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Ι . INTRODUCTION
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Since each of the pituitary hormones regulates one or more important
functions, all of them may be considered essential for normal growth
and development. Posterior pituitary hormones and melanocyte-stimulating ones are, however, usually discussed in a context other than
growth. Many effects of anterior lobe hormones can also be dealt with
more specifically as actions of individual principles discharged by target
organs. Accordingly, most of the studies cited in this chapter are con
cerned with somatotropin, certain effects of corticotropin, thyrotropin,
and prolactin, or with insulin, which cannot be excluded on anatomical
grounds if somatotropin is considered.
Comparison of early and recent studies on effects of hypophysectomy
and replacement therapy indicates that progress has been due, in part,
to two factors: improved methodology and more detailed information
about the nature of biochemical processes being investigated (e.g., pro
tein biosynthesis or urea formation). Due to the number of processes in
volved, detailed consideration of methodology is not feasible. Since
technical details are given in individual papers, it may be of greater
value to discuss recent trends in research and theories. Both factors
have profoundly influenced the nature of studies concerned with the
action of protein hormones.
I I . RECENT TRENDS IN INVESTIGATION

A. Structure and Synthesis of Hormones
Composition and structure of polypeptides and proteins with specific
biological activities have been flourishing areas of research during the
past decade. Oxytocin was synthesized by du Vigneaud et al. in 1953 (1),
after extensive studies had led to knowledge of the structure (2). Since
then, the vasopressins, melanocyte-expanding principles (3), cortico
tropins, and large families of analogs have been chemically synthesized
(4). Synthetic polypeptides with the structure of the NH -terminal part
of corticotropins show some adrenal ascorbic acid-depleting (5) or plasma
corticosteroid-elevating (6) activity if they contain the first 13 or 16
amino acids (7), but chains of 19 to 23 units are required to duplicate
2

Abbreviations used are as follows: STH, somatotropin, or growth hormone;
HGH, human growth hormone; ACTH, corticotropin; MSH, melanocyte-stimulating
hormone; TSH, thyrotropic hormone; LTH, luteotropic hormone or prolactin;
RNA, ribonucleic acid; R N P , ribonucleoprotein (particle); AIB, a-aminoisobutyric
acid; RCV, red cell volume; ATP, adenosine triphosphate; GTP, guanosine tri
phosphate.
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effects of natural corticotropin (7, 8). The entire 39-unit chain of por
cine ^-corticotropin has been synthesized (9). Determination of the
primary structure of insulin (10) was a starting point for elucidation of
the primary structures of many specific proteins, including pancreatic
ribonuclease, tobacco mosaic virus, and hemoglobins (11). Synthesis of
polypeptides having the structures proposed for the A and Β chains of
sheep insulin, and combination of these synthetic polypeptides with
generation of insulin activity, has recently been accomplished (12).
B. Subcellular Structure and Function
Knowledge relating function to subcellular morphology has increased
quite as dramatically as that relating biological function to chemical
structure. This was due partly to the fortunate circumstance, mentioned
by Palade (13), that improvements in specimen preparation made pos
sible the application of electron microscopy to cytological problems soon
after techniques for separation of cell components by differential centrifugation (14—16) had been developed. Thus it was possible to integrate
morphological and biochemical information. In the field of protein bio
synthesis, a trend has developed similar to that which occurred quite
early in studies of carbohydrate metabolism, and subsequently in studies
of fatty acid oxidation (17). Experiments on whole animals, and per
fusion of organs, were followed by studies with liver slices (18) and with
cell-free amino acid-incorporating systems prepared from animal (1922) and plant (23-26) sources. Amino acid incorporation involves a series
of ATP-dependent enzymatic steps (27, 28). These include: amino acid
activation, in which amino acyl adenylates combined with the activating
enzymes are formed; an esterification which attaches the amino acid to
transfer RNA previously provided with adenylyl-citidylyl-eitidylyl end
ings; sequence determination, in which the amino acid-bearing transfer
RNA, ribosomal, or template RNA, and GTP are involved; and peptide
chain formation. Many problems concerning formation of the primary
protein structure remain (29), and formation of secondary or tertiary
structure may require higher levels of organization than the present
cell-free systems represent.
C. Neuroendocrinology
Interrelationships between the endocrine system and the central
nervous system, summarized in a recent symposium (30), represent an
other major area of research activity. The concept of the pituitary gland
as a regulator of the endocrine system, subject only to feedback in
hibition by circulating hormones of the thyroid, adrenal, and other
endocrine glands, is still very important, but inadequate. A second con-
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trol system is involved, by which afferent stimuli reaching the central
nervous system cause secretion, at various points in the diencephalon,
of neurohormones, some of which are releasing factors that act directly
on the adenohypophysis. The hypophyseal portal system of vessels along
the pituitary stalk is an important humoral transmission route. Posterior
pituitary hormones are of hypothalamic origin, and may only be stored
in the neurohypophysis. Studies of corticotropin-releasing factors began
early and are well advanced (31, 32), and evidence for neurohormonal
release of follicle-stimulating and luteinizing gonadotropins, as well as
thyrotropin, is adequate (32). In the case of prolactin secretion, neuro
hormonal control is inhibitory (33). Evidence for a somatotropin-releasing
factor is in an early stage (34). Pathways between "late mammalian"
parts of the brain and the hypothalamus are difficult to demonstrate
(35). Perhaps this is the reason why one cannot, by taking thought,
release growth hormone, and thus add to one's stature!
III.

THEORIES CONCERNING ACTION OF HORMONES

A. Importance of Basic Concepts
Cushing observed (36) that "the ancient view that the gland (pitui
tary) elaborated a secretion for the lubrication of the nasal cavities
was superseded in the past century, under the influence of comparative
endocrinology and the doctrines of evolution, by the still more erroneous
conception that it was merely a vestigial relic, certainly of no great
importance to the economy at least of the higher animals." In a review
of adrenal physiology, Stewart (37) wrote: "When it was seen, after the
first enthusiasm had passed, that the discovery of adrenalin had not in
any important degree solved the riddle of adrenal function, the ghost of
the 'detoxication' theory began to walk again." More stimulating theories
have been an important factor in subsequent progress. Many investi
gators acknowledge motivation by such concepts as neural control of
the pituitary gland (38), comparative biochemistry of growth hormone
(39) and other hormones (40), active fragments or "cores" of protein
hormones (41), enzyme induction (42), and stress (43).
B. Relationships between Hormones and Enzymes
The trace substance-enzyme thesis of Green (44) was presented at a
time when one vitamin after another had been found to be a structural
component of a coenzyme, and when known dietary requirements for
traces of zinc or copper had become comprehensible as needs for syn
thesis of metalloenzymes. Since a similar structural role has not
materialized in the case of hormones, the trace substance-enzyme thesis
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is sometimes considered inapplicable, although the paper in which it
was presented included discussion of activation and various types of
inhibition that might account for the action of drugs or poisons.
Phosphorylase activation, which is often cited as an illustration of
hormonal control established by way of enzymes, may have broad
significance. In liver slices, glucagon and adrenaline promote formation
of 3', 5' cyclic adenylate from ATP; adrenaline, but not glucagon, has
a similar effect in cardiac and skeletal muscle preparations (45). Cyclic
adenylate is a cofactor required in phosphorylation of serine residues of
inactive hepatic phosphorylase, which, activated in this way, catalyzes
glycogenolysis. Apparently, the hormones increase the amount of the
enzyme that produces cyclic adenylate, and wide distribution of this
enzyme opens up many possibilities (45). This mechanism will be mentioned again in connection with action of corticotropin.
In a recent review, Randle (46) also emphasizes that the effect of
hormones on enzyme-catalyzed reactions is indirect, being brought
about by activators, inhibitors, or ordinary metabolites, whose intracellular concentration is altered. Finally, the possibility of a structural
role for hormones has not been abandoned altogether. Hofmann (47)
states: "It is highly tempting to speculate that the mode of action of the
peptide hormones may involve their combination, in a highly selective
manner, with a receptor protein to create an active enzyme. The section
of the hormone peptide which we designate as the 'active site' could thus
become an integral portion of an active site in terms of enzymology."
C. Control of Substrate Availability
One regulates the speed of an internal combustion engine by controlling the flow of substrates, without otherwise altering the machinery.
Is it possible that hormones regulate biological processes in an analogous
manner, by controlling the rate at which substrate is brought in contact
with enzyme systems, rather than by qualitatively or quantitatively
altering components of these systems?
Unfortunately, the "ion pumps" that keep intracellular potassium high
and sodium low, or "carriers" which enable cells to accumulate organic
substances, are not well understood, although permeability has been
studied diligently for many years (48). Since some of the processes involved are temperature dependent and require ATP, they may be
enzymatic. However, there are morphological as well as chemical problems to be solved. Electron microscopy has modified our concepts of
the "cell membrane," focused attention upon "organelles" with functions
at least as specialized as those of the organs of the whole animal, and
has demonstrated an extensive intracellular system, the "endoplasmic
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reticulum" in what was formerly clear hyaloplasm (13). Thus consider
ation of "permeability" is no longer confined to the outer border of the
cell. Changes in mitochondrial permeability (49, 50), in patency of endo
plasmic reticular channels (51), and in composition of the intercellular
substance (52) have all been considered in studies with various hormones.
An experimental basis for the stimulating theory that insulin facili
tates transfer of extracellular glucose into the cell was established by
the outstanding experiments of Levine and associates (53). In eviscerated
nephrectomized dogs, in which D-galactose behaved as a nonmetabolizable sugar, insulin lowered blood galactose concentration to an extent
indicating that "galactose space" had increased from about 45% of body
weight to 70%. The latter percentage is essentially that of total body
water. Insulin brought about similar changes in distribution of D-xylose
and L-arabinose, which, like D-galactose, have the same spatial con
figuration as D-glucose on the first three carbons. This evidence that
insulin promotes glucose uptake by extrahepatic tissues was soon ex
tensively supported. Related studies of glucose uptake by liver tissue
under the influence of insulin are conflicting (46). Huston et al. (54)
observed increased glucose uptake in perfused dog livers after injecting
2.5- to 10-unit doses of glucagon-free insulin into the portal venous
catheter over a period of 2 minutes.
Hechter and Lester (51) point out that the effect of insulin is not
limited to sugars, and that action on substrate distribution is not limited
to insulin. In isolated intact rat diaphragm, insulin increased exchange
of rubidium (present in the incubation mixture) with intracellular potas
sium, increased the sum of intracellular potassium plus rubidium, and
tended to lower sodium. Corticotropin increased intracellular distribution
of D-xylose in adrenal tissue of hypophysectomized rats, functionally
nephrectomized by tying off the kidneys. This effect on D-xylose uptake
by adrenal tissue was not produced by insulin, growth hormone, or corticosterone, and corticotropin did not mimic the action of insulin on
D-xylose uptake of the diaphragm. A model for cytoplasmic control of
permeability is presented in this review, and other hypotheses are
discussed.
In studies of structural features that influence transfer of amino
acids, Christensen and Riggs (55) used many amino acid derivatives,
and the essentially nonutilizable α-aminoisobutyric acid (AIB). More
recently, another model amino acid, 1-aminocyclopentane-l-carboxylic
acid (cycloleucine) has been introduced (56, 57). Riggs et al. (58)
studied the effects of hormones on the transfer of C -labeled cyclo
leucine. Growth hormone accelerated its entrance into both skeletal
muscle and liver of hypophysectomized rats within 1 hour. Results for
hydrocortisone, testosterone propionate, and /^-estradiol are also given,
14
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together with a list of extensive previous studies, in their own and in
other laboratories, with C -labeled AIB. Akedo and Christensen (59)
found that insulin increased transport of cycloleucine, methionine, and
proline, but not of histidine, valine, norleucine, or serine, in experiments
on isolated rat diaphragm.
While it is evident that growth hormone, corticotropin, insulin, and
other hormones can alter transport, entry of substances into the cell is
not a universal rate-limiting step at which the rate and course of their
metabolism is hormonally controlled. In studies on perfused rat heart,
with C -labeled amino acids, Manchester and Wool (60) found that
insulin stimulated accumulation of glycine and proline, but not of lysine
or glutamic acid; however, the hormone increased incorporation of all
four of these amino acids into protein. Riggs and Walker (61) also
presented evidence that amino acid transport and incorporation into protein proceed quite independently. Since amino acid incorporation, as
stated in a preceding section, involves a series of ATP-dependent steps,
the possibility that insulin controls the process by regulating its energy
supply would seem attractive. However, Wool and Krahl (62) found that
insulin stimulated amino acid incorporation into the muscle of isolated
rat diaphragm in the absence of glucose. Wool and Manchester (63), on
the basis of their own experiments and cited ones, point out that amino
acid incorporation into protein is stimulated by insulin in the absence of
glucose in some tissues; in others, such stimulation requires the presence
of an oxidizable substrate, not necessarily glucose; in still others, insulin
does not affect the process.
14

14

D. The Gene-Activation Theory
Insect hormones have been studied extensively, for several reasons.
Whether the remarkable changes which the life cycle of this class
includes are triggered by isolable substances was naturally of interest.
Moreover, the giant chromosomes in nuclei of salivary gland cells
facilitated the observation of related changes occurring there. Enlargements occurring during metamorphosis, at definite sites on individual
chromosomes, became known as "puffs," and the phenomenon as
"puffing."
Hormonal control of growth and metamorphosis in insects was reviewed by Karlson in 1956 (64), following isolation and crystallization
of the hormone which initiates the molting process (65), subsequently
named ecdysone. Since then, definite evidence that "puffing" is accompanied by synthesis of ribonucleic acid has been obtained by Pelling
(66) in Chironomus, with tritium-labeled uridine, and by Rudkin and
Woods (67) in Drosophila, with tritium-labeled cytidine and thymidine.
Clever and Karlson (68) were able to initiate, with ecdysone, the same
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changes in two puffs on the first chromosome of Chironomus tentans
that occur normally when the larva enters the prepupal stage. On the
basis of these findings, Karlson proposed the gene-activation theory
(69, 70).
According to this theory, the initial action of a hormone is to acti
vate a gene to produce the messenger RNA required in present schemes
of protein biosynthesis. This RNA leaves the nucleus, and, reaching the
RNP particle, determines synthesis of a specific protein from activated
amino acids. The protein for which specifications are thus transmitted
may be any specific protein, an enzyme, or an activating enzyme that
converts a proenzyme into an active one. That action on the gene is
primary is indicated by the appearance of puffs within 15 to 30 minutes
after giving ecdysone, while puparium formation occurs after 20 to 30
hours. Only 1 0 gm of the hormone is required to produce these effects.
The same mechanism of action is proposed for mammalian hormones
but since mammalian chromosomes are small, indirect evidence must be
cited; e.g., that effects of estradiol are inhibited by puromycin (which
would inhibit synthesis of the specific protein), and that protein syn
thesis induced with testosterone occurs a considerable time after the
hormone has disappeared.
The number of chemical mediators implicated in hormone action
seems worthy of comment. A neurohormone which stimulates secretion of
ecdysone [see Fig. 1 of Karlson (64)], the hormone itself, and the pos
tulated specific protein represent only a part of the effector aspect of the
process. One may anticipate that extensive activity in the area of re
leasing factors and mediators will continue for some time.
-10

I V . SOME GENERAL EFFECTS OF HYPOPHYSECTOMY
AND REPLACEMENT THERAPY

A. Survival
Cushing stated in his monograph (36) that complete hypophysectomy
is fatal in adult dogs in 3 to 5 days, and that puppies survive for 10 to
30 days. His statements were based on some 200 hypophysectomies.
Studies of Paulesco were cited in which longer survival occurred only
in dogs in which bits of pituitary tissue were demonstrated after autopsy,
in serial sections of the infundibular region. Contrary to Paulesco, Cush
ing found that separation of the stalk is not fatal. Extensive studies of
Aschner (71), Sweet and Allen (72), and others indicated that hypophy
sectomy is not fatal in dogs. Dandy and Reichert (73) developed a
surgical approach in which elevation and retraction of the temporal
lobe were specifically avoided, and they obtained long survivals. Extreme
sensitivity of the dog to brain injury was emphasized in a study of
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Chaikoff et al. (74), in which insulin sensitivity (75) characteristic of
hypophysectomized animals occurred, and persisted for 3 months, following a sham operation consisting of craniotomy, retraction of the temporal
lobe for one minute, and exposure, but not removal, of the hypophysis.
The importance of proper care, adequate diet, and prompt alleviation
of hypoglycemic symptoms in hypophysectomized animals was stressed
by Houssay in a comprehensive review (437 references) of pituitary
physiology, in 1936 (75). He cited 6 studies of dogs in which hypoglycemia was observed, and 15 in which blood sugar values were normal.
In a recent study, Stirling and Campbell (76) state that hypophysectomized dogs were kept alive up to 6 years, and gained weight, apparently due to fat. The need for pituitary hormones appeared to be less
imperative than that for insulin, since hypophysectomized-depancreatized
dogs lost weight and survived for shorter periods.
Hypophysectomized rats, in early experiments of Smith (77), survived 4 to 5 months; in specially heated cages they lived up to 442 days
after operation. The total life span was approximately half that of
normal rats. Heated cages were used because a low metabolic rate had
been observed. Shaw and Greep (78) emphasized the importance of diet.
They used male Sprague-Dawley rats, operated at 28 days, and did
postmortem examinations of the sella. Of the rats kept on laboratory
chow, whether in pellet form or finely ground, only 10% survived beyond 45 days after operation, and none over 63 days; on complete
purified diets, 60 to 70% of the animals survived 80 to 112 days, and
some as long as 176 to 260 days. Their coats were particularly sleek
when a diet high in fat was used. Longer survivals have been observed
(Section IV,G).
In the opening remarks of a colloquium, Young (79) commented
upon the importance of studies on the lowly toad. Survival of this
animal after removal of the pars distalis of the pituitary is relatively
short. Even if force-fed, Bufo arenarum died within 15 weeks; survival of
6 months or more was observed after regular injections of mammalian
somatotropin or corticotropin, while cortisone hastened death (80). In
Bufo bufo, growth hormone (81) and prolactin (82) were ineffective,
while corticotropin extended survival for a few weeks or months (81).
Homografts into the median eminence prolonged life if the donors were
advanced tadpoles, but hypophyseal rudiments from embryos were
ineffective (82).
B. Gain in Weight and Growth
Collip et al. (83) made the original observation that completely hypophysectomized rats weighing less than 40 gm at the time of operation
gained 20 to 30 gm before growth was completely arrested. Otherwise,
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they agreed with Smith (77) that hypophysectomized rats do not grow.
Evans (84) reinvestigated this point, and found that rats hypophysec
tomized when 20 to 24 days old practically always gained 5 to 10 gm
during the following week; gains of 5 to 8 gm occurred during the same
period if the operation was performed on the twenty-sixth day of life,
while no gain, or even loss, occurred in animals hypophysectomized
when 35 to 39 days old. Marx et al. (85) stated that rats hypophysec
tomized when 28 to 30 days old should not gain more than 7 gm during
the first 8 days following operation. Shaw and Greep (78), who oper
ated on rats 28 days old, found that those which remained alive for
112 days could double their weight. Testes, seminal vesicles, and adre
nals, in per cent of body weight, were very small in these animals, but the
increase in length of the tail, which contains many types of tissue, was
similar to that observed in intact rats that gained the same amount of
weight.
In the writer's laboratory, hypophysectomized rats obtained from
various suppliers have been used extensively. Our regular procedure is
to secure rats operated upon when 28 days old, and to place them on the
diet of Bennett et al. (86). Daily food intake and body weights are
then recorded for 2 weeks. Rats which are not in good condition at the
end of this time are discarded, and those whose weight continues to in
crease steadily are considered to be incompletely hypophysectomized.
During the first 3 days after arrival, satisfactorily operated animals
may gain up to 8 or 9 gm, presumably due to hydration, diet, and
environmental temperature. During the following week, weight increases
at a diminishing rate, averaging about 1 gm per day; gain in weight
then stabilizes at a much lower rate. Due to the nature of our experi
ments, we do not have extensive data for longer periods.
C. Endocrine System and Digestive Glands
Atrophic changes throughout the endocrine system are so striking
after hypophysectomy, and so significant physiologically, that interest
was focused upon them early. Details concerning morphological changes
in the thyroid, adrenals, and gonads, as well as functional changes, are
therefore adequately discussed in many textbooks.
Glands of the digestive system received attention more recently.
Baker and Abrams (87) reviewed this subject at a symposium (88) in
1954. In rats, hypophysectomy is followed by involution of cells that
produce digestive enzymes, and depletion of their zymogen granules.
Changes are most drastic in the chief gastric cells, parotid gland, and
pancreas. In the submandibular glands, which are mixed, and the sub
linguals, which are almost entirely mucous glands, changes are less
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marked. Parietal cells are also reduced in size after hypophysectomy
(89).
These involutionary changes can be partly duplicated by removing
several endocrine glands that the pituitary controls (87). Results of
replacement therapy also support the idea that involution is due to a
combination of deficiencies. For example, administration of somatotropin, corticosterone, and L-thyroxine partly restored parietal cells to
normal size (89); it also restored the chief gastric cells and serous tubules of the submandibular glands partly, and the pancreas almost completely, if food intake was not restricted (90). In other recent studies
(91), amylolytic activity of the pancreas was partly restored by corticotropin or by cortisone, but not by deoxycorticosterone; treatment
with corticotropin and desiccated thyroid restored weight of the pancreas
per unit of body weight and increased amylolytic activity, but not to
normal. Relationships between each of the endocrine glands and the
stomach have been reviewed by Crean (92).
Circadian periodicity occurs in both the surface mucous cells and
mucous neck cells of the rat's glandular stomach, and this persists after
hypophysectomy. After the operation, mitotic activity increases in the
surface cells. This unique change is limited to the daytime. In mucous
neck cells, from which replacements for chief cells and parietal cells
are derived, mitotic activity after hypophysectomy was depressed at
2 A.M. and 8 A.M., but not at other time intervals (93).
D. Alimentation
Reduction of food intake following hypophysectomy in rats raised
some fundamental questions of nutrition. To what extent are changes
in the hypophysectomized rat due to undernutrition, rather than hormonal deficiency? Can this animal digest, absorb, and utilize more food
than it voluntarily takes? What happens to intact rats whose food
intake is similarly restricted? These questions and others were the subject of extensive early studies (94-96) involving pair-feeding, forcefeeding, and carcass analysis.
Lee and Ayres (94) found that adult rats, during 2 months following
hypophysectomy, lost 20 to 40% of their initial weight. If the food intake
of intact adult rats was restricted to that amount which hypophysectomized ones took ad libitum, the intact rats lost weight at a similar
rate. However, hypophysectomized rats lost more nitrogen and less fat
than intact ones. Intact rats retained their nitrogen and reduced fat
stores more extensively.
Samuels and co-workers (95), using rats 4 to 6 weeks old, fed both
the sham-operated controls and hypophysectomized animals the same
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amount of food by stomach tube. This amount was adjusted to produce
steady but not optimal growth in controls. Thus the hypophysectomized
rats received more food than they would otherwise have taken. Absorp
tion was only slightly impaired; the excess of absorbed food was stored
as fat, and some nitrogen was also stored. Skeletal growth equal to about
10% that of controls occurred, as well as gain in weight. Levin (96) used
male rats 100 to 120 days old, and force-fed the hypophysectomized
animals amounts of food approximating those consumed by normal rats.
Gain in weight occurred, due entirely to fat. Loss of nitrogen, and
postoperative changes in the liver—both of which occurred in ad libitum
fed hypophysectomized rats—were avoided, but weight losses in kidneys,
testes, and adrenal glands were not affected by increased food intake.
Early studies of Russell and Bennett (97) indicated that hypophy
sectomized rats differed from normal ones in being unable to maintain
normal levels of blood sugar, liver glycogen, and muscle glycogen during
fasting, although they did maintain normal levels of these constituents
if they were well fed. Subsequent studies of Russell (98) indicated
that unusual oxidation of carbohydrate accounted for the depletion.
Fed hypophysectomized rats oxidized an abnormally high percentage of
the carbohydrate that they absorbed.
Other details concerning effects of hypophysectomy on metabolism
of foodstuffs are given in reviews by Lee (99), Russell (100), and
Samuels (101). The converse problem, effect of foodstuffs upon the
endocrine system, has also been studied. A review by Leathern (102)
deals primarily with the effects of amount and quality of dietary
protein.
E . Metabolic Rate
Low metabolic rates of hypophysectomized animals could presum
ably be due to the absence of pituitary factors, atrophy of target organs,
or diminished food intake. Studies which established the importance of
thyroid atrophy and regeneration were reviewed by Houssay (75). Re
duced caloric intake, which may decrease the basal metabolic rate 27%
in normal human subjects (103), is also a factor. However, hypophysec
tomized rats, when force-fed an amount of food that sustains moderate
growth in normal rats, store the excess above their requirements; their
total metabolism remains somewhat below normal (95).
In intact dogs, the writer found that single injections of crude growth
hormone preparations increased the basal metabolic rate over 40%
(104). This calorigenic effect was still large after thyroidectomy (105),
and it was not obtained after single injections of thyrotropic prepara
tions (106). Other studies, cited by Evans et al. (107), also indicated
an effect of anterior lobe extracts not mediated by the thyroid.
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Evans et al. (107) have investigated the complicated problem of
calorigenesis thoroughly, in rats following thyroidectomy, hypophysec
tomy, gonadectomy, or adrenalectomy, as well as combinations of these
operations. TSH did not affect oxygen consumption in thyroidectomized
rats; it greatly increased the rate in hypophysectomized ones, but not to
the normal level. Of the other pituitary factors tested (ACTH, MSH, and
LTH), only ACTH had a calorigenic effect in thyroidectomized rats.
This effect required the presence of the adrenals, and it was not related
to food intake, since this factor was controlled. Both thyroxine and
triiodothyronine had more effect in thyroidectomized than in hypophy
sectomized rats. This result was ascribed to adrenal restoration
induced by thyroxine in thyroidectomized rats, but not in hypophysec
tomized ones, and thus probably mediated by the anterior pituitary.
In keeping with findings of Webster et al. (108), in thyroidectomized
cats treated with adrenal cortex extracts, either cortisone or hydrocor
tisone increased the metabolic rate of thyroidectomized rats to normal.
Calorigenic effects of TSH and hydrocortisone, or hydrocortisone and
thyroxine, were additive in hypophysectomized rats. Evans et al. (109)
were able to increase the metabolic rate of hypophysectomized rats to
normal with large doses of TSH (2 mg/day); STH potentiated the
calorigenic effect of much smaller doses of TSH and also that of
thyroxine.
F. Erythropoiesis
Hypophysectomized rats develop anemia (110). Cobalt increases
their total circulating red cell volume (RCV) to the same extent as in
normal rats (111). Growth hormone also increases RCV of hypophy
sectomized rats, but increases their body weight more (112); thus
hemoglobin concentration falls (113). The anemia is partly corrected by
thyrotropic hormone (114). RCV can be brought entirely within the
normal range with highly purified ACTH (α-corticotropin), provided that
the adrenals are present; in hypophysectomized-adrenalectomized rats,
ACTH or other pituitary preparations with erythropoietic activity are
ineffective (115). Polycythemia was observed in intact mice and rats
treated with ACTH (116). The same dose (1 mg/day) also increased
hematocrit values and RCV of intact rats (117). Evans et al. (118)
have made a general study of calorigenic hormones (ACTH, thyroxine,
corticosterone, cortisone, hydrocortisone) in hypophysectomized rats,
and they observed a parallel between restoration of RCV and oxygen
consumption. In thyroidectomized rats, dinitrophenol also restored both
RCV per 100 gm body weight and the metabolic rate to normal. Seip
et al. (119) stimulated erythropoiesis in rabbits by means of electrodes
inserted into the hypothalamus. Although Halvorsen (120) produced
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similar results in this animal with ACTH, results of electrical stimula
tion were not completely duplicated. In particular, the reticulocyte
response was slower following ACTH than after electrical stimulation.
G. Response to Postponed Replacement Therapy
Becks et al. (121) reestablished vigorous osteogenesis in rats even a
year or more after hypophysectomy, by administering growth hormone
(a cysteine-treated globulin fraction, containing traces of thyrotropin,
but free of other active contaminants) intraperitoneally in doses of 200
to 400 /xg per day. Thyroxine (5 /*,g/day) had a synergistic effect. Gain
in weight after 39 days of combined therapy was 85 gm.
Quite recently, Smith (122) reported results of placing pituitary
homotransplants into the region of the pituitary stalk, median eminence,
and neighboring regions in female rats, 60, 200, or 375 days after
hypophysectomy. Successful transplants induced gain in weight and
activated the proximal epiphysial discs of the tibiae. In some animals,
regular sex cycles returned, and repair of target organs was almost
complete. Recognition of the importance of the hypophyseal portal
system and development of neuroendocrinology have revived interest in
transplantation of pituitary tissue to many sites (30).
V . METABOLIC EFFECTS OF VARIOUS ANTERIOR PITUITARY PREPARATIONS

A. Demonstration and Production of Growth Hormone
Evans and Long (123) announced induction of gigantism in rats in
1921. Discovery of insulin was reported a year later, by Banting and
Best (124). Purification of insulin proceeded rapidly. Preparation of
growth hormone was delayed by limited availability of pituitaries, the
multiplicity of activities observed, and uncertain prospects for an im
mediate extensive demand. Putnam et al. (125), who produced a condi
tion analogous to human acromegaly in dogs, discussed the tedious
problem of preparing suitable extracts. Methods of preparing somato
tropin and corticotropin were reviewed by Li and Evans (126) in 1947.
A method suitable for large scale production of growth hormone was
described by Wilhelmi et al. (127) in 1948.
B. Metabolism of Nitrogen, Water, and Energy
1. Early Blood Analyses and Balance Studies
Teel and Watkins (128) presented extensive data showing that blood
nonprotein nitrogen of dogs fell 20 to 30%, 6 to 12 hours after single,
large, intraperitoneal injections of bovine anterior lobe extract. Amounts
of nitrogen involved were considered too small to be detected by urine
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analysis. Changes in nitrogen output during the first 24-hour period were
equivocal. In a review, Teel and Cushing (129) mentioned longer balance
experiments, done in collaboration with Dr. Walter Bauer, in which they
observed marked nitrogen retention, increase in calcium output, and
virtual disappearance of phosphorus from the urine in dogs on a con
stant diet. No data were given.
Collaboration between the Harvard group and a pharmaceutical
manufacturer made the globulin fraction of beef anterior lobes available
for investigative purposes. Details are given by Bugbee et al. (130), in an
interesting summary of anterior pituitary activities considered at that
time. Intending to follow up an interest in the effects of the pituitary
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FIG. 1. Growth preparation and metabolism of fat, carbohydrate, and protein.
Energy sources during calorigenesis in a dog treated with globulin fraction (G.) of
beef anterior lobes. Increased oxidation of fat, which normally supplied the addi
tional calories during the postabsorptive period, could be prevented by adding
sufficient carbohydrate to the food.

on specific dynamic action of meat (131), the writer found that large
doses of the globulin fraction increased the basal metabolic rate of a dog
by 77% (104). For obvious reasons, measurement of additional heat
production after ingestion of meat was never attempted.
It seemed incredible that dogs on a constant diet should gain over a
pound in weight, and store large amounts of nitrogen, while their basal
metabolic rate passed through such maxima. Sources of energy utilized
are shown in Fig. 1, which is based on data from Table 3 of another
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study (105). During the postabsorptive period, fat oxidation increased
greatly for some days after a single injection of globulin fraction, while
oxidation of protein and carbohydrate fell. If an amount of carbohydrate
exceeding the anticipated increase in caloric requirements was added to
the diet when an injection was given, all of the additional calories came
from this source. Carbohydrate oxidation was not impaired by a single
large dose of globulin fraction. In all experiments (104, 105) a rise in
water intake preceded and exceeded a rise in urine volume. Oxidation
of fat, synthesis of protein, and retention of water provided a basis for
gain in weight resembling that of "paradoxical gain" in obese patients
on low calorie diets. Excessive oxidation of fat was considered purely
incidental to exhaustion of carbohydrate stores during the postabsorptive
period, due to the large increase in energy output, with intake constant.
An increase in urinary ammonia occurred in many of these early
experiments. Otherwise, results of urine analysis were those predicted
by Folin's laws. The fall in urine nitrogen, amounting to 4 gm or more,
was due to a decrease in urea (104), and was accompanied by parallel
changes in inorganic sulfate and phosphate (132).
2. Body

Composition

Lee and Schaffer (133), by using the paired-feeding technique,
demonstrated that intact rats receiving growth hormone gain more
weight than untreated ones, though their food consumption is the same.
Analyses of carcasses, exclusive of gastrointestinal contents, showed
that the composition of gains in control and treated groups was very
different. In controls, changes characteristic of aging occurred; water
content decreased, and fat increased. In treated animals, composition of
the gain was similar to the body composition of litter mates sacrificed
when treatment began. Data from Table 5 of the paper by Lee and
Schaffer are presented in Table I. This classic study explained why rats
treated with growth hormone gain more weight per gram of food than
untreated ones. Treated rats form tissue of relatively low caloric value.
TABLE

I

COMPOSITION OF GAIN IN CONTROL AND GROWTH HORMONE-TREATED RATS"

Control
Treated

Water

Ether
extract

Total
Ν

Cal.

45.2
63.3

39.3
13.3

2.15
3.12

4.41
2.32

° From Table 5 in Lee and Schaffer (133). Values in per cent of E.C.W. (Empty
Carcass Weight) and calories per gram of E.C.W. of 12 control rats and 12 treated rats.
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3. Studies with Purified Growth Hormone
Although chemical purification of growth hormone is still in progress
(134), metabolic effects of preparations characterized by very high ac
tivity and low contamination with other hormones are of interest.
Gigantism in rats, as well as other somatic or metabolic effects pre
viously observed by the Berkeley group were confirmed with purified
growth hormone (126), and nitrogen storage was induced with it in
normal plateaued female rats (135).
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FIG. 2. Changes in weight and nitrogen balance in adult bitches receiving small
daily doses of growth hormone.

With the preparation of Wilhelmi et al. (127), Russell and her asso
ciates carried out extensive studies (136, 137) in which the rate of urea
formation from endogenous amino acids, or from administered protein
hydrolyzate, was determined in control and treated nephrectomized
rats by measuring blood urea. Amino nitrogen in blood of eviscerated
rats was also studied. Most of the evidence indicated that the slower
urea accumulation in treated rats was due to stimulation of protein
synthesis, rather than to inhibition of either protein catabolism or
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urea formation. It was also observed that reduction of urea accumulation
in treated rats was greater if they were fed a diet high in fat prior to the
experiment than if diets high in protein or carbohydrate were used. Rus
sell recognized, of course, that metabolism of carbohydrate is necessary
to prevent excessive protein breakdown, but suggested that mobilizing fat
as an energy source during the postabsorptive period may be a function
of growth hormone. This view is part of a general concept that growth
hormone has maintenance functions. Experiments showing that hypophy
sectomized rats deplete their glycogen stores excessively during
fasting (97) and that growth hormone promotes maintenance of these
stores (98) led to the concept.
Since complete balance studies on dogs treated with growth hormone
are not plentiful, experiments of Gaebler et al. (138) are presented
in Fig. 2. Stool nitrogen was not consistently altered. The data are also
presented as a basis for urging use of reasonable growth hormone dos
ages. Extensive nitrogen storage was obtained with daily doses of 2.5,
5.0, or 10.0 mg of growth hormone per animal, not per kilogram. In a
later study, Gaebler, Liu, and Zuchlewski (139) observed nitrogen
storage regularly in 5 dogs weighing 10.7 to 17.9 kg, after daily doses of
only 1 mg of growth hormone per animal. These results indicate that
the maintenance level of somatotropin secretion is small.
C. Diabetogenic and Hypoglycemic Effects
The period between the announcement of insulin, in 1922, and the
reports of Houssay and Biasotti, in 1930, that pancreatic diabetes in
toads (140) and in dogs (141) was ameliorated by hypophysectomy was
one of confusion as to the metabolic roles of posterior and anterior
lobes of the pituitary. Hyperglycemia following injection of posterior
lobe extract had been observed in 1908. Insulin hypoglycemia in rabbits
was prevented with doses of posterior lobe extract that did not produce
hyperglycemia when given alone; anterior lobe extracts were inert (142).
Intensification of pancreatic diabetes with anterior lobe extracts was not
convincing until Houssay et al. (143) used some extracts prepared
according to Evans and Simpson. Extirpation experiments in toads and
rats, which established the role of the anterior lobe in relation to insulin
sensitivity, are documented in a review by Russell (100). References to
a series of early observations of hyperglycemia and glucosuria in intact
animals treated with anterior lobe extracts are given in a lecture by
Young (144). Conditions for production of permanent diabetes in dogs
were described by Young in 1937 (145).
Effects of oxytocin and vasopressin on blood sugar, and of vasopressin
on blood pressure, are produced by doses far greater than those which
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elicit physiologically important actions of these hormones. Oxytocin
and lysine vasopressin seem to be more potent than insulin in reducing
plasma free fatty acids (145a). The term "diabetogenic" can also be
very confusing. Permanent diabetes is produced by exhausting the islets;
intensification of diabetes in "Houssay" animals occurs in the absence
of both pituitary and pancreas. The mechanism involved in these effects
of growth hormone are obviously quite different.
A hypoglycemic effect of growth hormone was observed by Milman
and Russell (146) in normal fasting rats given a single 3 mg/100 gm
dose of purified STH. Sirek and Best (147) did not obtain this effect
in normal dogs, but cite papers reporting it in other animals. Pearson
observed it in human subjects given human growth hormone (148).
Stimulation of insulin output was considered the probable explanation
in the original experiments on intact animals. In depancreatized dogs,
maintained without insulin for 24 hours, a hypoglycemic response to
growth hormone was observed (147), but it disappeared later, and was
not obtained in Houssay dogs (149). The response was obtained in
hypophysectomized, alloxan-diabetic rats by Anderson, who questioned
its insulin dependence (149a).
D. Insulin Dependence of Nitrogen Storage
Insulin reduces the high nitrogen output of depancreatized animals
and human diabetics, but not that of normal subjects. Mirsky found
(150) that the hormone did, however, reduce accumulation of nonprotein
nitrogen (NPN) in the blood of nephrectomized or eviscerated dogs.
In nephrectomized animals, the change in blood amino acid nitrogen
was minor; reduction in N P N was attributed to urea. In eviscerated
dogs, reduction in N P N was due to decrease in accumulation of amino
acid nitrogen, whether this came from endogenous sources or was supplied as glycine. For these reasons, it was proposed that insulin reduced
formation of amino acids in muscle, reduced their deamination in liver,
and increased uptake of administered amino acids by muscle. Effects
similar to those of insulin were observed (151) in nephrectomized dogs
that received anterior lobe extract, but in nephrectomized-depancreatized dogs, or in eviscerated ones, the extract increased N P N accumulation. Mirsky suggested that synthesis of protein following administration of anterior lobe extracts might be dependent on stimulation of
insulin output by the pancreas.
Although the huge drop in nitrogen output observed by Gaebler and
Price (132) occurred in normal dogs, the possibility that it was mediated
by insulin, rather than dependent on it, was investigated. Gaebler and
Galbraith (152) administered the same globulin fraction to depancrea-
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tized dogs receiving constant amounts of food and insulin, but found
that it, like all subsequent growth hormone preparations, greatly intensi
fied pancreatic diabetes, producing loss of weight and nitrogen, and
ketosis. Gaebler and Robinson (153) produced nitrogen storage some
what smaller than that observed in normal dogs, by administering the
same doses of the globulin fraction to depancreatized dogs and simul
taneously increasing their insulin dose to as much as 85 units per day.
Since Long and Lukens (154, 155) had shown that adrenalectomy, like
hypophysectomy, greatly mitigated pancreatic diabetes, and that adren
alectomy reduced the ketogenic action of anterior lobe extracts, an
attempt was made to produce nitrogen storage with insulin constant in
a depancreatized, partially adrenalectomized dog, and in a dog with
pancreas, adrenals, thyroid, and parathyroids removed (153). Results
were positive twice in each animal, and in each of the four instances,
nitrogen storage occurred at the characteristic time after injection of
the globulin fraction. The amounts of nitrogen stored were, however,
much smaller than in intact animals.
Subsequent experiments with purified growth hormone (139, 156),
some of which was supplied by the Endocrine Study Section, National
Institutes of Health, confirmed the view that induction of maximal
storage with STH is insulin dependent. Apparently the function of in
sulin was not merely to prevent diabetogenic effects. With insulin dosage
constant, doses of growth hormone that induced maximal nitrogen stor
age in normal dogs (Fig. 2) failed to produce detectable storage in
depancreatized animals, even when no glucosuria occurred. Larger doses,
and increased unitage of insulin, induced storage despite glucosuria up
to 80 gm per day.
Milman et al. (157) found that purified STH did not induce nitrogen
storage in depancreatized-hypophysectomized cats maintained without
insulin. More recently, Stirling and Campbell (76) produced detectable
nitrogen storage in Houssay dogs given 0.05 mg/kg per day of STH. A
daily dose of 0.1 mg/kg was fatal in one such animal; in others, it
elevated blood fat as much as a dose of 1 mg/kg per day did in normal
dogs.
The role of insulin in nitrogen storage, protein metabolism, and
growth is so extensive that reference can only be made to reviews by
Lukens and McCann (158) and by Manchester and Young (159), which
are devoted to this subject, and to one by Russell and Wilhelmi (160)
in which it is included.
E. Antagonism of Somatotropin and Corticotropin
Inhibition of growth by corticotropin is documented in the review
by Li and Evans (126). Opposite effects of STH and ACTH on weight
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and nitrogen storage in paired-fed plateaued female rats are shown
graphically in a paper by Gordan et al. (135). To supply data for an
additional species, Fig. 3 is presented. It is taken from a study on
metabolic effects of various antirheumatic drugs administered to dogs
receiving constant diets (161). Weight was not regained rapidly after
withdrawal of ACTH. Cessation of growth occurs in rheumatic children
treated with corticosteroids for long periods. Results of treating a
patient of this type with human growth hormone are reported by
Kammerer and Stokes (162).
It should, however, be emphasized that over-all effects of ACTH on
growth and nitrogen balance are not a safe basis for predicting its
effects on synthesis of individual proteins. As stated in the section on
erythropoiesis, indirect effects of ACTH increase red cell volume and
hemoglobin. Amino acid incorporation into some plasma proteins, and
certain enzyme activities, also increase after treatment with ACTH.
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water balance, and weight, in an adult bitch.
V I . ENZYMATIC, ISOTOPIC, AND SUBCELLULAR STUDIES

A. Changes in Tissue Enzyme Activities
1. Experimental

Conditions and Criteria

A review of adaptive changes in tissue enzyme activity includes 752
references (163). Such changes may be related to age, diet, activity of
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endocrine glands, disease, altitude, seasonal or climatic changes, and
other parameters. It follows that studies in this area must be rigorously
controlled.
Whether observed activities represent amounts of specific enzyme
protein is obviously important, since activation, inhibition, and cofactor
requirements may be the basis for altered activity. In early studies, the
principal precaution taken was to arrange assay conditions so that the
relationship between amounts of homogenate and activity was nearly
linear over a considerable range. Recent studies include additional safe
guards, such as purification and characterization of the enzymes.
Schimke (164) emphasizes this, in a thorough study showing that con
centrations of all urea cycle enzymes in rat liver vary directly with
protein consumption.
Many other criteria must be considered, even though results of assays
are proven valid. (1) If an organ has many times the required capacity,
how extensive must reduction of an enzyme activity per organ be to have
physiological significance? (2) Is the dose of hormone required to pro
duce a change in enzyme activity much greater than that required to
produce the biological change (e.g., growth) one seeks to explain? (3)
What is the time relationship between the change in enzyme activity
and a metabolic effect, such as nitrogen storage? (4) Is the enzyme that
is assayed a rate-limiting one in the function being investigated? Krebs
and Kornberg (165) suggested that metabolic processes might be con
trolled at rate-limiting enzymatic steps. (5) Is one dealing with indi
vidual enzymes, or with a group in which the constant proportion
observed by Bucher and associates (166, 167) is maintained? In the
latter case, rate-limiting enzymes and other members of the group
might increase or decrease together. Consideration of the first three
criteria has made the author skeptical at times (168, 169). However,
results of value continue to appear, whether or not they explain the
action of a hormone.
2. Urea Cycle

Enzymes

Early observations on the effects of hypophysectomy or growth
hormone on hepatic arginase activity (170), and later ones on urea
formation by liver slices from growth hormone-treated rats (171) have
been discussed previously (169). More complete knowledge concerning
urea biosynthesis is now available, as a result of many studies recently
summarized by Cohen and Brown (172). Two mitochondrial enzymes
(carbamylphosphate synthetase and ornithine transcarbamylase) and
three in the supernatant cell fraction (argininosuccinate synthetase,
argininosuccinate cleavage enzyme, and arginase) are involved. Adapta-
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tions of methods of assay developed by Brown and Cohen (173) made
possible such elegant studies as those of Schimke (164) on the effects
of protein intake, and of McLean and Gurney (174) on the effects of
either adrenalectomy or administration of growth hormone.
In the part of their study dealing with growth hormone, McLean
and Gurney used adult female rats whose weight had reached a plateau
at about 194 gm, and administered 1 mg of growth hormone daily for
9 days. Control and treated rats were pair-fed. Concentrations of all five
urea cycle enzymes, expressed in units per gram of liver, were reduced
in growth hormone-treated rats, but the change was not considered
significant in the case of carbamylphosphate synthetase or ornithine
transcarbamylase. Activities of the other three enzymes were significantly
reduced, whether expressed as units per gram of liver, or total units per
100 gm body weight. When total activities per animal were considered,
only argininosuccinate synthetase was significantly reduced in the
treated group. The authors point out that this is the rate-limiting enzyme.
Adrenalectomy drastically reduced all of the urea cycle enzymes. In
normal rats, Cortisol acetate elevated three enzymes that are in the
supernatant fraction. Rate of restoration of the enzymes by Cortisol
acetate in adrenalectomized rats was also studied.
Freedland and Sodikoff (175), who studied effects of diet and hor
mones on hepatic enzymes, noted parallel changes of lactic dehydro
genase and arginase; arginine synthetase activity (in which arginino
succinate synthetase is rate-limiting) increased whenever catabolism
increased, e.g., during both fasting and high protein consumption.
Since much attention has been focused on effects of STH and other
hormones on urea formation, it should be mentioned that STH increases
incorporation of N from four different amino acids or ammonium
citrate into arginine, and that the additional N is in the amidine group
(176, 177). Thus urea biosynthesis, up to hydrolysis of arginine, does not
seem to be impaired, and arginase is present in large excess.
1 5

1 5

3. Transamination

and

Deamination

Bartlett and Glynn (178) found that glutamic oxalacetic trans
aminase activity in voluntary muscle was high in hypophysectomized
rats, and reduced to normal during induction of growth with STH.
Beaton et al. (171) observed that hepatic glutamic pyruvic transaminase
(GPT) activity fell rapidly after a single large dose of the hormone. In
hypophysectomized rats treated for 10 days with 100 μ-g/day of bovine
STH, Zuchlewski and Gaebler (179) found that only a fourth of the
initial activity of hepatic GPT remained. The fact that nitrogen transfer
was unimpaired under such conditions was established by Lees and
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Gaebler (180) and by Vitti and Gaebler (176). Incorporation of N from
glycine, alanine, glutamic acid, aspartic acid, and ammonium citrate into
seven amino acids of muscle protein, nine of liver protein, and amide
nitrogen of both tissue proteins was increased by growth hormone, and
N distribution followed the pattern observed by Aqvist (181). Results
in untreated hypophysectomized rats indicated that the dynamic state
of muscle and liver proteins is qualitatively independent of pituitary
hormones.
Treatment of rats with hydrocortisone, cortisone, or prednisone, in
creases hepatic GPT activity 6- to 13-fold (182). Similar increases in
tyrosine-a-ketoglutarate transaminase of rat liver occur after treatment
with hydrocortisone (183). Induction of this enzyme with tyrosine (183)
or nonspecific substances (184, 185) requires presence of the adrenals
or adrenal hormones. Titration with highly specific antiserum shows that
the increase in activity is due to increase in specific enzyme protein,
synthesis of which was confirmed by measuring C -amino acid in
corporation (186). Similar results have been reported with prednisone
(187). Induction of tryptophan pyrrolase is also adrenal dependent
(188), but activation may account for part of its increase in activity
(189). In rabbits, hypothalamic stimulation increases activity of this
hepatic enzyme (190).
L-Glutamic acid dehydrogenase activity in liver was unaffected by
growth hormone (100 /xg/day for 10 days) in young sham-operated or
hypophysectomized rats (179). Larger doses in older rats also had no
effect, but adrenalectomy decreased activity of this enzyme (174).
1 5

15

14

4. Phosphorylase

Activation

The enzyme which catalyzes synthesis of cyclic 3',5'-AMP has been
named adenyl cyclase in the first of a series of papers by Sutherland
and associates (191). The concept (45) that tropic hormones may exert
their effects by regulating synthesis and release of cyclic 3',5'-AMP in
target organs, thereby influencing glycogen breakdown and TPNH
supply, has aroused widespread interest. Ferguson (192) found that
puromycin does not inhibit adrenal phosphorylase activation by ACTH,
but does inhibit the steroidogenic effect of cyclic 3',5'-AMP. He con
cluded that adrenal phosphorylase activation is either unrelated to
increased steroidogenesis, or that concomitant protein synthesis is
required.
B. Several Types of Isotope Experiments
Friedberg and Greenberg (193) studied the effect of STH on in
corporation of S from methionine into skeletal muscle proteins of
35
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normal mice and hypophysectomized rats, soon after STH was purified.
Similar uses of isotopes have been numerous, since over-all effects of
hormones on nitrogen balance are due to synthesis and breakdown of
individual proteins. Specific uses of amino acids or model amino acids
labeled with C have been cited (Sections III,C and VI,A). Another
type of "tracer" experiment involves labeling the hormone itself, so that
its tissue distribution and fate can be ascertained. Sonenberg and co
workers (194) used I -labeled ACTH, TSH, and STH in such experi
ments.
The author's research group has used N -labeled amino acids and
ammonium citrate to study effects of growth hormone and corticotropin
on over-all metabolism of nitrogen from individual sources, in dogs on a
constant diet (195). A single dose of the labeled compound was added to
the food when the hormone had produced its maximal effect on nitrogen
output. As indicated in Fig. 3, this occurs on the third day of growth
hormone, and the second of corticotropin injection. Effects of growth
hormone on utilization of glycine nitrogen, and of corticotropin on loss
of alanine nitrogen, were both large. Growth hormone increased in
corporation of N from ammonium citrate into allantoin; corticotropin
did not. Neither hormone altered incorporation of N from glycine into
allantoin (196). Growth hormone increased utilization of ingested labeled
glycine for hippuric acid synthesis, and the rate of its conjugation with
phenylacetic acid (197).
In experiments on rats (176, 180), glycine, alanine, aspartic acid,
glutamic acid, and ammonium citrate ranked in that descending order as
sources of muscle nitrogen. Glycine was the best source of liver protein
nitrogen, and ammonium citrate was the poorest one; N from the other
three sources was incorporated to about the same extent. Growth hor
mone increased incorporation from all sources into both tissue proteins.
When ammonium citrate was administered by three different routes
(Table I I ) , its distribution between α-amino and amide nitrogen of liver
protein varied systematically. Intragastric administration resulted in
maximal appearance of N in amino nitrogen of alanine, glutamic acid,
and aspartic acid, and in amidine nitrogen of arginine. Subcutaneous
administration apparently increased contact of the compound with the
widely distributed glutamine synthetase system, thus greatly augmenting
amide nitrogen of protein in both control and growth hormone-treated
groups. The difference between these groups was smallest when am
monium citrate was administered by this route (Fig. 4). The effect of
growth hormone on utilization of ammonia nitrogen was ascribed to its
effect on utilization of amino acids to which the ammonia nitrogen is
transferred (177).
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TABLE

DISTRIBUTION OF Ν

II

IN LIVER PROTEIN OF HYPOPHYSECTOMIZED RATS TREATED WITH

1 5

GROWTH

HORMONE

0

Route of administration

6

Liver nitrogen
fraction

Intra
gastric

Intra
peritoneal

Subcu
taneous

Glutamic acid
Aspartic acid
Alanine
Arginine
Amidine Ν of arginine
Amide Ν

536
431
615
539
940
439

501
371
493
477
814
679

300
249
338
387
692
813

Determined 48 hours after administering labeled ammonium citrate by three dif
ferent routes.
All values represent atom % excess N times 10 .
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Another group of isotopic methods involves considerable mathe
matics. Methods for determining rates of protein synthesis and size of the
nitrogen pool (198), or rates of amino acid catabolism (199), belong to
this group. Bartlett (200) concluded from studies of this type that
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"growth hormone-induced nitrogen storage in the normal, adult dog
maintained on a constant dietary intake is characterized by a higher rate
of protein synthesis, a lower rate of amino acid catabolism, a smaller
urea pool, and a larger metabolic pool of nitrogen than is observed in the
same animal maintained in nitrogen balance." Haak et al. (201) determined the nitrogen pool size, its turnover rate, and amount of protein
synthesized in an acromegalic female, before and after hypophysectomy,
and in a male patient with panhypopituitarism, before and after treatment with human growth hormone. In acromegaly, the pool was reduced
by a factor of 2.5 after operation, and the turnover doubled, while
synthesis of protein was almost halved. In the dwarf, growth hormone
increased pool size and rate of protein synthesis, and it reduced the turnover rate of the pool. Russell (202) has discussed the use of isotopic
tracers in estimating rates of metabolic reactions.
Physiological principles and calculations involved in using u n labeled glucose to determine size of the glucose pool, inflow of glucose
from liver to plasma, and outflow from plasma to tissues were developed in a study by Steele et al. (203). Studies of Drury et al. (204)
in hepatectomized rabbits were cited as evidence that dilution of plasma
C -glucose by C -glucose released by extrahepatic tissues is negligible.
Thus lowering of specific activity of plasma glucose is related to inflow
from the liver. Outflow of glucose into the tissues, on the other hand, does
not affect the specific activity of glucose in the pool, but reduces the
amount. The procedure described (203) has been used in a series of
studies on dogs, concerned with effects on carbohydrate metabolism of
hypophysectomy (205), insulin (206), and adrenalectomy (207), and the
effects of insulin or steroids in hypophysectomized dogs (208-210). In
hypophysectomized dogs, growth hormone increased the outflow of
glucose into tissues, as well as the inflow from liver into plasma (211).
The latter effect predominated, so that blood sugar rose moderately.
Cooperation between the New York University and Brookhaven groups
is continuing. Procedures for using C -palmitate for determining free
fatty acid turnover in the dog have been described (212) and used to
determine the effects of growth hormone (213).
14

12

14

C. Particulates and Cell-Free Systems
A review of mitochondrial physiology by Lehninger (214) included
discussion of studies with thyroxine. Tapley and Cooper (49) reported
that this hormone uncouples oxidative phosphorylation only in intact
mitochondria, not in isolated enzyme systems. This observation, and
induction of mitochondrial swelling by thyroxine (214), were the basis for
suggesting that the hormone might alter mitochondrial permeability at
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physiological concentrations. Melhuish and Greenbaum (50) obtained
similar evidence that growth hormone acts on the mitochondrial surface.
With β-hydroxybutyrate as substrate, liver mitochondria from STHtreated rats gave lower P : 0 ratios than those from controls, due, how
ever, to increase in oxygen uptake. This difference was not observed
when digitonin particles from the mitochondria of control and treated
groups were compared. In vitro experiments added ACTH, insulin, and
growth hormone to the growing list of substances that induce mito
chondrial swelling (estimated from absorbance measurements). Growth
hormone also increased the number of particles in the mitochondrial
fraction of liver cells (215).
Reid followed up earlier interests (216) with studies on incorporation
of C -orotic acid into RNA of various subcellular fractions (217). In
a study by Reid et al. (218) incorporation of C -leucine into liver pro
tein was also examined. Differences between results obtained and those
reported for N involve two fundamental problems: (1) relative merits
of paired feeding and ad lib. feeding in control and treated rats with
quite different requirements, and (2) relative merits of C and N as
tracers. With respect to the latter problem, the author feels that N is
more useful for studying nitrogen transfer and "metabolism of nitrogen
from individual sources" than for studying incorporation of individual
amino acids into protein.
Balis et al. (219) made the interesting observation that labeling of
purines of ribonucleoprotein particles with C -glycine occurred much
more slowly than labeling of the protein component, and was not
markedly affected by growth hormone. Proteins of the RNP particle
were almost maximally labeled 15 minutes after intravenous injection
of C -glycine in rats, while labeling of adenine required 60 minutes,
and that of guanine even longer. Stimulation of serine synthesis by
growth hormone was also reported.
Applications of electron microscopy are too extensive to be con
sidered in detail. Cardell (220) recently discussed a group of studies
concerned with ultrastructure and function of the anterior lobe.
Korner's important contributions to two symposia (221, 222) demon
strate the usefulness of cell-free, amino acid incorporating systems for
investigating the mode of action of growth hormone, insulin, and other
hormones. Essentially, they involved setting up such systems in which
microsomes, or later ribosomes, from livers of normal, hypophysectomized,
STH-treated-hypophysectomized, or adrenalectomized rats were used in
various combinations with soluble fractions from these sources. Systems
containing ribosomes from livers of intact rats incorporated amino acids
equally well, whether the soluble fraction from intact or hypophysec14
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tomized rats was used. Systems containing ribosomes from hypophysectomized, untreated rats were less active, regardless of the source of the
soluble fraction. Thus the defect produced by hypophysectomy was
localized in the ribosome; the amino acid activating and transfer system
remained intact. The ribosomal defect was partly corrected by treating
hypophysectomized rats with growth hormone, but not by adding the
hormone to the system in vitro. Further studies (222a) suggest that
growth hormone may regulate the amount of messenger RNA associated
with microsomes.
V I I . OBSERVATIONS WITH HUMAN GROWTH HORMONE
(HGH)

IN M A N

Effects of STH and ACTH on experimental tumors have been studied
extensively (223). Otherwise, growth hormone literature has contained
relatively little about growth since gigantism was induced in rats. Species
specificity was one reason for this. Frustrating trials of nonprimate
growth hormone in man are mentioned in the excellent review by Raben
(224), which also includes his method and that of Li and Papkoff for
preparing HGH, discussion of its metabolic effects in man, and initial
results of treating hypopituitary dwarfs.
The chemistry of STH, and its widespread effects on metabolism,
have received much attention. A glance at papers included in a colloquium (225) and a symposium (226) suggests that this will continue to
be true in the case of HGH. Knowledge of relationships between structure and function of proteins and insight into metabolic problems of all
types may be two of the most important results of studies with pituitary
hormones. Why HGH is effective in lower orders of mammals while man
responds only to HGH or simian STH (226a, 226b) is a topic of major
interest, considered in a recent review (160a).
Many direct applications are being explored. A well-controlled study
indicates that HGH does not prevent postoperative nitrogen loss (227).
Promising results have been reported in malnutrition (228). Quantitative
studies in 15 hypopituitary dwarfs yielded plasma growth hormone values
(sulfation factor) below those of 27 normal children; values were not
reduced in 26 dwarfs in which there was no other evidence of pituitary
deficiency, or in 11 children whose growth was retarded by nonpituitary
diseases (229).
In general, metabolic effects of HGH in man recapitulate those
observed in animals, even in some troublesome details. Maintaining an
effect requires increasing doses; and nitrogen stored per milligram of
HGH varies too much for assay purposes. Rentention of potassium,
sodium, chloride, and water have all been induced with HGH (230, 231).
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Calcium output usually increases, and in cases of lead poisoning, HGH
mobilized lead, indicating that bone calcium was drawn upon (232). Use
of HGH in an obese patient (233) was not as effective as one might
anticipate, considering effects of HGH on mobilization of free fatty acid
and participation of growth hormone in calorigenesis in animals.
HGH increased blood sugar, glucosuria, and ketosis in hypophysec
tomized juvenile diabetics (231). In an extensive recent study involving
all possible combinations of hypophysectomy, pancreatectomy, and
adrenalectomy, ketonemia in depancreatized dogs was observed only
when the pituitary, or growth hormone, and the adrenals, or Cortisol, were
present (234). Thus the conclusions reached by Long and Lukens (154)
have been confirmed and defined in terms of specific pituitary and
adrenal factors.
The fact that sheep prolactin produces nitrogen storage and other
metabolic effects similar to those of HGH in hypopituitary dwarfs (235)
occasioned considerable surprise, and will no doubt stimulate further
chemical studies.
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