rats reduced their calcium consumption but the 
amount which was required to bring it to the preoperative level was 
toxic. Vitamin D and AT-10 (dihydrotachysterol) were also effective 
in reducing the calcium intake to normal. After mixing calcium lac-
tate with the food, the consumption of calcium lactate in the drinking 
water gradually declined. Parathyroidectomized animals also have an 
increased appetite for strontium and magnesium. Recalling that para-
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thyroidectomized animals exhibit phosphatemia, Richter was interested 
to inquire whether they might not also refuse something of which they 
have an overabundance, namely phosphorus. Normal rats on a low 
phosphorus diet and given a choice of 1% dibasic sodium phosphate or 
water readily gave the answer by refusing phosphate after they had been 
parathyroidectomized. Injections of parathyroid extract or feeding 
AT-10 restored the phosphorus intake to normal. These experiments 
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F I G . 7.—Indicating the calcium and water intake in rats before and after removal 
of the parathyroid glands. (From Richter and Birmingham, 155.) 

also revealed an interesting fact concerning anorexia in parathyroidec-
tomized animals. By alternately offering operated rats a choice of 
taking phosphate in their food or drinking water, it was established that 
the parathyroidectomized rat had no anorexia and that he refused food 
only to avoid phosphate consumption. 

Using a similar technique, Wilens and Waller (213) studied the cal-
cium and phosphorus appetite of rats after partial nephrectomy. They 
found that rats on a low-calcium diet with a choice of distilled water or 
calcium lactate met their increased thirst after nephrectomy by con-
suming water. Partial nephrectomy did not result in a reduced con-
sumption of phosphate as would be anticipated, but the experiments 
were not conclusive since the blood phosphate level was not determined. 

ADDENDUM 

Since this manuscript was prepared significant progress has been made 
in the assay, preparation, and purification of parathyroid hormone. 
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Tepperman et al. (197a) found that the subcutaneous injection of para-
thyroid hormone into adult rats resulted in a fall in the serum inorganic 
phosphorus which was directly proportional to the logarithm of the dose 
of hormone administered (in U.S.P. units). This assay appears to have 
decided advantages in the estimation of parathyroid activity demanded 
for work on the isolation of this hormone. L'Heureux et al. (102a) 
devised a method for preparing a fatfree gland powder which is especially 
suitable starting material for extraction procedures. Using 0.2 Ν hydro-
chloric acid at not more than 70-80°C. they obtained an extract with 
high total activity. The neutralized acid extract fractionated with 86% 
neutral acetone or 90% acid acetone yielded a 7-10-fold increase in activ-
ity per unit nitrogen. Their preparation is comparable to that of Ross 
and Wood in order of nitrogen potency, protein character, solubility, and 
freedom from a carbohydrate moiety. On ultracentrifugation, however, 
their preparation appeared not to contain the high molecular weight 
protein noted by Ross and Wood. The electrophoretic analysis showed 
evidence of at least two components. 

A study of the distribution, retention, and excretion of radioactive 
phosphorus during states of hypo- and hyperthyroidism in rats (Tweedy 
et al.y 206a) has provided additional evidence for the belief that para-
thyroid hormone acts directly upon the kidney. During the first 24 
hours following thyroparathyroidectomy a larger percentage of an injected 
dose of labeled phosphorus was retained by the various tissues of the body 
than occurred in similarly injected control animals. This was a conse-
quence of delayed excretion. The ability of such operated rats to excrete 
phosphorus gradually improved as the postoperative interval lengthened 
and this reached normal values at 15 to 25 days. The injections of para-
thyroid hormone soon after the operation brought about a prompt urinary 
excretion of labeled phosphorus and resulted in normal retention pattern 
in the tissue of the unexcreted portion. After bilateral nephrectomy, the 
injection of parathyroid hormone had no influence on the distribution, 
retention or excretion of radiophosphorus. 
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